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Abstract. The effect of rotational interaction in the low energy dissociative recombination process of
diatomic molecules has been explored for typical molecular ions (H;‘7 HD*, OH" and NO™") which sample
a large range of molecular masses. We show that rotation plays a role mainly for the indirect recombination
process through bound Rydberg states, and for light molecules. When the direct process based on a strong
electronic interaction is fast and dominating, rotational couplings can be safely neglected especially for

heavier molecules like NO.

PACS. 31.50.+w Excited states — 31.70.-f Effects of atomic and molecular interactions on electronic
structure — 34.80.Gs Molecular excitation and ionization by electron impact — 34.80.Kw Electron-ion

scattering; excitation and ionization

1 Introduction

In the past five years the Dissociative Recombination (DR)
of molecular ions has been actively studied, both exper-
imentally and theoretically. The fundamental motivation
is the importance of this process in cold ionised media
(ionosphere, planetary atmospheres, interstellar matter)
but the recent impulse comes from the ion storage ring
experiments (see e.g. the review papers [1] and [2]) where
molecular ions can be stored for several seconds and cooled
by electronic collisions, thus allowing high resolution mea-
surements of cross sections and branching ratios for fully
relaxed ions. On the theoretical side, most of recent DR
studies, using either time-dependent propagations [3], the
R-matrix approach [4] or the Multichannel Quantum De-
fect Theory (MQDT) [5-7] have disregarded the effects
of molecular rotation, assuming that the molecule has no
time to rotate during the recombination process based on
the different time scales for electronic, vibrational and ro-
tational transitions. Either the rotational quantum num-
bers were neglected, or the initial rotational excitation
of the molecular ion was assumed to be conserved dur-
ing the whole process and passed to the neutral molecule,
bound or dissociative [8]. This is obviously not rigorous
since the colliding electron also carries angular momen-
tum which should be properly combined with the initial
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angular momentum of the target ion. Accurate account of
these rotational couplings have now been included in the
theoretical treatment of DR within the MQDT approach
but calculations have only been performed for the lighter
molecular ions Hy [9,10] and HD™ [11,12].

In this short paper we try to answer the question: when
will rotational couplings significantly affect the rate coef-
ficient for dissociative recombination? We have performed
numerical exploration for four diatomic molecular ions
with reduced masses ranging from 0.5(Hj) to 7.5 (NOT)
see Table 1 — and we propose a practical criterion for
predicting the effect of rotational interaction. The molec-
ular mass largely determines the rotational structure and
we have chosen a representative range for the most abun-
dant diatomic ions in ionospheric or interstellar matter.
Our exploration is restricted to low energy because pre-
vious calculations [12] have shown that rotational effects
become negligible for recombination with fast electrons,
even for the lightest molecular ions.

In Section 2 we give a brief outline of the theory, recall-
ing how rotational couplings are included in the MQDT
approach to DR. Section 3 describes the specific examples
we have chosen and gives some numerical details. In Sec-
tion 4 we summarize the results and discuss the practical
criterion we can extract from these case studies.
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Table 1. Spectroscopic constants for the ground state ions involved in the present dissociative recombination calculations (from

Huber and Herzberg [29]).

Ton o HD™ OH* NO™*
Reduced mass (amu) 0.504 0.672 0.948 7.466

we(cm™) 2321.7 1913.1 3113.37 | 2376.72
Be(cm™1) 30.21 22.45 16.79 1.997

2 Summary of the theoretical approach

The inclusion of rotational interactions into the MQDT
treatment of DR has been described recently [9,12] and is
briefly summarised here.

We restrict the description to cases where DR may
occur through electronic interaction between the {ion +
incoming electron} initial configuration and a doubly ex-
cited state “d” whose dissociative potential curve crosses
that of the ion initial state (exceptions like HeH™ will
be discussed later). The so-called “direct” DR mecha-
nism results from this interaction and leads to a rela-
tively smooth cross-section decreasing roughly as E~!.
A resonance structure is generally superimposed on this
smooth variation and results from electron capture in ex-
cited ro-vibrational levels of bound Rydberg states, which
are then predissociated by the same doubly excited state
responsible for the direct process. This “indirect” mech-
anism [13] involves non-adiabatic couplings (vibrational
and rotational) in the capture step. The direct and in-
direct processes happen and must be treated simultane-
ously [14] leading to Fano-type interference pattern [15] in
the total cross section.

