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Core-excited resonances in the dissociative recombination of CH¿ and CD¿
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Storage-ring measurements of the dissociative recombination cross section of CD1 and CH1 molecular ions
have revealed prominent resonances at low energy. They were assigned tentatively to capture into core-excited
bound Rydberg states, electronically coupled both to the electronic initial continuum and to the dissociative
final channel. We present here the result of calculations based on the multichannel quantum defect theory,
using molecular data~quantum defects and electronic couplings! extracted fromab initio structure computa-
tions. In addition to the Rydberg states converging to the initial ground stateX 1S1 of the ion, we calculated
Rydberg series converging to the first two excited electronic statesa 3P andA 1P. The cross section convo-
luted with the experimental anisotropic Maxwell distribution presents a resonant structure very close to the
experimental one, when the ion is assumed to be initially in the lowest rovibrational level of the ground state.
We can thus assign the resonances observed near 0.3 and 0.9 eV to low vibrational levels of the2P core-
excited Rydberg states (a 3P)5ss and (A 1P)3ps, respectively. We also give a theoretical estimate of the
branching ratio for dissociation to various asymptotic limits, obtained by solving coupled equations for the
nuclear wave functions of interacting2P states of CH.

PACS number~s!: 34.80.Lx
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I. INTRODUCTION

Dissociative recombination~DR! of molecular ions is the
most elementary reactive collision process, in which the
netic energy of the incident electron is transformed into
citation of the core electrons:

AB11e2→AB‡→A1B* , ~1!

whereAB1 is a diatomic or polyatomic ion,AB‡ denotes the
excited ‘‘molecular complex’’ or transition state, andA and
B* are atomic or molecular fragments, in ground or exci
states. DR occurs when the dominant configuration ofAB‡

corresponds to a repulsive state and the chemical bon
eventually broken. Together with the repulsive states, bo
states lying in the same energy range may be formed, lea
to resonances in the DR cross section. They indicate a lo
lifetime of the transient excited molecular complex and
the signature of the so-called ‘‘indirect’’ recombination pr
cess.

Most of the resonances previously observed or theor
cally predicted in DR cross sections were narrow structu
at low energy, hardly surviving the Maxwell average ov
electron velocities. They were assigned to excited rovib
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tional levels of bound Rydberg states with ground-state
core, coupled to the initial ground-state electronic continu
by nonadiabatic interactions only. The main purpose of t
paper is to identify another class of resonances, observe
TSR storage ring experiments, first on CD1 @1#, and then on
OH1 @2# and CH1 @3#. They are broader and more promine
than the previous ones~see Fig. 1!, and were tentatively as
signed to capture into core-excited bound Rydberg sta
electronically coupled both to the electronic initial co

a-
,

FIG. 1. The experimental cross sections of CH1 and CD1 dis-
sociative recombination measured at TSR~Heidelberg! by Amitay
et al. @3#.
©2000 The American Physical Society11-1
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tinuum and to the dissociative final channel.
Following a previous rough simulation for this mech

nism ~see Ref.@4#!, we present here the result of a mo
elaborate calculation of CD1 and CH1 DR at low energy.
First, we performed multiconfiguration structure calculatio
for excited states of CH, to obtain a large set of bou
Rydberg states with ground and excited ion cores. Fr
these molecular data we extracted quantum defects and
tronic interactions which were extrapolated above the ion
tion threshold to be used in the DR cross section calculat
This step is performed within the framework of the mul
channel quantum defect theory~MQDT! including dissocia-
tive channels@7#. The usual procedure is here extended
include excited ion core states, with their vibrational stru
ture and the relevant additional ionization channels. Such
extension has also been performed by Guberman@8# for the
DR of N2

1 , but the resulting resonance structure was
discussed in detail.

Finally, we present the results of close-coupling calcu
tions for the branching ratio between alternative dissocia
limits, at low ~0.1–0.3 eV! and higher~0.5–1.2 eV! energy.
Although approximate, these results provide interesting
formation when compared to the measured branching ra

II. MOLECULAR CALCULATIONS

The CH radical was the first molecular species to be d
covered in interstellar medium, in 1937@9#. Four years later,
the CH1 ion was also identified in diffuse interstellar cloud
with large column densities@10#. In this environment with
very low temperature and pressure, CH1 may safely be as-
sumed to be in its ground state, and, due to relatively h
electron densities, the main destruction process is the di
ciative recombination, which results in neutral fragmentat

CH1~X 1S1,v50!1e2→CH‡~2L!→C* 1H~1s!. ~2!

This process has been studied repeatedly over the y
both experimentally@11# and theoretically@12–15#, because
the fast DR rate usually accepted~about 107 cm3 s21 at 100
K! makes it difficult to understand the large CH1 abundance
observed, and thus the following astrochemistry of vario
related species.

