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1. INTRODUCTION

In the gas-phase theory of the chemistry in dense interstellar clouds
most polyatomic neutral molecules are assumed to be formed by dissociative
recombination reactions in which a positive molecular ion captures an
electron and dissociates into neutral fragments. The physical process of
dissociative recombination was introduced by Bates and Massey [1] to
account for the rapid rate of recombination of various molecular ioms in
the upper atmosphere of the Earth. Since then this reaction has also come
to be recognized as an important process in plasmas, lasers, and in
interstellar molecular clouds. The subject has been reviewed by several
authors [2~-8].

> .- The capture of an electron by a p051t1ve molecular ion requires
. .that the electron gives up energy when moving from a free to a bound

state. This energy may be transferred to a third body or it may be
radiated away as a result of a free-bound transition. Three-body encounters
.become probable only at fairly h1gh concentrations of neutral molecules
or electrons, while the radiative provess occurs only with small probabi~
11ty and usually leads to very small recombination rates. Especially
under the very low density conditions in interstellar molecular clouds
..the three-body reactions can be rouled out because they are extremely
1mprobab1e. However, according to the theory of Bates and Massey, the
dissociative recombination reaction can be thought of as a process in
,which the positive molecular ion carries along its own third body to act

-as an energy removing agent. The process can be described schematically -
as: ‘
AT re = (B)**—a+3 W
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ist i e of cext-lvhere A and B. _Trepresent atoms or molecular fragments, In the colllslon_j
.3 -of_anﬁelectron_w1th_a»molecular ion ABY a_temporary_neutral molecular __‘
Tstate AB** is formed. In this initial reaction step the incident electron

{flusa jeft) 4of energy between the 1nc1dent and a target electron._ The resulting i
Tintermediate state AB** is unstable because an electron can be reemitted

:‘through autoionization. After electron capture the molecular potent1a1>J

seontrolling the motion ‘¢f the muclei is that of the neutral AB™* state !

utnee T tame +—ei{’rather than that of the initial ion. If this potent1a1 happens to be
Il Ty wen ‘srepulsive with respect to one or several dissociation channels, the
Doa _captured electron can be trapped via dissociation of the intermediate

R * AB** into neutral fragments.

Y

‘i In this picture the dissociative recombination reaction is described
“as a two-step process consisting of the formation and the dissociation of
-— =" the intermediate state AB**. There are two features of this process that
are not found in atoms. First, the electrcn capture can take place for
electrons of almost any thermal energy. Ln order that electron capture
does occur without transfer of energy between electronic and nuclear
motion it is necessary only that at some point on the potential energy
surfaces of the ion AB* and of the AB** state the vertical difference
between the two surfaces be equal to the energy brought in by the in-
cident electron. This point on the potential emergy surfaces is called
the capture point R.. The second unique feature of the molecular process
is that the dissociation of the intermediate AB** provides an efficient
echanism for trapping the captured electron. The lifetimes of auto-

1on1z1ng states aga’ ‘nst electron emission are typically of the order of
10~1%4 sec, This time must be compared with tha stabilization time, i.e.

the time taken by the nuclei to separate along the repulsive AB**
potential from the capture point R, past the so-called stabilization
point Rg, the crossover point of the two patentials. From any point on
the AB** potential beyond Rg ionization becumes highly improbable
assuming the Born-Oppenheimer approximation to be valid. If the potential
of AB** intersects the Franck-Condon region of AB* the stabilization
time is much shorter than the autoionization time and the intermediate
" state AB** will therefore dissociate rather tnan reionize by emitting
an electron. For electron recombination with atomic ions at moderate
densities there is no stabilization mechanism of comparable efficiency.
.For this reason the recombination rates of molecular ions are normally
several orders of magnitude larger than those for atomic ions. The
reaction mechanism described above is called the direct process. At
medium electron temperatures the dependence of the recombination rate
_of this direct proeeis on the electron temperature can be derived to
be approximately T™!