Including rotational interaction in the MQDT first
means increasing the number of ionisation channels, la-
belled by new angular momentum quantum numbers. Start-
ing from a given rovibrational level (N;7,v;") of the ion
initial electronic state, several values N of the total an-
gular momentum of the neutral molecule can be formed
by coupling with a specific partial wave [ of the incom-
ing electron. Each N value is a good quantum number
conserved during the whole process and is involved in a
separate calculation, leading to partial DR cross sections
which are then summed to yield the total cross section:
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Within each NV subspace, rotation is included through a
frame transformation [16,17] between coupling schemes
corresponding to the incident electron being decoupled
from (external region) or coupled to (internal region) the
core electrons. The frame transformation mixes the dif-
ferent A quantum numbers compatible with a given set of
(N;F, I, N) values. The channel mixing coefficients involve
angular coupling coefficients combined with electronic and

vibrational factors:
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as well as Sy+gp+ pq and Sgaq, obtained from equa-
tions (2, 3) by replacing “cos” by “sin”. The xy+,+ and
X%v are the vibrational wave functions of the ground state
molecular ion in the (N*, v™') rovibrational level and
of a Rydberg monoexcited state in the (N, v™) rovi-
brational level and of a Rydberg monoexcited state in
the (N, v) rovibrational level respectively, and pes (R) is
the electronic quantum defect characterising these [A —
Rydberg series. For a given A, the index a denotes the
eigenchannels defined through the diagonalization of the
electronic reaction sub-matrix K, with eigenvalues and

Ugo):

Each block K* of the reaction matrix is evaluated from
the electronic coupling functions VA(R) between singly
and doubly excited configurations with A symmetry, using
a second order perturbative approach [18]. The quantities
7t and 7 (with values +1) are related to the reflection
symmetry of the ion and neutral wave function respec-
tively, and take the values +1 for symmetric states and
—1 for antisymmetric ones [17]. The ratio in front of the
sum in the right hand side of equation (2) contains the
selection rules for the rotational quantum numbers. This
factor, which results from the symmetrization of the wave
functions, was not explicitly displayed in the preceding
papers [9,12], but was taken into account in our calcula-
tions.

These channel mixing coefficients allow to compute the
scattering matrix S restricted to open channels and con-
taining the resonance structure, once the closed channels
have been eliminated following the MQDT procedure of
Seaton [19]. Finally, the partial cross sections in the sum
of equation (1) are given by:

TaeNTot T dmge’ 2N++1

1
eigenvectors ——tan(n’), and eigenvectors (Uf}, o
@

(N)
c1<—eN+ h

(4)

where ¢ is the energy of the incident electron7 me the elec-
tron mass and p is the multiplicity ratio between the neu-
tral and the ionic electronic states.
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3 Case studies

Cross sections have been calculated for energies of the in-
cident electron ranging from 0.02 meV to 0.6 €V, on a grid
of 0.02 meV, narrow enough for most of the Rydberg res-
onances to be accounted. The initial rotational quantum
number was Ni+ = 2 for all the calculations, because it
is one of the most populated levels at room temperature
and it is the lowest rotational quantum number allowed
for one of our test cases (OH' in the a'A initial state).
Table 1 indicates the molecular ions selected for these test
calculations, with their mass and ground state rotational
constant.

We have performed calculations corresponding to three
stages of complexity of our approach. First, we evalu-
ate the direct rotation-free mechanism. Second, we al-
low for the indirect process, still neglecting the rotational
couplings, i.e. total process but rotation-free calculations.
And third, the total process with rotational structure and
couplings included is considered. Since a relevant compar-
ison between the total cross sections is difficult due to nar-
row resonance structure, we have evaluated the Maxwell
rate coefficient in each case. Thus, the integrated effect
of the rotational coupling is apparent from the compar-
ison between the resulting smooth curves. Furthermore,
very often it is the rate coeflicient which is the relevant
quantity for a kinetic calculation, rather than the cross
section.

We present now the various DR reactions we have se-
lected for this exploration and describe for each case the
electronic states involved and our choice of molecular data.

