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Core-excited resonances in the dissociative recombination of CHand CD*
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Storage-ring measurements of the dissociative recombination cross sectiori @@IZH 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 datéquantum defects and electronic couplinggtracted fromab initio structure computa-
tions. In addition to the Rydberg states converging to the initial ground Xtak&" of the ion, we calculated
Rydberg series converging to the first two excited electronic staf&s andA 1. 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 leveléIbfcitre-
excited Rydberg statesCIT)5so and (A 'T1)3po, 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 interactirid] states of CH.

PACS numbd(s): 34.80.Lx

[. INTRODUCTION tional levels of bound Rydberg states with ground-state ion
core, coupled to the initial ground-state electronic continuum
Dissociative recombinatioDR) of molecular ions is the by nonadiabatic interactions only. The main purpose of this
most elementary reactive collision process, in which the ki{paper is to identify another class of resonances, observed in
netic energy of the incident electron is transformed into ex-TSR storage ring experiments, first on CEL], and then on

citation of the core electrons: OH* [2] and CH'" [3]. They are broader and more prominent
than the previous ondsee Fig. ], and were tentatively as-
ABT+e  —AB*—A+B*, (1) signed to capture into core-excited bound Rydberg states,

electronically coupled both to the electronic initial con-

whereAB" is a diatomic or polyatomic ioAB* denotes the

excited “molecular complex” or transition state, addand 107
B* are atomic or molecular fragments, in ground or excited
states. DR occurs when the dominant configuratior Bf
corresponds to a repulsive state and the chemical bond i )
eventually broken. Together with the repulsive states, bounc °
states lying in the same energy range may be formed, leadin«=
to resonances in the DR cross section. They indicate a longe =
lifetime of the transient excited molecular complex and are
the signature of the so-called “indirect” recombination pro-
cess.

Most of the resonances previously observed or theoreti-
cally predicted in DR cross sections were narrow structures
at low energy, hardly surviving the Maxwell average over
electron velocities. They were assigned to excited rovibra-
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*Present address: Laboratoire de Photophysique ddtdae, Uni-

versitede Paris—Sud, 91405 Orsay, France. Permanent address: Na- FIG. 1. The experimental cross sections of Cahd CD" dis-
tional Institute for Lasers, Plasma and Radiation Physicssociative recombination measured at T@feidelberg by Amitay
Magurele 76900, Romania. et al.[3].
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tinuum and to the dissociative final channel. 3785
Following a previous rough simulation for this mecha- -
nism (see Ref[4]), we present here the result of a more  _g7gol
elaborate calculation of CDand CH" DR at low energy.
First, we performed multiconfiguration structure calculations
for excited states of CH, to obtain a large set of bound-
Rydberg states with ground and excited ion cores. Froms
these molecular data we extracted quantum defects and eleg -38.00-
tronic interactions which were extrapolated above the ioniza-§ -
tion threshold to be used in the DR cross section calculation  _zggs!-

-37.95
(2°m)5sc CH

(A')3ps CH

This step is performed within the framework of the multi- I v X'z'eH |
channel quantum defect theofy!QDT) including dissocia- 10k \\ |
tive channeld7]. The usual procedure is here extended to ' %, 2°mcH

include excited ion core states, with their vibrational struc- [ \ )
ture and the relevant additional ionization channels. Such ar -3815;————1— S e

extension has also been performed by Guberf8aiior the

DR of N; , but the resulting resonance structure was not

discussed in detail. FIG. 2. Potential curves of CH(the ground stat& '3* and
Finally, we present the results of close-coupling calculathe first two excited states °IT and A *II, with thick solid lines

tions for the branching ratio between alternative dissociatiohl6)) and of CH(the 2I1 dissociative curve, with dashed lifig5],

limits, at low (0.1-0.3 eV and higher(0.5-1.2 eV energy. and two Rydberg states with excited ion cores with thin solid Jines

Although approximate, these results provide interesting inThe vibrational levels that are involved in the formation of the large

formation when compared to the measured branching ratio§€sonances shown in Fig. 1, are also represented. The data points
for the dissociative curve of CH have been communicated by

Takagi.

R(a.u.)