A helpful feature for a fast low-energy DR rate is th
existence of a dissociative state of the neutral whose po
tial curve crosses the ion ground-state curve close to
Franck-Condon region of thev50 level. The best candidat
in the case of CH is the 22P state, namely, the higher of th
two 2P states going to the C~1D!1H(1s) asymptotic limit,
with main configuration (1s22s23s1p4s). The most re-
cent multiconfiguration calculation by Takagiet al. @15#
found that its potential curve crosses that of the ion grou
state near the inner turning point of thev51 level, which
leads to a non-negligible overlap between the low-ene
dissociative wave function and thev50 vibrational function.
This feature, together with a substantial electronic coupl
between this doubly excited state and the ground-state
ization continuum, leads to a relatively fast DR rate (1
31027 cm3 s21 at 120 K! for cold CH1.
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In the present paper we do not reexamine the rela
positions of the dissociative and the ion potential curv
which would require a high precision calculation, both f
the ion and neutral molecule. In our MQDT treatment
dissociative recombination, we use the potential curves
Greenet al. @16#, for the ground state (X 1S1) and the next
two excited states (a 3P andA 1P) of the CH1 ion ~Fig. 2!.
For the 22P dissociative state of CH we used the data
Takagi et al. @15#, which were calibrated to the ion groun
state of Green. Since there was a lack of molecular data
high Rydberg states of CH, we carried out a set of molecu
structure calculations, in order to locate core-excited R
berg states, and to determine their couplings with other
dberg or valence states, important for the dissociative rec
bination.

Low-energy DR of CH being mainly driven by the 22P
dissociative state, we restrict our computations to molecu
states of symmetry2P. Indeed, rotational effects have bee
shown to play a minor role in dissociative recombination,
least for total DR cross sections@17#. The effect of the rota-
tional coupling between states of different symmetry, on
branching ratios of the final products, might however be i
portant. This aspect will be discussed in Sec. IV C.

The calculations are performed with theMESA package of
programs developed by Lengsfield IIIet al. @18#, using
Gaussian-type orbitals. For each internuclear separatioR,
the orbitals are determined by a multistep procedure,
signed to provide Rydberg states with high principal qua
tum number. In the first step, we obtain valence orbitals fr
a multiconfiguration self-consistent field~MCSCF! calcula-
tion, with the ground and the next two excited states of C1

(X 1S1, a 3P, andA 1P). The atomic bases used are th
triple zeta bases of Dunning@19# (@9s5p1d/5s3p1d# for C,

FIG. 2. Potential curves of CH1 ~the ground stateX 1S1 and
the first two excited statesa 3P and A 1P, with thick solid lines
@16#! and of CH~the 2 2P dissociative curve, with dashed line@15#,
and two Rydberg states with excited ion cores with thin solid line!.
The vibrational levels that are involved in the formation of the lar
resonances shown in Fig. 1, are also represented. The data p
for the dissociative curve of CH have been communicated
Takagi.
1-2
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and@4s1p/3s1p# for H!. In the next step we calculate natu
ral orbitals starting from the first seven lowest states of
neutral molecule. The basis of natural orbitals is expan
afterwards by the inclusion of several diffuse orbitals:
s-type ~with exponents 0.04 and 0.012!, 7 p-type ~exponents
0.08, 0.05, 0.03, 0.01, 0.005, 0.002, and 0.001!, and 2d-type
~exponents 2.0 and 0.1! orbitals centered on the C atom. Th
final basis is formed from 32s orbitals, 28p orbitals, and 3
d orbitals. Last, we perform a CI calculation with a select
set of configurations. The 1s orbital is considered alway
fully occupied. Four other electrons occupy valence orbit
~2s, 3s, 4s, and 1p!, while the last remaining electron ma
be either a valence or a Rydberg electron. The total num
of configurations included in the CI calculation is 1368.

At each internuclear distance we calculated the lowes
roots of the Hamiltonian matrix. By analysis of the config
ration of the states, we identified five Rydberg series c
verging to the lowest three states of CH1, with at least four
consecutive members each. On the basis of their leading
figuration, they can be designated as (X 1S1)npp,
(a 3P)nss, (a 3P)nps, (A 1P)nss, and (A 1P)nps. It
is worth noting, however, that thel quantum number of the
external orbitals is only indicative, the Rydberg orbitals b
ing subject tol mixing induced by the anisotropy of th
molecular potentials@15,20#. Our CI basis did not include
enough diffuse orbitals of d type to provide the
(X 1S1)ndp Rydberg series, shown by Takagi@15# to dis-
play mixing with (X 1S1)npp series. We did not include
either thel mixing of the excited core Rydberg series into t
MQDT calculations, our purpose being only to identify th
dominant character of the broad resonances that appear i
experimental cross sections.

The potential curves obtained in the CI calculation a
adiabatic, and display avoided crossings. The quantum
fects corresponding to these potentials will show their ad
batic character by large variations near the avoided cros
points. Since the MQDT treatment of DR is based on a q
sidiabatic representation@21#, we need a set ofsmoothquan-
tum defects which do not include Rydberg-valence mixin
To achieve that we adopt a simple procedure based on
idea of O’Malley@22#. We define a subset of the total set
configurations, consisting of Rydberg configurations w
given symmetries for the ion core and the outer electron.
CI calculations performed with the restricted subset prov
quasidiabatic Rydberg states, not mixed with the vale
states. To determine the quantum defects, we use the
lecular Rydberg formula for the energyEnll of a state with
external orbitalnll ~l andl are the quantum numbers of th
orbital momentum and of its projection on the internucle
axis for the Rydberg electron!:

Enll~R!5Eion~R!2
1

2@n2m ll~R!#2 . ~3!