3.1 Hf and HD™ dissociative recombination

We have studied the typical low-energy reaction
Hy (X252, N =2, v =0} +e(1=0, 2)
— H3* {(Zpau)2 12;} — H+ H*
(X2Zf)nlog 137
H; (XQE;)ndwg 11,
(XQE;)nddg 1A,

(5)

[1P%2

and the similar one for HD™, where only the “s
(I = 0) and “d” (I = 2) partial waves, giving the dom-
inant contribution to DR, have been considered. The rel-
evant potential curves for the ion and the neutral disso-
ciative state are shown in Figure 1. The molecular data
used have been selected from various structure or collision
calculations [20-22]. Singly excited states of X', II and A
symmetry are included but for the three components of
the d-complex (series do, dm, dd) we have adopted the
same quantum defect function pg,(R). This approxima-
tion, also made later for the p-complex in the OH and NO
molecules due to lack of molecular data, amounts to ne-
glect part of the direct rotational interaction [16], but in
the presence of the strong electronic interaction prevailing
in our DR examples the various N channels are primarily
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Fig. 1. Electronic energies of the ion ground state X 22; of H}

or HDT and of the lowest dissociative state (2p¢7u)2 12; of Ho
or HD. The v = 0 — 3 vibrational levels of Hj (corresponding
to Nt = 2) are shown with light lines, those of HD' with bold
lines.

mixed by indirect electronic couplings, as we have checked
numerically.

The resulting cross sections and Maxwell rate coefli-
cients are displayed in Figure 2 for Hj and in Figure 3 for
HD™.

3.2 OH dissociative recombination

According to Guberman [6], the DR of OH" is dominated
at low energy by the 22II route. We have considered two
different electronic states X3X~ and a'A for the ionic
target and only the p partial wave of the incident electron,
giving rise to the reactions:

OH" {X*Y N =2, v =0} +e (1=1)
O*+H

*% 2
— OH* {2 H}—>{O+H*

(X3X7) npr 2%
(X3X7) npo 211

OH*

and:
OH' {a'A N;F =2, vf =0} +e (I1=1)
O*+H
OH™ {2°II
- {27 — {O +H
(a*A) npr 211
(a*A) npo 2A ¢ . (7)
(a*A) npr 2@

OH*
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Fig. 2. Rotational effects in the dissociative recombination
of Hi (X?X), Ni* =2, v;7 = 0) via the dissociative state
Hs(2pow)? "X (a) cross section, rotational calculations; (b)
cross sections, rotation-free calculations: dotted lines for total
process and dashed lines for direct process only; (¢) Maxwell
rate-coefficients: continuous lines for rotational calculations,
dotted lines for total process, rotation-free calculations and
dashed lines for direct process, rotation-free calculations.

Molecular data are the same as for previous calculations
[23] and have been calculated by Guberman [6] and Hirst
and Guest [24]. The relevant potential curves are displayed
in Figure 4 and the results of the calculations are given in
Figure 5 for the X3X~ initial ion state, and in Figure 6
for the ion being initially in the metastable a'A state.

3.3 NO+ dissociative recombination

Numerous spectroscopic studies [25] followed by theoret-
ical analysis of the dynamics of high Rydberg states in
NO [26,27] indicate that the low-energy dissociative re-
combination of NO™, initially in its ground state XX+,
can occur through several dissociative states of the neu-
tral molecule, among which B2II and L2II. Following pre-
vious calculations by Sun and Nakamura [28], we treat
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Fig. 3. Same as in Figure 2, for HD" /HD.
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Fig. 4. Electronic energies for OHT(X3X ™) and OH" (a'A)
from [23], and for OH(2%II) from [6]. Also shown are the vi-

brational levels of the molecular ion states corresponding to
Nt =2
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Fig. 5. Rotational effects in the dissociative recombination of
OH™ (X35~ N = 2, v;" = 0) via the OH (2°II) dissocia-
tive state: (a) cross section, rotational calculations; (b) cross
sections, rotation-free calculations: dotted lines for total pro-
cess and dashed lines for direct process only; (c) Maxwell rate-
coefficients: continuous lines for rotational calculations, dotted
lines for total process, rotation-free calculations and dashed
lines for direct process, rotation-free calculations.

successively the two reactions:
NOt{X'SFTN =2, vff =0} +e (1=1)
N*+ 0O
— NO*™ {B 1} —
oom— {¥ s
(X1X+) npr 20
(X1XH) npo 2y

NO*

and:
NOt{X'SFTNF =2, vff =0} +e (1=1)
N* +0
NO** {L 11
oo (oo - Y70
(X1X+) npr 2
(X1XH) npo 2y

NO* 9)

Note that an accurate calculation should include these two
dissociative states of same symmetry simultaneously as we
did e.g. for HD* calculations [2,12], but for our present
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Fig. 6. Same as in Figure 5, for initial state OHT(a'A,
N =2, v =0).

purpose it is more demonstrative to look at their separate
contribution.