Several earlier experimental studies of the temperature dependence
of the recombination rates for a number of reactions indicated however
-a stronger temperature dependence of about T~3/2, This led Bardsley [4]
to introduce an alternative three-step reaction mechanism, called the
. indirect process:
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aoa 7P AB' + e #== (AB)* <= (AB)**—3A + B, (3 1

by :
HIn the f1rst _step, a Rydbetg state (AB)* is fermed in an excited v1bra-?
of L1:13+'t1onal 1eve1. This_involves energy transfer_from the _incident electron_}!
fert) -Jdlrectly to vibrational motions of the nuclei. This 1n1tlal capture step
‘is followed by predissociation of the Rydberg state. . This pred1ssoc1at10n
can be cons1dered _as a two-step process. The step (AB)* + (AB) ** arises .
from conf1gurat10n 1nteract1on between the Rydberg state and the valence
~—-iiystate (AB)**, I1f the potent1al of (AB)** is repulsive (in the region
‘wlere conf1gurat10n mixing with (AB)* is large), recombination will be’ ‘

s _completed by dissociation.
. -~

- 11, EXPERIMENTAL AND THEORETICAL STUDIES

~mws " Dissociative recombination reactions of molecular ions are studied
in the laboratory by different experimental techniques such as plasma
decay measurements, intersecting beam experiments, and more recently by
using the trapped-ion technique. An excellent review of recent experi-
mental work that has bteen done in this field is given by Mitchell aund
McGowan [8]. So far experimental studies have focused mainly on the
determination of total cross sections or thermal rate coefficients.
Experiments are usually performed at medium electron energies and at
ion temperaturas that are much higher than the very low temperatures
characteristic for molecular cloud conditions. Extrapolation of these
results to molecular cloud temperatures is not possible, More detailed
information (intermediate product state, state of dissociation products)
is mostly not available from experiment, In this situation theoretical
studies can be rather helpful tc supplement experimental information and
to gain a better understanding of the reaction mechanism of dissociative
recombination reactions.

. Experimental studies of dissociative recombination reactions cover
a large number of diatomic and polyatomic ions. Many of the molecular
ions studied in the laboratory are those that are known from processes
in the upper atmosphere of the Earth. With only a few exceptions the
rate constants at 300K for diatomic ions are typlcally of the order
a(300K):u(2-4)xlO‘7cm3 sec”!, For polyatomic ions the g-values at 300K
are usually obtained in the range 2x10~7 to 1x1076 cm3 sec™!, Laboratory
measurements are also done for cluster ions such as H3 -Ho, H30+(H20)n,
NH,* +NH5 » No*eNa, 0p* +03, CO*-CO. As an interesting result of these
measurements it turns out that the x(300K)-values of these clusters are
about an order of magnitude larger than those of the unclustered ions.
This may have also some implications on the chemistry in molecular clouds.

Recently it has been pointed out by Herbst [9] that no successful
exper1ments have yet been performed to determine the relative amounts of
various possible dissociation products. Polyatomic electron-ion disso-
ciative recombination reactions are in fact often quite exoergic for a
variety of dissociatior chanmnels. In order to obtain branching ratios for
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st lowe oo zono--various sets.of neutral dissociation products Herbst applied the statis=—
: ZoIL ~tical phase—space theory. Calculations were done for a number of_ inter= !
stellar molecular_ions such as HCNHY*, CH3*, NH4*, OH3*. The general
~conclusion reached from these calculations is that exoergic polyatomic__:
z-+~velectron—ion_reactions usually do give.a. variety_oﬁ_different dissociation
~'products. However, the minimal disruption that can occur is found to be
“usually the major reaction channel.

ot

* _Although dissociative recombination has been studied in the labora-
utiver’ -agze -—-- tory since many years, only a few rigorous theoretical studies appeared
Dl seon ‘in the literature so far. This is mainly due to the fact that dissociative
’ : : recombination cross sections are extremely sensitive to the shape and
the relative position of the electronic potentials for the ion AB* and
the neutral species AB** to each other and that accurate potentials are
usually not available for most systems. Existing theoretical work is
therefore limited to diatomic ions where the necessary potentials can
--- - often be generated from spectroscopic data. Another major problem in
theoretical studieg arises from the uncertainty about the role of vibra-
tionally excited Rydberg states in the recomination process and from the
computational problems in calculating these Rydberg states.