We obtain by extrapolation the energyEion of the ion state
~as the Rydberg series limit!, and from it an accurate quan
tum defect function for each Rydberg series. In Fig. 3
show the quantum defects of the Rydberg series that w
included into calculation. The ion limits obtained by extrap
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lation of the nss and nps Rydberg series with the sam
excited core agree within 0.001 a.u.~0.027 eV!.

Table I shows an example illustrating our method. O
can see here the effective quantum numbersn* of four con-
secutive states of the (X 1S1)npp Rydberg series identified
in CI results, and thempp(R)5n2n* quantum defect of the
series. The quantum defect depends weakly on the princ
quantum numbern, and the lowest state shows the large
deviation compared to the rest of the series. The quan
defect of a series, to be used in the MQDT computations,
be defined as the limit in the adjoining continuum of t
quantum defect at the ionization threshold. However, si
the energy of the more excited states is less accurate, du
the limited size of our configuration set, the quantum def
of the highn Rydberg states is determined with less pre
sion. For this reason, the quantum defect we assign t
series~e.g., the last column of Table I! is not that of the
highest Rydberg state identified in our CI results, but
average of the quantum defect over all the states of the
ries. We treat similarly all identified Rydberg series.

In the quasidiabatic representation, the 22P dissociative
state of CH will be described by its dominant configurati
1s22s23s1p4s. To calculate the strength of the intera
tion between the Rydberg states and the dissociative s
we add the dissociative configuration to the various sub
of Rydberg configurations, and perform CI computatio
with the new subsets of configurations obtained in this w
The Rydberg states we thus determine are shifted from t
position in the preceding computations. The shifts are
duced by Rydberg-valence interaction, and they may be u
to calculate the interaction strength. Because they are s
compared to the distances to the next upper or lower R
berg states, for smalln values, we treat each shift indepe
dently. We can thus apply a simple 232 deperturbation for-
mula to calculate the couplingVnid

, between a givenni

Rydberg state and the dissociative stated, with i indexing the
Rydberg series.

The scaled interactions

FIG. 3. Quantum defects of the Rydberg series included in
MQDT calculation.
1-3
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Ṽnid
~R!5Ani*

3

2Ry
Vnid

~R!, ~4!

are practically independent ofni ~as expected for successiv
states of a Rydberg series!, and we obtain our coupling func
tion Vid(R) by averaging over all the valuesṼnid

(R). In the
equation above, Ry is the Rydberg energy. The coupli
Vid(R), shown in Fig. 4, will be used as input data for o
MQDT treatment of the dissociative recombination~see Sec.
III !. Note that the values we obtain for the scaled coupling
the (X 1S1)pp with the dissociative 22P state is about
twice the coupling of Takagi@15# at the twoR values where
we can compare.

The other coupling functions needed,Vi j (R), between
different ionization channelsi and j are dimensionless, an
can be obtained similarly by an average over terms of
form

Ṽninj
~R!5

ni*
3/2nj*

3/2

2Ry
Vninj

~R!. ~5!

If i and j are series with the same ion core, the coupl
functions are identically zero. To determine theVninj

cou-

TABLE I. The effective quantum numbersn* of four succes-
sive Rydberg states of the series (X 1S1)nps and its average
quantum defectm(R) ~see text!.

R~a.u.! n* (1) n* (2) n* (3) n* (4) m(R)

1.60 2.370 3.387 4.384 5.374 0.621
1.95 2.375 3.391 4.389 5.379 0.617
2.15 2.378 3.394 4.392 5.383 0.613
2.51 2.375 3.391 4.389 5.379 0.617
3.00 2.375 3.391 4.388 5.379 0.617
3.50 2.383 3.398 4.396 5.387 0.609
5.00 2.628 3.623 4.613 5.628 0.377

FIG. 4. Rydberg-valence coupling functions between Rydb
series with different ion cores and the 22P dissociative state@see
Eq. ~4!#.
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pling elements, a method similar to that described abov
applied. Now, instead of a Rydberg series interacting w
the dissociative state we have two interacting Rydberg se
The problem is complicated by the fact that, even treat
each shift independently, this shift is the result of seve
interactions. To calculate the coupling function between t
series, we take the first state from each series, and treat
shifts as being the result of a two-state interaction. The c
pling element we obtain is corrected for the contribution
the other states, with a factor estimated on the basis of
scaling law~5!. The same law yields us, finally, the couplin
function Vi j (R). Another difficulty we encounter is the in
termingling of the Rydberg states of the two series. Cert
states may be subject to opposite influences from the ne
boring states, in this case the shift being no longer a mea
of the interaction strength. Finally, in our approach, all t
series with the same core appear together in the CI res
Since we find one series with ground ion core and two se
for each excited core, the coupling elements between
excited core Rydberg states are very difficult to obtain
this method, only an estimation of their strength being p
sible. These last couplings, however, have little influence
the resonance feature we are studying, and have been p
zero for the present DR computations. Overall, the precis
in determining theVninj

coupling elements is poorer than fo

the Vnid
coupling elements. The coupling functions we o

tain are shown in Figs. 4 and 5.