The molecular data have been obtained by Raoult [27]
and the relevant potential curves are shown in Figure 7.
As in the case of OHT DR, only the “p” partial wave of
the incident electron is accounted for. The final results are
given in Figure 8 for the contribution of the B2II disso-
ciative state, and in Figure 9 for that of the L2II state.

4 Discussion and interpretation of the results

The results of the set of calculations presented in Sec-
tion 3 are summarised in Figure 10. They clearly show
that the importance of rotational effects depends on the
molecular mass, but even more on the weight of the indi-
rect process in the total cross section. In previous studies
on light ions [9,12] it was already demonstrated that ro-
tational effects are small for the direct process, but can
be important for the total cross section and seems to be
correlated with the effect of Rydberg resonances. In fact,
this is to be expected, since resonant capture into bound
monoexcited Rydberg states is due to non-adiabatic in-
teraction between the continuum and Rydberg configura-
tions. The shape of the corresponding resonances in the
cross section can be interpreted in terms of the Fano ¢-
parameter [15], proportional in our case to the strengths of
this interaction.
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Fig. 7. Electronic energies for NOT(X'X™), NO (B*M) and
NO (L2TI) states from [26] and vibrational levels of the molec-
ular ion corresponding to N* = 2.

The most apparent effect of including the rotational
couplings is to increase the number of ionisation channels,
in particular of closed channels (with ionisation threshold
above the total energy) which bring new Rydberg reso-
nances in the cross section (compare for example Figs. 2a
and 2b, or 3a and 3b). In most of our examples these new
resonances result in an increase of the rate coefficient with
respect to the rotation-free value. This is due to the in-
clusion of an additional capture mechanism, through non-
adiabatic angular interaction between the continuum and
Rydberg states, which slightly changes the resonance pro-
file in favour of larger values for the Fano ¢-parameter.
According to [15], this corresponds to more constructive
interferences between direct and indirect DR process, i.e.
to resonances with smaller dips and higher peaks, result-
ing in larger averaged cross sections and rates. The rota-
tional couplings being proportional to the rotational con-
stant, the effect is generally stronger for light molecules,
as is clear in Figure 10. Note however that this mass ef-
fect is only valid for large mass differences, like going from
HD* to NO*, but for small differences (e.g. between Hy
and HD™) it may be dominated by other factors discussed
below.

Since the effect of rotational couplings is clearly corre-
lated with the indirect process, it is interesting to analyse
when and why the resonant mechanism plays an impor-
tant role in the DR process. Inspection of our examples
shows that the width and amplitude of the Rydberg res-
onances depend mainly on the relative position of the ion
curve and the dissociative (neutral) one. If these curves
cross within the Franck-Condon region of the initial ion
vibrational level, the direct process will be fast and the
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Fig. 8. Rotational effects in the dissociative recombination
of NOW(X'X¥, N = 2, vf = 0) via the NO (B*M) va-
lence state: (a) cross section, rotational calculations; (b) cross
sections, rotation-free calculations: dotted lines for total pro-
cess and dashed lines for direct process only; (c) Maxwell rate-
coefficients: Continuous lines for rotational calculations, dot-
ted lines for total process, rotation-free calculations and dashed
lines for direct process, rotation-free calculations.

indirect one relatively weak. If on the contrary the dis-
sociative curve does not cross the ion curve, or crosses
it closer to the Franck-Condon region of an excited vi-
brational level corresponding to a closed ionization chan-
nels, then the Rydberg resonances play an important role
and the rotational effects become appreciable. These con-
trasted situations are illustrated in our examples:

— first, we can understand why the rotational effects are
larger for HD* DR than for Hj : Figure 1 shows that
the crossing between the ion curve and the dissociative
one is closer to the first excited level of HD' than of
Hy . This results in a larger amplitude for the v = 1
resonances, and thus in a larger contribution of the
rotational interactions;

— using the same argument, we can understand why in
the case of OH™ the rotational effect is stronger (with
a maximum of 20% instead of 4%) when the ion is in
the excited state a'A (reaction 7) than of the ground
state X3X~ (reaction 6): the crossing of the (same)
dissociative curve with the ion curve favours the closed
channels in the former case, corresponding to excited
vibrational levels, and the open v = 0 channel in the
latter case;
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dissociative recombination.

