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Three important mechanisms for the dissociative recombination of
an electron with a molecular ion are discussed and each is illustrated
with the results of recent: calculations. The mechanisms include direct
capture by derivative coupling for ion and neutral curves which do not
cross, capture by the second order electronic coupling to the interme-
diate vibrationally excited Rydberg states for a crossing of ion and
neutral curves, and dissociative recombination through intermediate
bound excited core Rydberg states.

INTRODUCTION

Much of our understanding of dissociative recombination (DR) has been
based upon the pioneering papers of Bates (1) and Bardsley (2,3), who intro-
duced the direct and indirect DR mechanisms respectively. In recent years
there have been considerable advances in both the theoretical and the labora-
tory methods that are used to study DR. These advances have uncovered new
mechanisms which supplement the earlier mechanisms. In the next section
the highlights of the Bates and Bardsley mechanisms are reviewed. This is
followed by discussions of DR, in the case where there is no crossing of ion
and dissociative states, of the second order electronic coupling, and finally of
recombination through a bound excited core Rydberg state. '

DIRECT AND INDIRECT DISSOCIATIVE RECOMBINATION

The mechanism for direct dissociative recombination was first described
over 40 years ago by Sir David Bates. (1) In direct dissociative recombination,

ABY +¢- - AB* - A+B, \ (1)

the reactant ion AB* captures an electron, e~ into an electronically excited
state of the neutral molecule, AB*, which dissociates into the products, A
and B. If ABt is a diatomic, A and B can be ground or excited state
atoms. The mechanism for Eq. (1) is illustrated in Fig. (1) where an electron
with energy € is captured directly into a dissociative state. After capture, the
molecule may emit an electron leaving the ion in the ground or a vibrationally
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FIG. 1. The direct and vibronic indirect dissociative recombination mechanisms.

excited state. On the other hand, if the potential curve is steep and if the
autoionization lifetime is longer than the dissociative lifetime, DR is likely.
Once the fragments separate beyond the ion potential curve, autoionization
is no longer possible. The dissociative states are diabatic states which cross
through an infinite number of Rydberg states in order to cross the ion. The
matrix element that couples the reactants to the products is over the total
Hamiltonian, HT°*% = H 4 T, where H is the electronic Hamiltonian and
T is the nuclear kinetic energy. Because the states are diabatic and do not
change character with R, the contribution from T (see Eq. (4)) is negligible
compared to that from H. The matrix element over H is given by

Vi = (WaXq | H | ¥*4X,) (2)

where ¥4 and X g are the electronic and vibrational continuum wave functions,
respectively, for the dissociative state. W¥ is the electronic wave function for
both the ion and the free electron with wave number k¥ and angular momen-
tum, £. X, is the bound ion vibrational wave function. The direct cross
section for DR is approximately proportional to the square of Vuk,;f .(2,4)

In the indirect recombination mechanism, first proposed by Bardsley (3),
the electron is captured into a Rydberg state of the neutral molecule which
is predissociated by the repulsive state of the direct mechanism. The indirect
mechanism is illustrated in Fig. (1) for capture of an electron with energy
€. The coupling matrix element which drives the capture into the Rydberg
vibrational level is again given by a matrix element of the total Hamiltonian,
HTetal — H 4 T. The matrix element over H vanishes and we are left with
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Tk, o= (U X, | T | 9H4X,) (3)

where the wave functions are the same as in Eq. (2) except that now ¥""¢
is the electronic wave function of the Rydberg level with effective principal
quantum number, n*. The set of vibrational wave functions for the Rydberg
levels is taken to be the same as the set for the ion. The matrix element over
the electronic Hamiltonian is zero since the Rydberg states and the free elec-
tron states, both with the same ion core, comprise the same spectrum of states
that diagonalize the electronic Hamiltonian. This matrix element falls off as
(1/n*)*/2 and favors transitions between ion and Rydberg vibrational levels
that differ by a single quantum. Bardsley (3) showed that the indirect DR
cross section took a Breit-Wigner form in which the resonances contribute
peaks to the DR cross section. In this approach, indirect recombination is
treated separately from and not allowed to interfere with direct recombina-
tion. In the Multichannel Quantum Defect Theory (MQDT) approach to DR
introduced by Giusti, (4) this interference is included and it has been shown
(4,5) that the cross section near the resonance energy may take the form of
a peak (constructive interference), a dip (destructive interference), or a peak
on one side of the resonance center and a dip on the other side. The shape is
determined from the relative magnitudes of the direct recombination matrix
element (Eq. (2)) and the matrix elements for the interaction of the Ryd-
berg level with the electron ion continuum (Eq. (3)) and with the dissociative
state. (5,6) The resonances take the same form as that predicted by Fano for
resonances seen in atomic photoionization. (7)