In view of these difficulties, the reaction of H; ions with electrons
is of particular interest because this system offers the best possibility
for accurate theoretical calculations to which experimental results can
be compared. A problem in comparing experimental results for Ha* with
theory comes however from the fact that excited vibrational states of the
H2+ ion are very long lived and that the cross section for Hz recombi-
nation depends strongly on the vibrational state of the ion. Despite of
the difficulty to produce a plasma with HZ as the dominant ion, several
laboratory studies of Hz dissociative recombination were performed
recently using the intersecting beams technique [10-14]. Most accurate
cross section measurements at energies below 3eV [13] show narrow struc-
tures superimposed upon a monotonically decreasing background with an
energy dependence close to g0-9, According to McGowan [15] this reson—
ance structure could be a manifestation of the indirect mechanism for
dissociative recombination of Hy*. An alternative explanation of the
resonance structure was recently presented by O'Malley [16]. Considering
the e-Hy* reaction as a direct process, 0'Malley's analysis shows that
curve crossings of the repu151ve Hz** resonance state with various B
Rydberg states could also give rise to the resonant structure in the
dissociative recombination cross section of H2*t.

" The first fully theoretical treatment of the e-Hz* collision process
was done by Bottcher [17,18] using the projection operator formalism of
resonance scattering processes in molecules developed originally by
Feshbach [19]. There remained however significant discrepancy between
theory and experiment particularly regarding the cross sections at low
vibrational energies of the ion and the branching ratios for the formation
of different dissociation products. Several theoretical studies were
performed since then assuming that at low energies the recombination
process proceeds primarily through the lowest doubly excited (lou)2 ‘Zg+
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runt--igtate_of Hp and investigating the importance of Rydberg states for the !
Z'dissociation step [20-22]. A comprehensive discussion of the large degree
Jof dlsagreement among various theoretical calculations of the lowest___
Zidoubly. exclted_hz state of Hy is presented in the_recent paper by. Hazi
.. In tﬁls study the energy. and w1dth_gﬁ_;he_1|cu)%:l2 f“state

,mament method. The results of these calculations were used by Giusti et

“al., [24] to re-investigate the e—H2+ collision process. Calculations

were performed for electron energies below 0.5 eV and the lowest three

-—- . vibrational levels of Hp*. It was found that in agreement with experiment
{13] Rydberg states lead to narrow structures in the cross sections and
that the cross section is very small for the v = O level of the ion
becoming larger however for v = 1 and 2, While the overall agreement
between the results of these calculations and experiment 1s reasonable,
it appears on the other hand that a quantitative comparison between theory
and experiment will only be pogsible if measurements can be made for

- - single vibrational levels of the H2+ ion,

The actual need for a detailed comparison between experiment and
theory becomes evident also in view of the large disagreement between
experimental and theoretical results for more complicated systems such as
e-N0*, e-No*, e-0p%. These diatomic atmospheric ions were studied in the
laboratory by various experimental techniques [25-33). Generally there
is good agreement between experimental results obtained with different
techniques even though the vibrational populations encountered in the
different methcds are probably quite different. This indicates that there
is only little vibrational state dependence of the total recombination
rate coefficients for these diatomic ions which is in apparent contra-
diction to the vibrational dependence found for rare gas recombination
rates [34]. Theoretical studies on NO* and Npt were performed using
potential curves that were generated from spectroscopic data. In the
case of No*, the experimental measurements are in total disagreement
with the theoretical calculations by Michels [35] who found that the
rate coefficients for the v = 1 and 2 vibrational states are much smaller
than the v = 0 value. Subsequent laboratory measurements by Zipf [33]
however showed that in fact the v = 0, 1, 2 rate coefficients for NZ
are all approximately equal. In the theoretical treatment of the NO
Lee [36] used experimental data to impose boundary conditions for the
various dissociation channels of the reasonance complex. The uncertainty
of the theoretical results however is still estimated to be as large as
50%Z. To study the recombination reaction of 0," Guberman [37] pe.formed
fairly extensive electronic structure calculations of the diabatic
potential curves of several excited states of 02 which are important for
.electron recombination of 0% in the lowest five vibrational states.