II. MOLECULAR CALCULATIONS

The CH radical was the first molecular species to be dis- I the present paper we do not reexamine the relative
covered in interstellar medium, in 1989]. Four years later, POsitions of the dissociative and the ion potential curves,
the CH' ion was also identified in diffuse interstellar clouds, Which would require a high precision calculation, both for
with large column densitieE10]. In this environment with ~the ion and neutral molecule. In our MQDT treatment of
very low temperature and pressure, Chhay safely be as- dissociative recombination, we use the potential curves of
sumed to be in its ground state, and, due to relatively higtreenet al. [16], for the ground stateX ') and the next
electron densities, the main destruction process is the dissd0 excited statesa( °IT andA *IT) of the CH" ion (Fig. 2).

ciative recombination, which results in neutral fragmentationFor the 2°I1 dissociative state of CH we used the data of
Takagiet al. [15], which were calibrated to the ion ground

CH"(X 3% v=0)+e —CHY?A)—C*+H(1s). (2) state of Green. Since there was a lack of molecular data for
high Rydberg states of CH, we carried out a set of molecular
This process has been studied repeatedly over the yearstructure calculations, in order to locate core-excited Ryd-
both experimentally11] and theoreticallf12—-15, because berg states, and to determine their couplings with other Ry-
the fast DR rate usually acceptéabout 10cmPs ™t at 100  dberg or valence states, important for the dissociative recom-
K) makes it difficult to understand the large Cldbundance bination.
observed, and thus the following astrochemistry of various Low-energy DR of CH being mainly driven by the?2I
related species. dissociative state, we restrict our computations to molecular
A helpful feature for a fast low-energy DR rate is the states of symmetryIl. Indeed, rotational effects have been
existence of a dissociative state of the neutral whose potershown to play a minor role in dissociative recombination, at
tial curve crosses the ion ground-state curve close to thkeast for total DR cross sectioh7]. The effect of the rota-
Franck-Condon region of the=0 level. The best candidate tional coupling between states of different symmetry, on the
in the case of CH is the 2I1 state, namely, the higher of the branching ratios of the final products, might however be im-
two 2II states going to the @D)-+H(1s) asymptotic limit,  portant. This aspect will be discussed in Sec. IV C.
with main configuration (#?20?301740). The most re- The calculations are performed with thesa package of
cent multiconfiguration calculation by Takagi al. [15] programs developed by Lengsfield 18t al. [18], using
found that its potential curve crosses that of the ion groundsaussian-type orbitals. For each internuclear separd&jon
state near the inner turning point of the=1 level, which  the orbitals are determined by a multistep procedure, de-
leads to a non-negligible overlap between the low-energwgigned to provide Rydberg states with high principal quan-
dissociative wave function and tlve=0 vibrational function.  tum number. In the first step, we obtain valence orbitals from
This feature, together with a substantial electronic couplinga multiconfiguration self-consistent fie[lICSCH calcula-
between this doubly excited state and the ground-state iortion, with the ground and the next two excited states of CH
ization continuum, leads to a relatively fast DR rate (1.2(X 37, a 31, andA II). The atomic bases used are the
X 10 "cmPs ! at 120 K) for cold CH'. triple zeta bases of Dunnifd.9] ([9s5p1d/5s3p1d] for C,
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and[4s1p/3slp] for H). In the next step we calculate natu- 1 T T - T - T - T T
ral orbitals starting from the first seven lowest states of the
neutral molecule. The basis of natural orbitals is expandec
afterwards by the inclusion of several diffuse orbitals: 2 08'_ '/'—.\'\'\-\. ]
stype (with exponents 0.04 and 0.01Z p-type (exponents '
0.08, 0.05, 0.03, 0.01, 0.005, 0.002, and 0)p@hd 2d-type

(exponents 2.0 and 0.brbitals centered on the C atom. The
final basis is formed from 32 orbitals, 28 orbitals, and 3

6 orbitals. Last, we perform a CI calculation with a selected
set of configurations. Thedlorbital is considered always 05~ n
fully occupied. Four other electrons occupy valence orbitals r ]

06— -

Quantum defect

(20, 30, 40, and 1r), while the last remaining electron may %4 |e—e X'gnpr 7]
be either a valence or a Rydberg electron. The total numbe | [wm (’mmso |
of configurations included in the CI calculation is 1368. 0'3__ A—A (A'Mnpo ]

At each internuclear distance we calculated the lowest 3¢, . ! , I . ! . I .
roots of the Hamiltonian matrix. By analysis of the configu- 1 2 3 4 5 6
ration of the states, we identified five Rydberg series con- R (a.u.)