III. CROSS-SECTION CALCULATIONS

To calculate the DR cross section for CH1 and CD1,
initially in their ground states, we use the multichannel qua
tum defect theory~MQDT!, which was designed to handl
Rydberg resonances. Recent review papers@4–6#, summa-
rize the extension of MQDT to DR@7# and report on various
applications. Here we will just describe how the core exci
bound states are included in the calculations and commen
the resonance structure they induce in the cross section

g

FIG. 5. Rydberg-Rydberg coupling functions between Rydb
series converging to different ion states@see Eq.~5!#.
1-4
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CORE-EXCITED RESONANCES IN THE DISSOCIATIVE . . . PHYSICAL REVIEW A 62 052711
The MQDT approach to DR is based on mixing two typ
of channels:~i! the dissociation channels, associated w
electronic states of the neutral molecule which are open
dissociation in the energy range of interest and~ii ! the ion-
ization channels, each of them associated with a gi
threshold, defined as a~ro!vibrational level of an ion elec-
tronic state, and with a given partial wave~or Rydberg or-
bital! of the external electron. The ionization channels w
be labeled by (i ,v i) wherei stands for the ion electronic sta
andv i for the vibrational level in the ion potential. The mo
lecular ion is assumed to be initially in the ground rotation
level, and we neglect any rotational excitation. Some ca
lations will test the effect of initial rotational excitation, bu
we will simply add the same centrifugal term in all the m
lecular potentials involved.

What we add here, with respect to previous MQDT c
culations of DR processes, is a set of ionization chann
built on excited electronic states of the ion, and not only
the ground state, as previously. The channel thresholds
various electronic cores are the successive vibrational le
of the corresponding ion states. They have to be ranked
cording to their energy, which requires care when the diff
ent vibrational structures overlap.

The most important feature of these additional ionizat
channels is that they correspond to doubly excited confi
rations, and are directly coupled via electronic interaction
the entrance channel@AB1(X)1e#, and not only by weak
vibrational interactions as the ionization channels built
the ground-state ion core. Consequently, the resonance
tributed to the capture of the incoming electron into Rydb
states associated with these core-excited channels may
pear as relatively broad peaks, instead of the narrow re
nances mostly in form of dips, characteristic of the Rydb
states with ground state ion core.

The building blocks for this type of indirect mechanis
are the electronic interaction matrix elements

Vv iv j
5E xv i

~R!Vi j ~R!xv j
~R!dR, ~6!

whereVi j (R) is the electronic coupling function between th
two Rydberg configurations, determined by Eq.~5!, and
xv i

(R) andxv j
(R) are bound vibrational wave functions a

sociated with these two ion states. They enter in the in
channel interaction matrix as off-diagonal terms, and can
relatively large if the two core state geometries allow
large overlaps between some of their vibrational leve
Other additional matrix elements areVv i d

, responsible for
the predissociation of the core excited bound Rydberg st
which completes this indirect DR process

Vv i d
5E xv i

~R!Vid~R!Fd~R!dR, ~7!

whereFd is the continuum nuclear wave function in the d
sociative channel. For simplicity we assume here tha
single dissociative channeld is active, but several dissocia
tion channels may be easily handled in the same calcula
05271
r

n

l

l
-

-
ls
n
or
ls
c-
-

n
-

o

n
at-
g
ap-
o-
g

r-
e

r
.

es

a

n.

These matrix elements, together with the termsVv0d

which connect directly the entrance channel to the disso
tive one, are used to build the electronic reaction matrixK.
We use a perturbative expansion of the Lippman-Schwin
equation to getK, restricted here to the first order whereK is
simply equal toV, the electronic interaction matrix. TheK
matrix is then diagonalized and the resulting eigenchann
are mixed by vibrational interactions, using the fram
transformation scheme of molecular MQDT@23#. In the last
step, closed ionization channels, i.e., channels with thresh
energies higher than the current total energy, are elimina
at long range, which leads to the scattering matrixS re-
stricted to open channels. The DR cross section is fin
obtained from the matrix elementuSv0du2, including the reso-
nance structure due to bound Rydberg states in the clo
channels.

The present calculations, restricted to the2P symmetry
~see Sec. II!, include a total of 52 ionization channels fo
CH1, associated with the 22 vibrational levels of the grou
stateX 1S1 and the 18 and 12 levels of excited statesa 3P
and A 1P, respectively. This number increases to 68
CD1, due to the smaller vibrational spacing.