From these cs..ulations Guberman was able to give qualitative explana-
tions for example for the experlmental finding by Zipf [33] that the
percentage of 0('S) formation in the dissociative recombination of Qp*
is critically dependent on the initial vibrational state of the ion.



“ecular ion using an.entirely theoretical approach._In the following we .
: will describe a number of fairly extensive electromic_structure calcula-
“tions that were performed to determine the reaction mechanism of the
! e~HCO process._Similar calculations for the isoelectronic ions HOC+_"-}
*and HN,* are in progress.

<11, ELECTRONIC STRUCTURE CALCULATIONS FOR HCOY_ ___ _ _ _ _ __

i .. The present study of the interstellar formyl _ion HCO* is the first
‘attempt to_investigate dissociative recombination.for a triatomic mol- _:

The ions HCO" and HN2+ are known to be rather abundant interstellar
molecular species playing an important role in the interstellar cloud
chemistry. Searches for the isoformyl ion HOC® remained unsuccessful for
a long time. Only recently HOC' was observed in the laboratory [38] and
a tentative identification of the ion was made in the source Saggitarius
B2, a dense interstellar cloud near the Galactic center {39]. However,
the existence of HOC* in interstellar clouds still remains to be doubtful
and several attempts were made recently to give an explanation for the
difficulties of observation of HOC' in dense interstellar clouds [39-43].

U&der molecular cloud conditions the predominant formation reaction
of HCO  and HN2* occurs through proton transfer from abundant H3+ ions
to CO and N, respectively. Dissociative recombination with thermal
electrons is generally assumed to be the main loss reaction for both ionms.
Electron recombination rates for HCO* were measured in a microwave
afterglow/mass spectrometer experiment [44] as o(HCOY) = (3.3 £ 0.5) and
(2.0 + 0.3)x1077 cm3/sec at 205 and, 300 K, respectively, leading to a
strong temperature dependence { AT ') for o, With this temperature
dependence a linear extrapolation to the low tempeggturgs in molecular
clouds gives a~values in the range of (3.0-0.6)x10 = cm /seec for cloud
temperatures between 20 and 100 K. Current models describing_interstellar
cloud chemistry use instead a smaller g~value of 2.0x10~7 cm3/sec which
is probably a more realistic estimate for the recombination rate of HCO
in the lowest vibrational state. Recombination cross sections for HN2+
were measured over a wide range of electron energies using a merged
electron-ion beam technique [45]. Assuming a Maxwellian distribution of
the electron velocities, the rate coefficient for HNp* at 100 K is
derived to be as large as 1.5 10 cm3/sec.

There are two major problems with the above experiments. First, the
vibrational populations of the initial target ions are not known. Since
at the very low temperatures in dense interstellar clouds only the lowest
vibrational level of the ions is populated, the interstellar rate coef-
ficients may be quite different from the values extrapolated from measure~
ments at much higher temperatures. Secondly, no information about the
electronic states of the dissociation products is available from the
experiments. For an understanding of the dissociative recombination
reaction mechanism however it is important to know in which electronic
states the dissociation products are obtained because this gives infor-
mation about the resonance state which is formed in the electron capture
step.