DISSOCIATIVE RECOMBINATION WITHOUT A CURVE
CROSSING

If we shift the repulsive curve in Fig. (1) to smaller R so that it does not
cross the ion at all, we would expect the DR cross section to be small because
of the small vibrational wave function overlap that enters the matrix element
in Eq. (2). Molecules that exhibit this lack of a crossing include the rare gas
hydrides and Hy . Potential curves calculated (8,9) for HeH are shown in Fig.
(2). These curves have been calculated with large Gaussian basis sets and
multireference configuration interaction (CI) wave functions. In this system,
the dissociative curve equivalent to the repulsive curve of Fig. (1) is the ground
state which, however, does not cross the ion. The only remaining dissociative
routes are the A and C Rydberg levels which have asymptotes below the v=0
level of the ion. (We neglect the B2II state because its rotational couplings
to the electron-ion state are small.) Because these Rydberg states have the
same core as the ion ground state, they too do not cross the ion. Despite
this theoretical evidence that might lead one to the conclusion that the HeH
DR rate constant may be small, recent experimental results for both SHeH*
(10,11) and *HeH* (12,13) indicate that the cross sections are not negligible.
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FIG. 2. The calculated potential curves for HeH.

Indeed, a nonnegligible cross section can occur in the absence of a crossing
if a new mechanism is introduced in which the electron capture into the dis-
sociative state is driven by the nuclear kinetic energy operator, (8) the same
operator that drives the Bardsley indirect capture mechanism. Because this
matrix element is nonzero between electron-ion and Rydberg states with the
same core, it can drive direct DR along the Rydberg A and C states shown in
Fig. (2). In order to calculate DR cross sections and rates, we have included
these matrix elements in a revised version of the first order MQDT of Giusti.
(4)

For the cross section calculations, we must determine matrix elements over
the nuclear kinetic energy operator,

-1 0 ,98
‘WFER 3R’ (4)

where R is the internuclear distance, k& is Planck’s constant, and u is the
reduced mass. The matrix element over T reduces to

Tyi=p(WaXs | T | ¥°X,) = pk

th B4R 2A‘Ra X, 5
#<a| i(R) + a()ﬁl ), (8)

2
where
AYR) = (¥ | o | 09, (©)
62
BY(R) = (1| 5 | WY, (")
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FIG. 3. Calculated cross sections for DR of * He H +,

and p is a density of states which converts the matrix elements to those ap-
propriate for an electron-ion continuum. (8,9) The k superscript has been
dropped on the right side of Egs. (5-7) because the matrix elements are cal-
culated for zero energy electrons. Matrix elements of A5(R) between the
neutral HeH states have already been reported in the literature (14) as have

the (3% %) matrix elements. (14) The B4(R) matrix elements can be
derived from these matrix elements by using
3Aﬁ oV, aut

Y | 55 (8)
Denoting the Rydberg orbitals by (n,£), the A and C Rydberg states have an
electron in the (2,0) and (2,1) Rydberg orbitals respectively. The published
couplings (14) show that the strongest interaction is for the capture ofanf =0
electron into the C state, i.e. a A2 =1 transition. Furthermore, because the
C state is the closest dissociative state to the ion, it has the largest nuclear
wave function overlap contribution to the matrix elements in Eq. (5).

We have calculated DR cross sections for *HeH* and these are shown in
Fig. (3). For *HeH*, ten bound vibrational levels were included in the first
order MQDT calculations. The direct cross section is shown by the dashed
line. The direct DR, cross sections are small compared to those for many
molecules that have favorable diabatic curve crossings. The direct rate at
300K derived from this direct cross section is 4.22z1071%m3/sec. Denoting
the resonances by (n, v, £), the lowest energy resonance structure near 0.01leV
is due to (3,4,1), i.e. it is the v=4 level of the 525t state perturbed by the

B4(R) =
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interference between direct and indirect recombination. The large vibrational
spacing in this low reduced mass system allows Rydberg states with both low
n and low v to lie above the v=0 level of the ion. While the matrix element
in Eq. (3) might be expected to be small because it is a Ay = 4 transition,
this is offset by the low value of n. Moving to higher energies, the (6,1,1)
resonance appears with a peak near 0.03¢V. The lifetime for predissociation
of the resonances can be estimated from the matrix element, (5) T: 4 in Eq.