IV. RESULTS AND DISCUSSION

A. Results for CH¿

The total DR cross section for CH1 ion is shown in Fig.
6, for ions initially in the lowest rovibrational level of the
ground state electronic state. Since our interest is in the l
energy core-excited resonances, the energy in our calc
tions is restricted to the range 0.001–3 eV. Beyond 3 e
other dissociative states, besides the 22P state, become ac
tive, as one can guess from the broad peak in the experim
tal cross section at'9 eV @3#. The complicated structure o
the cross section is the signature of strongly overlapp

FIG. 6. The calculated cross section of CH1 dissociative recom-
bination, before~thin line! and after~thick line! convolution with
the anisotropic Maxwellian distribution of electron energies giv
in Ref. @3#. The transversal temperature iskTi51 meV and the
longitudinal onekT'517 meV.
1-5
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L. CARATA et al. PHYSICAL REVIEW A 62 052711
resonances, due to electron capture into various bound R
berg states, with ground or excited ion core. A clearer pict
emerges once the theoretical results are convoluted with
experimental anisotropic Maxwell distribution given in Re
@3#, as it is shown in Fig. 6. The numerous narrow a
closely lying resonances, due to vibrational capture into h
n Rydberg states with ground-state ion core, are pa
washed out in the convolution process, and only the m
substantial core-excited resonances survive. The convol
cross section, shown with thick solid line in Fig. 7, prese
a resonance structure very similar to the experimental o
although lower in magnitude. We assigned these resona
by analysis of our MQDT calculations.

To perform this analysis, we made test calculations w
an increasing number of closed ionization channels. T
dashed line in Fig. 7 shows the convoluted cross sec
obtained with only the ion ground state included, hence o
Rydberg series converging to vibrational levels of the
ground state. No prominent structure appears. The lands
begins to change when thea 3P core state is introduced in
the calculation, as shown by the thin solid line in Fig. 7. B
varying the number of vibrational levels introduced into t
calculation, we have been able to assign the two peaks w
survive the convolution near 0.3 and 0.6 eV to the two lo
est vibrational levels of the (a 3P)5ss Rydberg state. Fi-
nally, adding thea 1P core state into the calculation leads
the thick solid line, with new resonances in the energy reg
0.6–1.2 eV. They can be assigned to thev50 – 2 levels of
the (A 1P)3ps Rydberg states, although they clearly ove
lap and interfere with the higher of the two previous res
nances with aa 3P core. The effect extends until almost
eV due to weaker capture in the following vibrational leve
of the same Rydberg state, and at about 1.8 eV the r
nances due to (A 1P)4ps begin to appear, followed by
traces of the (A 1P)5ps series above 2.3 eV. It is wort
noting that including these two sets of closed ionizat
channels associated with the excited ion core states not

FIG. 7. The effect of Rydberg series with excited ion cor
Comparison between convoluted CH1 dissociative recombination
cross sections, calculated with the inclusion of different number
core excited bound Rydberg series~CEBS!.
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induces the strong resonance structure of the cross sec
but affects the magnitude of the cross section even a
from resonances, through channel mixing effects. In this p
ticular case the effect is mostly destructive at very low e
ergy where the cross section drops by about a factor o
when the two excited cores are included, probably due
increased autoionization, but it is strongly constructive in
resonance region.

We have checked that the same calculation for initiav
51 vibrational level of CH1 ground state leads to a simila
resonance structure but at lower energy, clearly not in ag
ment with experiments. This confirms the vibrational rela
ation of the CH1 ions in the beam, after 15–20 s stora
time, as expected from the vibrational lifetime of about 5ms.

In Fig. 8 we present a comparison between the exp
mental cross section and our theoretical results. Toge
with the result of a calculation including all three lowe
bound states of CH1, we show the DR cross section obtaine
when thea 3P andA 1P excited states are omitted~dashed
thin line, as in Fig. 7!. This curve lies almost on top of th
experimental cross section at low energies, and agrees
the cross section of Takagi, obtained with theX 1S core only
@15# ~the additional capture due to thed wave in Takagi’s
results is compensated by our larger coupling for thep wave,
see Sec. II!. However, including the core excited close
channels reduces the cross section in this region, as alr
noted on Fig. 7.

Several reasons may explain the fact that our compu
cross section is smaller than the experimental one, by alm
an order of magnitude in some energy ranges. First, we h
neglected the contribution of thed wave of the recombining
electron, which was shown by Takagi@15# to be smaller than
the p-wave contribution but non-negligible. Second, we w
see later~in Sec. IV C! that some2S1 Rydberg states, no
included in our calculation, could contribute to the cross s

.

f

FIG. 8. Comparison between calculated cross-section~thin
lines! and the experimental results~thick line!, for the dissociative
recombination of CH1 ground states. The solid thin line represen
the result with all three lowest bound states of CH1 included in the
calculation, while the dashed thin line represents the cross sec
when only the ground ion state of CH1 is included.
1-6
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tion by about 20% through nonadiabatic interactions. Fina
it is worth noting that any small translation upwards of t
2 2P dissociative curve induces a large increase of the t
cross section, because this curve lies in the classically
bidden inner region for thev50 vibrational wave function
of the ground-state ion. In particular, a shift upwards of t
curve by 0.2 eV~0.008 a.u.!, which is the accuracy claime
in Ref. @15#, would increase the cross section by abou
factor 3 at low energy, leading to a better agreement with
experiment in this region.

Another feature to be discussed in our results is the re
nance at 1.8 eV, that we assigned to the (A 1P)4ps Ryd-
berg series. In the experiments there is no prominent re
nance peak in that region. This can be due to miss
channels in our calculations, either Rydberg series or dis
ciative states, which might mask this resonance. Note tha
this region the difference between the measured and
computed cross sections becomes larger than at 1 eV,
gesting that contributions from new states which open
dissociation are missing from our computations. On the
perimental side, the statistics is weaker in this energy ra
than at smaller energies, leading to a lower-energy res
tion, which can prevent the resonance structure to app
clearly.