" .- expansion. coefflclents. The basis set employed here cons1sted of two
- groups of basis ‘Functions. The first group contains those bas1s funct1ons
_that_are required to approximate the molecular orbitals of the ion and _

. 'the neutral resonance state. Functlons of this type are used in any o
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In the electromic_structure calculations the molecular orbitals :

_EZEe approxlmated by 11near combinations of Gausslan-type basis funct1oqs
located at the nuclear centers. Slngle-conf1gurat19n_Hartree-Fock self~ ;

‘valence basis was augmented by a second group containing diffuse Gaussian
functions that are able to generate a sequence of Rydberg-type orbitals
in the molecular orbital basis. These diffuse Rydberg-type orbitals are
essential for describing the background continuum of the non-resonant
scattering wave function and the series of Rydberg states converging
against the ion limit and interacting with the repulsive resonance state.

The valence basis selected for the present calculations consisted
of (l11s 7p 1d) functions for carbon and oxygen and of (6s lp) functions
for hydrogen, contracted to (5s 4p 1d) and (3s 1p), respectively. This
basis set is equivalent to basis sets of triple-zeta plus polarization
quality used in other high accuracy electronic structure calculationms.
In augmenting this valence basis by adding diffuse functions a compromise
had to be made because the complexity of the computations increases
rapidly with the size of the basis set used. Additional diffuse functions

with exponents decreasing in geometrical sequence were therefore dis~
tributed in the following way: (7s 5p) functions at the carbon center,

(3s 3p) functions at oxygen, and (3s 2p) functions at hydrogen. Maximum
flexibility is thus added at the central carbon atom because functions

in this location are expected to be most effective. The diffuse functionms,
while not contributing to the energy of the molecular valence states,

are capable to produce a sufficiently large number of diffuse Rydberg-
type orbitals. The valence part of the basis set consists of 52 contracted
functions whereas the total augmented basis counts as many as 95 functions.

The reliability of the valence basis set was checked by comparing
the results of some basic electronic structure calculations with corres-
ponding experimental data. At the simple SCF level of approximation the
dissociation energy of Hoot (X% *) was obtained as D, = 6.16 eV, which is
‘fairly close to the value of 6.40 eV deduced from most recent proton
affinity measurements [46] of CO. This indicates that single-determinant
SCF calculations are able to provide a rather good descriptiou of the
ground electronic state of the HCO* ion. Good agreement was further
obtained at the SCF level of approximation for the ionization potential

. of hydrogen: IP(SCF) = 13.60 eV as compared to the true value of 13.6058

eV. The SCF value was calculated as the energy difference between the
dissociation limits of HCO and HCO* in their ground electronic states.
Apart from these results, correlation energy effects are expected to
become more important for other energy properties such as ionizaticn
potentials of CO and HCO and excitation energies of CO. Using canonical
SCF orbitals, single-reference state full single and double excitations
CI calculations were performed for the ground electronic states of HCO,
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: ;ﬁx:uwﬂdb+,;C0+:and_forugo‘inAthe ground and the two_ lowest triplet excited '
‘states. Vertical ionization potentials and excitation emnergies that are :
.deduced from these calculations, are collected in Table 1 and compared
“with corresponding experimental results. The rather poor agreement between
=ivta-theoretical and_experimental results fox_the ionization potential of HCO.
; ~(%2A') is due to the fact that the HCO equilibrium geometry was not fully
.optimized in the present calculations. At the end of this discussion ___
. about the reliability of the basis set, it should also be mentioned that
previous accurate theoretical determinations of the rotational and vi- .
: ~—=. brational energy levels of the series of iscelectronic triatomic molecu-
-lar species such as HCN, HNC, Hco*, HOC*, HN3 [47-49] were based on
electronic structure calculations employing basis sets that are equi-
valent to the one used in the present study. These calculations provide
very sensitive tests of the correct shapes of the molecular potentials
in the minimum region. The average error of the calculated rotational
transition frequencies was found to be about 0.57 and that of the vibra-
~—-- tional frequencies of the order of a few percent.