(5)

pre = ﬁ .
T B TR
where pg is the value of the quantum defect at the R value corresponding to
the minimum of the ion well.

The lifetimes for predissociation of the (3,4,1) level by the X, A, and C
states are 1.02107°, 0.95210~°, and 2.6210~13sec respectively. Clearly, the C
state is the dominant dissociative route for v=4. In fact, the C state is also the
dominant dissociative route for every Rydberg vibrational level. These results
are confirmed by the full calculated DR rates at 300K which are 7.7210-12 ,
3.02107, and 6.6z10~%m3/sec along the X, A, and C states respectively.
Indeed, the plot of the total cross section in Fig. (3) is nearly identical with
the cross section for the C state only. The time for a vibration in the v = 4
level is given approximately by (15)

(9)

vidb __ 1
o0 =
(We — weTe — 2uw,.z,)

(10)

where c is the speed of light, w is the fundamental frequency, and w,z, is the
anharmonicity for *“HeH. Taking the Rydberg state to have the same calcu-
lated spectroscopic constants as those for the ion, the lifetime of a vibration
is found to be approximately 1.8z10~14sec. After capture into the (3,4,1)
level, the molecule undergoes about 14 vibrations before falling apart. The
autoionization lifetime, r,‘,"':f", can be calculated approximately from (16)

Tauto - h (11)

" s [ [(R) [0) P

For v = 4, the autoionization lifetime is 3210~ !1sec. Therefore, once excited,
the (3,4,1) state will almost entirely dissociate.

For 3HeH and *HeH the direct DR cross sections are quite similar with
those for 3HeH slightly larger than those for ‘HeH. However, for the
lighter species, the calculated full rate coefficient at room temperature is
2.62107%cm®/sec. (8) For 2HeH, the energy difference between vibrational
levels is greater than in *HeH and a (4,2,1) falls above threshold but is below
threshold in *HeH. The (4,2,1) level plays a major role in enhancing the
3HeH DR cross section and rate coefficient over that for ‘HeH.
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THE SECOND ORDER ELECTRONIC COUPLING

The indirect mechanism of Bardsley (3) is driven by the Born-Oppenheimer
breakdown coupling of Eq. (3). However, it is also possible to have capture into
a Rydberg state by an electronic coupling. The first order coupling, in which
the electronic Hamiltonian appears once, vanishes between an electron-ion
state and a Rydberg state with the same ion core. However, if the Hamilto-
nian acts twice, using the dissociative state as an intermediate, the electronic
coupling can be nonzero. A mechanism involving this type of electronic cou-
pling was first discussed by O’Malley (17) and was used in preliminary cal-
culations on HY DR by Hickman (18). It was first included in a full MQDT
calculation in 1991 (5). The coupling matrix element takes the form

/ / X, (R)(¥E | H(R)| W) Fa(R<)Ga(R>)(¥a | H(R) | ¥34) X, (R)dRAR!

(12)

where Fy; and Gq are the regular and irregular vibrational wave functions in
the dissociative state. An important difference between this mechanism for
indirect recombination and the Born-Oppenheimer breakdown mechanism is
that we are no longer restricted to the Av = 1 propensity rule. A large Av
is possible as long as the initial and final bound vibrational wave functions
have a large overlap with the continuum vibrational wave functions of the
dissociative state.

The second order mechanism arises from the perturbation expansion of
the K matrix in the MQDT approach. (4,5) We have found that the second
order mechanism is often more important in some systems than the Born-
Oppenheimer breakdown mechanism. In an analysis (5) of the v = 1 contri-
butions to the DR cross section for OF leading to O(!S) products, we found
that the shape of the resonances was due to the interaction between the vi-
bronic and the electronic indirect mechanisms and that the electronic indirect
mechanism was dominant. For DR of OF along the ' A, route, (19) the cross
section near threshold is depressed below the direct cross section by five or-
ders of magnitude due to the electronic indirect mechanism alone and by one
order of magnitude due to the vibronic indirect mechanism. Interference be-
tween the two processes leads to a full cross section which is three orders of
magnitude below the direct cross section. The effect is due to an n=3, v=13
resonance lying 0.02¢V below threshold. This level has a wing which interferes
destructively with direct recombination above threshold.