B. Isotopic effect

In Fig. 9 we compare the cross sections obtained for
two ground state ions CH1 and CD1 using exactly the same
approach and the same electronic data. The figure shows
the resonance structure of the cross section for the two
topes are very similar. At very low energy, the CD1 cross
section is somewhat smaller, which can be explained by
fact that thev50 vibrational level of CD1 is deeper in the
potential well than for CH1, leading to a smaller Franck
Condon factor. The resonance at 0.3 eV displays no vis
isotopic shift because it is formed with the participation
the v50 vibrational level of thea 3P core, and the differ-
ences in energy between the ground vibrational levels o

FIG. 9. Isotopic effect. Convoluted theoretical cross-sections
ground state CH1 ~solid line! and CD1 ~dashed line! dissociative
recombination.
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three cores involved in our calculations display practica
no isotopic effect. On the other hand, the resonances at
uted tovÞ0 vibrational levels display a small shift toward
smaller energy for CD1, as it is expected.

The experimentally measured CD1 cross section displays
no resonance at 0.3 eV~see Fig. 1!. However in these mea
surements CD1 could have been not fully vibrationally re
laxed @3#, due to a longer lifetime of the excited levels tha
for CH1, and this may reduce the resonance peak due to
average effect. Note also that the CD1 cross section is rela
tive, the ion beam current being too weak to determine
total number of ions in the ring, and it is adjusted at lo
energy to match that of CH1. On the theoretical side, we di
not include in the calculation all the Rydberg series wh
might contribute to the total DR cross section. This cou
make the main resonance peak more prominent than it re
is. However, we think that even in a more complete calcu
tion the isotopic effects on the core-excited resonance st
ture should be small, since this is dominated by electro
interactions.

C. Branching ratios

In addition to total cross sections, the TSR experiment
CH1 measured branching ratios between asymptotic pr
ucts of the DR process for selected energies of the incid
electron, using a 2D imaging detector. The observed dis
butions of product states differ for the two energy regio
around the core-excited resonances that we analyze in
paper. Around 0.28 eV, only three asymptotic limits a
open: H(1s)1C(3P), C(1D), C(1S) and the branching ratio
~see Table I of Ref.@3#! is about 75% to the second lim
C(1D), 25% to the higher one C(1S). At 1.18 eV only 10%
of the products go to these two low limits, while 90% a
distributed among three newly open limits, corresponding
the excited states C(3P0), C(1P0), and C(3D0).

This distribution among accessible dissociation limits
sults from various types of couplings between the ‘‘doo
way’’ 2 2P state accessed by electron recombination a
other dissociative states of the neutral molecule CH. T
process is closely related to the multichannel photodisso
tion process of CH thoroughly studied by E. van Dishoe
@24#, who performed a SCF-CI calculation of most excit
states of CH in a broad energy range below the ionizat
threshold.

Selecting from this study the relevant potential curves a
couplings, the transition probabilities among interacti
states on the way to dissociation have been estimated
using the Landau-Zener formula@25#, as applied recently by
Urbainet al. @26# to the DR process of HD1, or by perform-
ing a close-coupling calculation of the branching betwe
the dominant molecular states.

1. Branching ratio in the 0.3 eV energy region

The low-energy branching has been assumed@3# to result
from a nonadiabatic transition between the 22P state which
correlates to the C(1D)1H(1s) limit, and the 22S state
which is the only state leading to the limit C(1S)1H(1s).
The rotational coupling between these two states has b

r

1-7
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L. CARATA et al. PHYSICAL REVIEW A 62 052711
evaluated by van Dishoeck@24# from multiconfiguration
wave functions. The Landau-Zener formula gives the pr
ability to jump from one state to the other:

p512e22pg, ~8!

where the exponential factorg is given by~see Ref.@25#!:

g5
V12

2

\vR$d/dR@V11~R!2V22~R!#%
. ~9!

V12 is the coupling value at the crossing pointR53.5 a.u.
between the two states, andV11(R) and V22(R) are the en-
ergy of the two intersecting states. We obtain a probabi
almost unity to stay on the2P dissociative state, while the
experiment measured a branching of almost 25% to
higher 2S curve leading to the C(1S) limit.

We then checked our Landau-Zener result by solvin
system of two coupled equations involving the 22P and
2 2S1 electronic states and the rotational coupling funct
given in Ref.@24#. The transition probability from 22P to
2 2S extracted from the scattering matrix associated with
full collision along these two states is very small, of the sa
order of magnitude (1024) as the Landau-Zener result. A
the error bar of the measurement at 0.28 eV is large (2
625%, see Table I of Ref.@3#! we extended the close
coupling calculation to the lower energy region~'0.1 eV!
where the measured branching ratio is 21%610%. Again,
the calculated value was found much smaller.