TABLE 1:

Energy values (in eV) determining the relative positions of the potentials
relevant for dissociative recombination of HCO*: ionization potentials

for H(2S), co(x!z*), nco(x2al), dissociation energy of HCO*(X!5*), and
excitation energy of CO(Xlz+ - a' 3rhy,

SCF CI Exptl.

1(%s)

TP 13.60 13.60 13,6058
cox'th)
3 13.56 13.74 14.0139
Te(x12+ - a' Y - 7.12 6.92
acot(x 't

D, 6.16 6.46 6.40
Heo(xAaly
I 9.0 9.2 9.88

The CI calculations on HCO+ were extended to calculate the entire
dissociation potential of HCOt(!Z*) » H* + co(lzt). In these calculations
the CO distance was held fixed at the equilibrium value in HCO¥, namely
at 2,10 a,, which is close to the equilibrium bond lenmgth in carbon
monoxide R (CO) = 2.132 a,. The calculations showed that the correlation
energy is changing very slowly as a function of the HC separation, which
explains the rather good SCF result for the dissociation energy of HCO*.
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wt—=~§imilar CI calculations were aiganaagé-for,thehlowest Zif,excitédu;tatej

-'of _HCO. The_corresponding HC dissociation potential_ is known to be _ __
‘repulsive with respect to dissociation to_H(2S) + cO(!Z*). This HCO state
‘was. previously assumed to be possibly responsible_for an effective _ :

inr-~V'electron recombination reaction of the HCO* _ion at_low. temperatures. The

‘calculations proved however that there is mo crossing between the HCO _:
"(2L*)_and HCO*(1Z*) potentials. Variation of the CO distances in both .
“species did not move the two curves closer to each other. According to

“the present calculations the lowest 25* valence state of HCO does there-

2o == fore not contribute to direct dissociative recombination of the HCO* ion.

By far the most important configuration of aco” in the lX+ ground
state is the Hartree-Fock configuration (core) 3024025021n4, where
“core" represents the doubly-occupied oxygen and carbon ls—-orbitals.
Since the bending potential of HCO* was recently calculated to be rather
steep [49], it is safe to assume that electron capture by the HCO*

- - ion will lead to a linear resonance state, particularly if the process

occurs at the low energy conditions in dense interstellar clouds.
Existing theoretical studies on HCO [50-53] do not provide sufficiently
detailed information on which excited states of HCO could be responsible
for the dissociative recombination reaction of the HCO* ion. Qualitative
considerations based on preliminary calculations of several excited HCO
states show that there are essentially two possibilities to form HCO
resoncance states in low energy e-HCO* collisions.

In the f£irst case, the scattering electron excites a 50 target
electron to a no orbital (n > 6) and falls itself into the 6g unoccupied
orbital. Particularly for larger n-values the 25+ gtates thus formed
belong to a series of Rydberg states converging against the HCO* (32+)
ion limit. This excited state of HCO* is unstable with respect to the
dissociation products H(2s) + CO*(2L*). The energy levels at the disso~
ciation limits of this 3%+ excited state and of the !¢+ ground state of
HCO' are separated only by 0.408 eV, i.e. the energy difference between
the ionization potentials of carbon monoxide and the hydrogen atom. The
location of the Rydberg states relative to the ionization limit were
obtained using the simple formuia

0.5

.“iu- ERyd(R) - EIon(R) _ 5
(n-§)

n

3)

where n is the primary quantum number and § the quantum defect. It turns
out that the lowest repulsive Rydberg states cross the ion potential in
an energy region that is much too high to be accessible under interstellar
cloud conditioms.