The second order coupling is now included in all our calculations involving
diabatic electronic couplings. It is clear that in most molecules it must be in-
cluded in order to calculate accurate cross sections. In molecules having large
capture widths, it may be necessary to go beyond second order. Calculations
including the full higher order K matrix have been reported by Takagi. (20)

In the case of DR proceeding entirely by derivative coupling, as in the
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FIG. 4. Indirect recombination through the n=4 %I, Rydberg state of N, with

the excited A%II, core. The small vertical arrow indicates capture from the v=0 ion
ground state into the (4,2,0) 3II, state with the A?Il, core.

previous section, an equivalent second order derivative coupling also can be
constructed. In such a coupling for HeH, the initial electron-ion state would
be coupled to a Rydberg state by the C state acting as an intermediate. These
couplings are all vibronic as opposed to the above electronic couplings. This
coupling has not been included in the HeH MQDT calculations to date and
will be the subject of future calculations. -

EXCITED ION CORE BOUND RYDBERG STATES

Indirect DR through a bound excited core Rydberg state proceeds as shown
in Fig. (4) for N;f. Because the intermediate Rydberg state does not have the
ground state of the ion as the core, it differs from the free electron-ion system
in the reactant channel of Eq. (1) by a double excitation, i.e. by moving
two electrons to previously unoccupied orbitals. Therefore, the electronic
Hamiltonian can drive the capture. The capture matrix element is

Vosle = (U X, | H | ¥4 X, ). (13)

This process has been described qualitatively in the literature for DR of N}
(21) and CD*, (22) but there have been no reported prior calculations. (Note
that in the diabatic treatments of Hi DR, all the dissociative routes (23)
are excited core Rydberg states but they are all repulsive.) An important
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qualitative feature of this recombination mechanism is that it is possible to
have capture into the v = 0 level of excited core states. Such a capture can
have large Franck-Condon factors and large capture matrix elements. This
type of capture is impossible in the vibronic indirect mechanism since all the
v = 0 Rydberg levels with the same core as the ion are at lower energies than
the ion v=0 level.

We have calculated (25) the effect of intermediate excited core Rydberg
levels on the DR of the v=0 level of Nif. The relevant potential curves are
shown in Fig. (4). The dominant dissociative channels (shown as dotted lines)
are the four lowest valence 311, states with 22II,, the dominant route for v=0.
(24) The calculation includes 18 vibrational levels for the ion ground state and
Rydberg states and the four dissociative routes. We have included Rydberg
states having the A%II, excited core. The inclusion of this state substantially
increases the amount of required molecular data and the amount of computer
time needed to complete the calculation of cross sections and rates. Since we
must treat the A state as well as we treat the X ion core, 18 vibrational levels
are also included for the A state and its Rydberg states. In total, the electronic
K matrix needed in the MQDT approach includes 36 bound vibrational levels
and the four dissociative 3II, states. In addition, in order to build the K
matrix, we need electronic widths for capture of the free electron by the A
state into each of the four dissociative states. These widths also give us the
predissociation widths of the intermediate A core. Rydberg states. We have
treated capture of an £ = 0, o free electron by the A%II, ion. Finally, we need
the width matrix element of Eq. (13), where the right side describes a “free”
electron in the field of the X core and the left side describes a Rydberg state
with the A core. The A core lies 0.11a, to larger R than the X core and
the minima are separated by only 1.14eV. The v=0 level of the calculated
n = 3 311, Rydberg state with the A core lies 2.3¢V below the v =0 level of
the X2} state. The first calculated A core Rydberg state above threshold
is the n = 3,v = 11 state near 0.03eV followed by the n = 4,v = 2 state
near 0.06eV. The latter level is shown in Fig. (4). The effect of the excited
core Rydberg levels is to increase the DR rate by about 10% over the rate
calculated with only the four dissociative routes and the ground state ion
core Rydberg levels. Note that capture into the n = 4,v = 2 level shown in
Fig. (4) allows for dissociation along the 4311, channel which has only small
Franck.Condon factors for direct capture from v=0. In this manner, indirect
DR can strongly affect the quantum yield of the atomic products. Further
details on these calculations will be published separately. (25)
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