Clearly, the rotational coupling is too small to be respo
sible for the observed 25% branching to the higher C(1S)
limit. The flux going to the C(1S) limit probably results from
another mechanism, which should proceed through di
capture into the manifold of2S states. As no dissociativ
valence state with this symmetry has been found in the
evant energy range, this mechanism has to proceed thro
nonadiabatic capture into the2S Rydberg states built on th
ion ground state. Radial non-Born-Oppenheimer interacti
have been proved in other cases~e.g., HeH1 @27#! to be
effective for the dissociative recombination in the absence
substantial electronic interaction. Here the electronic mec
nism through the2P valence state is still responsible for th
bulk of the DR cross section, but a small contribution
nonadiabatic interactions could be enough to explain the
served branching ratio, without affecting drastically the to
cross section. A quantitative check of this assumption wo
require the calculation of nonadiabatic couplings which
beyond the scope of this article, centered on electronic p
cesses responsible for the core-excited observed resona

2. Branching ratio in the 1 eV energy region

The situation becomes more complex at higher ene
where more dissociation limits are open. If we restrict o
selves to the2P symmetry, at a collision energy of 1 eV w
have to consider three more open asymptotic limits H(2s)
1C(3P), C(1P), and C(3D) ~see Fig. 10! which have been
found to attract about 90% of the dissociation flux at sam
energies around 1 eV, namely, 0.93, 1.04, and 1.18 eV@3#.
The first two correspond to Rydberg states of the car
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atom, with the same configurations 1s22s22p(2P)3s and
parallel (3P) or antiparallel (1P) spins for the 2p and 3s
electrons. Spin considerations lead to the correlation of
(A 1P)3ss molecular Rydberg state to the lower C(3P)
limit, and of (a 3P)3ss to the higher C(1P) state.

The third limit accessible for2P molecular states in this
energy range, C(3D), corresponds on the contrary to a do
bly excited configuration C(1s22s2p3) and is the limit of a
steep dissociative electronic state with principal configu
tion 1s22s3s21p4s. In our ab initio molecular calcula-
tions we could identify this highly excited state at large i
ternuclear distance only~around 3.5–5 a.u.!. It clearly plays
a very minor role in the recombination step for ground st
CH1, and it is most probably populated by redistribution
the flux from 2P Rydberg states~still closed for dissocia-
tion! that are crossed at large distance.

Since we could not obtain reliable energies and coupli
for this long range dissociative state, we decided to rest
our branching ratio calculations to a limited aim. W
checked the transfer of population flux from the lowe
C(1D) dissociation limit to the higher C(3P) and C(1P),
knowing that their branching ratios will be overestimate
because part of the flux is redirected toward the still hig
C(3D) limit. Even for this limited aim, a Landau-Zener ca
culation involving only the lowest three2P molecular states
open for dissociation around 1 eV would not be very reliab
since there are also many bound2P Rydberg states in the
same energy range, that undergo several crossings with
dissociative state~see Fig. 2!.

We thus decided to perform a close-coupling calculat
involving, besides the dissociative valence state 22P, five
series of 2P Rydberg states, with main configuration
(X 1S1)npp, (a 3P)nss, (a 3P)nps, (A 1P)nss, and
(A 1P)nps, respectively, and principal quantum numbe

FIG. 10. Some of the potential curves involved in the clos
coupling calculation of the branching ratios~see text!.
1-8
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3<n<7. Only the lowest state (3ss) of each core-excited
series is open for dissociation but the higher bound st
may be coupled to them by the electronic interactionsVninj

evaluated in Sec. II@see Eq.~5!#, and also to the 22P dis-
sociative state. The Rydberg potential curves are ei
known from theab initio calculations of Sec. II, or~for
highern values! deduced from the ion curve by means of t
quantum defect functions@Eq. ~3!#. At long distance we sim-
ply correlate them diabatically to the corresponding Rydb
states of carbon.

The present close-coupling calculation treats the DR p
cess as a half collision, the capture into various electro
states being described just by the source terms

^x0
1uVeluFdi

&, ~10!

wherex0
1 is the bound vibrational function in the initial sta

of the molecular ion,Fdi
is the nuclear continuum wav

function for the dissociative statei, and Vel the electronic
coupling between the initial ion ground state and thei disso-
ciative state. We performed two sets of calculations, one
which all the doubly excited electronic states in our mo
were allowed to directly capture the incoming electron, a
the other one with only the 22P state directly coupled to the
continuum, as in the MQDT calculations described in S
III. On the other hand, we neglected here the short ra
autoionization back to the electronic continuum, which
the contrary was properly included in the MQDT treatme

The approximate partial cross sections thus obtained w
convoluted with the anisotropic Maxwellian distribution sp
cific to the experimental measurements@3#. From the convo-
luted cross sections we could estimate the branching ra
shown in Fig. 11, in full line for the case of source terms
all 2P states and in dashed line when direct capture is
lowed in the 22P dissociative state only. As we go up i
energy the branching ratio for C(1D), which represents the
atomic limit of the 22P state, falls down from 100% to les
than 10% as the1P limit is reached. The branching ratio fo
each new open limit, C(3P) and then C(1P), oscillates
around a mean value of about 0.6 for C(3P), and 0.3 for
C(1P). Both are certainly overestimated in this approxima
treatment which does not allow for dissociation into t
higher C(3D) limit, that opens up 0.26 eV above C(1P).
Nevertheless, we agree with the observation that less
10% of the flux still goes to the lowest C(1D) limit. A more
sophisticated calculation of branching ratios should prope
connect the short range MQDT treatment to the clo
coupling calculation, and would need further calculations
highly excited states. However, from this preliminary stu
we can draw some conclusions which will help for a la
more complete calculation.