— finally, the most striking illustration is given by the
B and L dissociative states involved in the low energy
DR of NO* ground state (Egs. (8 and 9)). The B2II
curve crosses the ion ground state not far from the
equilibrium distance (see Fig. 7) and gives rise to a
large v;" = 0 cross section dominated by the direct
recombination, with narrow and weak Rydberg reso-
nances (Figs. 8a, 8b). On the contrary, the L2II state
has a much better overlap with the excited vibrational
ion levels, which leads to more prominent resonance
structure (Figs. 9a, 9b). It is clear from Figure 10 that
rotational effects are negligible in the former case (less
than 2%) but important for the contribution of the L
state (up to 90%, see [30]). This contribution is too
weak anyway to affect the total rate for vi"’ = 0, but
this demonstrates that for a slow DR reaction, rotation
may have an effect even for relatively heavy molecular
ions.

From this analysis, we can infer a practical criterion,
within the non-rotational approach, which may help to
determine if rotational interactions should be included
in a specific rate calculation. Indeed, the contribution of
the indirect process may be measured from the difference
between the Maxwell rate coefficients for the rotation-
free direct and total DR processes. Among the seven cal-
culations presented in Section 3, only three correspond
to differences larger than 80% between rates for direct
and total DR (HD*, HI and the L-state contribution to

. H,/ HD
X°z:2°n
2¢ +1c +
X°g,'s,
10°
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Fig. 10. Summary of rotational effects for the 4 ions studied.
The rate coefficients for the total (direct + indirect) process
are displayed, with full line for the rotational treatment and
dashed line for the rotation-free calculations. The initial ro-
tational level is N;¥ = 2 and the initial vibrational level is
vt = 0. The electronic state of the target ion and that of the
dissociative state of the neutral system are indicated in each
case.

NO™ DR), and only for these three cases the rotational
effect is larger than 40%.

Based on this criterion, a good candidate for appre-
ciable rotational effects is HeH' recombining with slow
electrons. Indeed, the absence of a low-lying doubly ex-
cited dissociative state crossing the ion ground state leads
to a relatively weak direct DR process, entirely due to non-
adiabatic couplings [4,5]. By taking account of the Ryberg
resonances and all the radial interchannel couplings, the
order of magnitude of the fast DR rate measured in var-
ious experiments could be reproduced and Guberman [5]
pointed out the prominent role of the indirect process,
which may change the cross section by up to two orders
of magnitude. Thus it seems likely that rotational effects,
in this light molecule with important indirect DR, could
notably contribute to the process.

5 Conclusion

The magnitude of the effect of the rotational coupling
depends on the molecular mass and on the position of
the crossing between the ion and dissociative electronic
curves with respect to the initial vibrational level. The ef-
fects are appreciable when the crossing corresponds to a
weak Franck-Condon overlap, and for light molecules. For
equally favourable crossings, the effect decreases when the
molecular mass increases.
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A practical criterion for estimating the importance of
the rotational coupling consists in comparing the rates for
the direct and global DR processes, in the rotation-free
case. The relative importance of the indirect (resonant)
process is a good indication for the change in the cross sec-
tion when one passes from rotation-free to rotational cal-
culations. We can thus predict the effect of the rotational
couplings based on the strength of the indirect process in
the rotation-free treatment. This also explains why they
are negligible at high energy, above the ion dissociation
limit, where no more non-adiabatic capture into bound
Rydberg states may occur. Although our tests have been
restricted to diatomic ions, it is likely that this conclusion
can be extended to polyatomic ions.

We conclude by emphasizing that only the effect of
rotational interactions (possibly leading to rotational ex-
citation or desexcitation) during the DR process has been
explored here, not that of initial rotational excitation of
the ion. The rotational population usually follows a Boltz-
mann distribution, both in natural environments and in
the ion tube of storage rings, and the rate may change
appreciably from low to high initial rotational levels. As
long as one may assume that the rotation quantum num-
ber Ni+ is conserved during the whole process, the the-
oretical treatment is analogous to the rotation-free case
except for additional centrifugal potential, but a new cal-
culation has to be performed for each Ni+ value to allow
the Boltzmann averaging.
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dation and by the HCM programme of EC, under contract
ERB 4050PL94-1414. B.V. acknowledges a TEMPUS grant
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The difference between the rate coefficients for direct
(dashed line) and total (dotted line) processes in Fig. 9c
may seem large when compared to the resonance structure
in Fig. 9b above. This is due to the different scales between
the two figures, and also to the logarithmic scales which
make the resonances look almost symmetric in Fig. 9b
while actually their positive parts are much larger than
the dip ones and lead to an appreciable increase of the
rate after Maxwell averaging.
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