The other possibility to form an HCO rescnance state in low energy
e-HCO collisions is that the energy transfer from the scattering elec-
tron leads to a mn* -excitation of a target electron while the captured
electron ends up in the 60 unoccupied orbital. The 2% state thus formed
may be described as a combination of a hydrogen with the mr* states of
CO. The electronic configuration of this state is essentially (1-4g)2
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50260lc32ﬂ. For _large HC separations the 60 orbital becomes a. hydrogen<,
,ls orbital and the i1ssoc1at10n products of the lowest lying member of .-
“these states are H(“S)_+ CO(a'3L*). On bending. this_2I* state goes over.
nto the B"?Al_state"that was recently studied by Tanaka and 1. :-shita _:

.5[52],and_that,naswassigned.as_the upper .state of.one.of .the hydrocarbon .

‘flame bands (A-band) At intermediate HC separations there is a strong .-
conflguratlon mixing of. thls i+ state with a. charge~-transfer type -
configuration (l—40)25060 im4, This is in agreement with the findings of
Tanaka and Davidson [53] in their study of the potential surfaces of the

«+« lower electronic states of HCO. e s

%lectronic structure calculations of the dissociation potential of

this state were performed. These calculations show that the I
exclted state of HCO discussed here is in fact the lowest possible
resonance state crossing the potential of the HCo" ion close to its
minimum. Dissociation of this HCO state leads to the a' J¢* excited state
of CO. It should be noticed that the CO bond length of this a'’ 3zt state
(RC =1.359 &) is considerably larger than that of the 'I* ground state of

0 (Rg = 1.128 ) and the CO bond length i HCO* (Rgy = 1.105 B). Re-
1axat1on of the CO bond length is therefore important in studying the
dynamics of the dissociative recombination process of HCOY.

Summarizing the present electronic structure calculations it appears
that there is a sparsity of HCO resonance states that are accessible at
low energy e~HCO* collisions. In this respect the situation seems to be
similar to the one found for the e-H; reaction.

APPENDIX: METHOD TO CALCULATE ELECTRON CAPTURE WIDTH

Dissociative recombination in a resonant electron scattering process.
Computationally the most promising method available at present to deal
with such processes is based on the Feshbach formalism [19] and the
Stieltjes moment theory [54,55] . The method thus uses projection oper-
ator techniques and the golden-rule definition of the resonance width.
Square~integrable, 12, basis functions are employed to describe both the
resonant and the non-resonant part of the scattering wave function.
Stieltjes moment theory is finally applied to extract a continuous
approximation for the width from the discrete representation of the
background continuum, For a detailed description of this method covering
also various computational applications we refer to receant work by Hazi
and co~workers [56-58,23] . In the following we will discuss very briefly
a few computational aspects and their implications for the basic elec~
tronic structure calculations.

In Feshbach's resonance theory the width of a resonance decaying
into an open channel is glven by the so-called golden-rule formula
2
T(E) = 21 |< ¥ (H-E) wE >| (4)

where ¥ describes the resonance state and where ¥§ is an energy-normal-
ized scattering function representing the non-resonant, background con-



" .icte-sconfiguration interaction (CI) procedures. The difficulty arises. w1th ot

Tthg_non-spherlcal gndunon-local nature of the electron-molecule inter-
Jaction potential, In_the Stieltjes moment method this difficulty is

sent—~tinuum at energy E. The operator H is the full many-electron Hawmiltonian.
“The_problem_ in_numerical applications is to determine ¥p and ?f in such ;
Ya_form that the above matrix element can be easily evaluated. The reson—
‘ance state wave_ function ¥g is obtained directly by quantum chemical __ {

“'the calculation of the monresonant scattering function Y# because of e

avoided by expanding Y§ in terms of square-integrable, L2, many-electron

' basis functions which are constructed to be orthogonal to the resonance

wave function YR through the use of projection operators.