~i! At least for the capture due to electronic interactio
the 2 2P state seems to still play the dominant role as
doorway state for DR in the 1 eV energy region: allowing f
direct capture into the other core-excited Rydberg states~full
line in Fig. 11, to be compared with the dashed line resu!
has very little effect on the branching ratios. This is main
due to smaller electronic couplings with the initial electron
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continuum, and partly validates our MQDT calculations
total DR, where the core-excited lowest Rydberg states w
not included as dissociative channels.

~ii ! The branching ratio does not change notably when
energy is varied around the resonance energies. The
excited bound Rydberg states (a 3P)5ss and (A 1P)3ps
responsible for the structures in the total cross section~see
Figs. 1 and 7! were explicitly included as closed channels
our close-coupling calculation, but the branching ratio do
not change significantly across these resonances.

~iii ! The large branching to the higher limit C(3D) found
in the experiment results most probably from flux redistrib
tion at long range (R.5 a.u.!. Indeed, the2P valence state
which correlates to this limit, not included in our calcul
tions, does not enter the Franck-Condon region of the ini
ion ground state (v50) at 1 eV. It can only receive flux
from long range crossings~or avoided crossings! with lower
Rydberg states.

These three remarks all converge to the same picture
least for the CH1 and CD1 ions, of two rather distinct step
for the dissociative recombination process, based on two
ferent regions of internuclear distance: the electron cap
and autoionization is dominated by a few~one in the presen
case! specific dissociative channels at short distance, wh

FIG. 11. Branching ratios for the final:~a! C(1D), ~b! C(3P),
and ~c! C(1P) states. Solid lines represent the results with capt
in all doubly excited states. Dashed lines represent the results
capture only in the 22P dissociative state.
1-9
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the flux redistribution towards various asymptotic limits r
sults from multiple crossings at larger distance.

V. CONCLUSION

The main result of this paper is the assignment of
prominent structures observed at intermediate energies in
DR cross sections of CH1 and CD1 measured on the TSR
storage ring@1,3#. As it was suggested in Ref.@3#, they are
due to electron capture into bound levels of core exci
Rydberg states, which are then predissociated by the do
nant dissociative state at low energy, the 22P state. The
main feature of this core-excited indirect process for D
compared to the resonant process involving nonadiab
capture into monoexcited Rydberg states, is that here e
tronic interactions dominate both the recombination step
the predissociation step. The formation of these tempo
doubly excited bound states does not seem to change no
the branching ratios for the dissociation to various atom
limits, which are dominated by long range multistate cur
crossings. Some evidence has been found for non-adia
coupling leading to direct capture into mono-excited Ry
berg states open for dissociation.

This core-excited indirect mechanism of dissociative
combination should occur for other molecular ions with lo
lying bound excited states, as already observed in OH1 DR
n

e

l-

.
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@2#. It will not change the order of magnitude of the DR rat
on a large energy domain, at least not at very low ene
which is the most important for molecular abundances
interstellar clouds, but it can induce a substantial local
crease of the cross section. The ‘‘superexcited states’’
sponsible for this effect, subject to competing autoionizat
and predissociation~both via electronic couplings in the
present case!, should be important for photoionization an
photodissociation studies in the adequate spectral ra
Their observation in DR experiments can help or compl
the identification of new structures in the ionization co
tinuum of short-lived molecules, as studied recently by ph
toelectron spectroscopy using synchrotron radiation@28#.
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@17# B. Vâlcu, I. F. Schneider, M. Raoult, C. Stro¨mholm, M. Lars-
son, and A. Suzor-Weiner, Eur. Phys. J. D1, 71 ~1998!.

@18# B. H. Lengsfield III, P. Saxe, R. Martin, and M. Page~unpub-
lished!.

@19# T. H. Dunning, J. Chem. Phys.66, 1382~1977!.
@20# G. Raseev, A. Giusti-Suzor, and H. Lefebvre-Brion, J. Phys

11, 2735~1978!.
@21# V. Sidis and H. Lefebvre-Brion, J. Phys. B4, 1040~1971!.
@22# T. F. O’Malley, Phys. Rev.150, 14 ~1966!; 162, 98 ~1967!.
@23# Ch. Jungen and O. Atabek, J. Chem. Phys.66, 5584 ~1977!;

Ch. Jungen and D. Dill,73, 3338~1980!.
@24# E. F. van Dishoeck, J. Chem. Phys.86, 196 ~1987!.
@25# S. Cohen, Phys. Rev. A13, 99 ~1976!.
@26# D. Zajfmanet al., Phys. Rev. Lett.79, 1829~1997!.
@27# S. L. Guberman, Phys. Rev. A49, R4277~1994!.
@28# J. B. West, J. M. Dyke, A. Morris, T. G. Wright, and S. D

Gamblin, J. Phys. B32, 2763~1999!.
1-10