In the computational method used here, a total function space must
first be generated from an orthogonal set of many-electron basis functions
(configurationg) in such a way that it can be partitioned into a resonant
and a non-resonant part from which the wave functions yg and WL are ob-
tained. These wave functions are used in a formula analogous to (3) to

calculate a discrete spectrum for the width. Apart from the initial
generation of the total function space, there are three computational
steps in the procedure to determine the resonance width: (i) Construction
of projection operators after partitioning of the total function space
and calculation of Yp and an approximation to WE by diagonalizing the
full Hamiltonian in the two respective subspaces, (ii) evaluation of the
width matrix elements conne.ting the two subspaces from the golden-rule
formula, and (iii) application of Stieltjes moment theory techniques to
extract correctly normalized widths from the discrete representation of
the background continuum.

In order to be able to generate a suitable set of orthogonal many-
electron basis functions defining the total function spare, one first has
to select an orthogonal one-electron function basis that can accurately
describe both the resonance state as well as the target ion plus the
scattering electron. The choice of this molecular orbital basis is thus
governed by the electronic structure of the ion, the expected nature of
the resonance state, and also by the needs to represent the background
continuum. The basis must contain two groups of orbitals: those which

“are required to describe the resonance state and the target ion, and

those which can approximate the wave function of the scattering electron.
Since both the resonance and the target states are bound states, the

molecular orbitals in the first group are those normally used in any

electronic structure calculation of ground and low-lying excited states,
The second group of orbitals on the other hand must contain numerous
diffuse basis functions providing a dense representation particularly of
the lower part of the background continuum.

Using this one-electron orbital basis, the total functiom space
(Po + Qo) is generated from all those many~electron configurations that
are required for an accurate description of the resonance state. It has
to be noticed however, that in this total CI space internal consistency
between the levels of approxlmatlon used for the resonant (Q,) and the
non-resonant (P,) subspaces is more important than ach1ev1ng the best

s
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p0331b1e accuracy.for_the resonance state_itself. The subspace Po is __i
“constructed_from those configurations which to_first order describe the _
“"target ion and the scattered electron. All the remaining configurations |
‘are_included_in_the Qo _subspace. The resonance wave function ¥g and the !
£ ~iziz+icorresponding resonance_emergy €R are obtained by diagonalizing. the o
erty “transformed Hamiltonian QoHQo. If Py contains all the configurations !
.that are essential for describing the target ion, the lowest eigenstate_:
or the few lowest eigenstates of QgHQp will correspond to the resonance:

' g lengd . B .

After the determlnatlon of the resonance “function ¥ "R a repartitioning
of the function space is performed. This repartioning is found to be
essential to incorporate many-electron correlation and polarizaticn
effects in the description of the non-resonant continuum. In the case of
many-electron target ions such effects must be accounted for if accurate
widths are to be obtained., Two rew projection operators P and Q are

=== defined as:

Q= [¥p >< ¥ (53)
and
P=l—Q=Po+(Q°—Q). (5b)

The operator P thus contains not only those configurations which approxi-
mate the decay channel (originally in subspace P,) but also the higher,
non-resonant solutions of QpHQy. The discrete representatlon of the non~
resonant continuum is finally obtained by diagonalizing PHP in the basis
of all configurations of the total function space, The resulting eigen-
functions {Xn with non-zero eigenvalues €, form an orthonormal set and
they are orthogonal to YR by construction.
4
For sufficiently large basis sets each solution X approximates Yg
with E = €, in a region near the nuclei, except for am overall narmal-
ization factor. Since the golden-rule formula (4) contains the L< function
WR which is localized near the nuclei, the matrix element has no signifi-
cant contribution from the asymptotic region where X, fails to approximate
[38 39,40}. it is therefore possible to use the set of functions {X }
to calculate the width matrix elements:

o Yy = 2m|<¥ B X >] . (6)
However, X, cannot be used directly to approximate I'(€,) because of the
different normalization. By analogy to the work on accurate photoion-
ization cross sections by Langhoff and co-workers [54,55], Stieltjes
moment theory can be employed to extract appropriately normalized res—
onance widths from the discrete spectrus: obtained from (6).
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