verging to the lowest three states of CHwith at least four o )
consecutive members each. On the basis of their leading con- F!G- 3 Quantum defects of the Rydberg series included in the
figuration, they can be designated a & *)npm,  MQDT calculation.
(a ®M)nse, (a®M)npo, (A l)nso, and @ )npo. It
is worth noting, however, that tHequantum number of the lation of thenso and nps Rydberg series with the same
external orbitals is only indicative, the Rydberg orbitals be-excited core agree within 0.001 a(0.027 eVj.
ing subject tol mixing induced by the anisotropy of the  Table | shows an example illustrating our method. One
molecular potential$15,20. Our CI basis did not include can see here the effective quantum numierf four con-
enough diffuse orbitals ofd type to provide the secutive states of theX(2 *)npm Rydberg series identified
(X '=")nd7 Rydberg series, shown by Takddi5] to dis- in Cl results, and thet,-(R) =n—n* quantum defect of the
play mixing with (X '3 ")np# series. We did not include series. The quantum defect depends weakly on the principal
either thel mixing of the excited core Rydberg series into the quantum numben, and the lowest state shows the largest
MQDT calculations, our purpose being only to identify the deviation compared to the rest of the series. The quantum
dominant character of the broad resonances that appear in tefect of a series, to be used in the MQDT computations, can
experimental cross sections. be defined as the limit in the adjoining continuum of the
The potential curves obtained in the CI calculation arequantum defect at the ionization threshold. However, since
adiabatic, and display avoided crossings. The quantum de¢he energy of the more excited states is less accurate, due to
fects corresponding to these potentials will show their adiathe limited size of our configuration set, the quantum defect
batic character by large variations near the avoided crossingf the highn Rydberg states is determined with less preci-
points. Since the MQDT treatment of DR is based on a quasion. For this reason, the quantum defect we assign to a
sidiabatic representatidi21], we need a set dfmoothquan-  series(e.g., the last column of Table is not that of the
tum defects which do not include Rydberg-valence mixing.highest Rydberg state identified in our CI results, but the
To achieve that we adopt a simple procedure based on aaverage of the quantum defect over all the states of the se-
idea of O’Malley[22]. We define a subset of the total set of ries. We treat similarly all identified Rydberg series.
configurations, consisting of Rydberg configurations with In the quasidiabatic representation, théI2 dissociative
given symmetries for the ion core and the outer electron. Thetate of CH will be described by its dominant configuration
Cl calculations performed with the restricted subset providelo?20?3017w40. To calculate the strength of the interac-
quasidiabatic Rydberg states, not mixed with the valencéion between the Rydberg states and the dissociative state,
states. To determine the quantum defects, we use the mawe add the dissociative configuration to the various subsets
lecular Rydberg formula for the enerdgy,, of a state with  of Rydberg configurations, and perform Cl computations
external orbitahI\ (I and\ are the quantum numbers of the with the new subsets of configurations obtained in this way.
orbital momentum and of its projection on the internuclearThe Rydberg states we thus determine are shifted from their
axis for the Rydberg electrgn position in the preceding computations. The shifts are in-
duced by Rydberg-valence interaction, and they may be used
to calculate the interaction strength. Because they are small
m' 3) compared to the distances to the next upper or lower Ryd-
berg states, for smati values, we treat each shift indepen-
We obtain by extrapolation the energy,, of the ion state ~dently. We can thus apply a simple<2 deperturbation for-
(as the Rydberg series limjtand from it an accurate quan- Mula to calculate the coupliny, 4, between a givem,
tum defect function for each Rydberg series. In Fig. 3 weRydberg state and the dissociative s@twith i indexing the
show the quantum defects of the Rydberg series that werRydberg series.
included into calculation. The ion limits obtained by extrapo- The scaled interactions

Enn(R)=Ejon(R) —
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TABLE I. The effective quantum numbers*® of four succes- 0.06 T T T T T T T
sive Rydberg states of the serieX ¥2")npo and its average
quantum defecit(R) (see text

=]
R@au) n*(1) n*(2) n*@3) n*(4) R f‘:l
3 0.04f -
1.60 2370 3387 4384 5374 0621 é o
1.95 2375 3391 4389 5379 0617 % |
2.15 2378 3394 4392 5383 0613 ©
2.51 2375 3391 4389 5379 0617 £
3.00 2.375 3391 4388 5379 0617 @ 002F -
3.50 2383 3398 4396 5387 0609 E

5.00 2628 3623 4613 5628 0377 I e (X'z)pr - (a'Mso
*— (X's"pr - (A'po

_ n¥ 3 o 2 3 4 5
Vnd(R)= Z_Ryvnid( R), 4 Rau)

FIG. 5. Rydberg-Rydberg coupling functions between Rydberg
series converging to different ion stafege Eq.(5)].

are practically independent of (as expected for successive
states of a Rydberg serjesind we obtain our coupling func-

tion Vi4(R) by averaging over all the valuég, 4(R). In the pling elements, a method similar to that described above is

equation above, Ry is the Rydberg energy. The couplinggpplied. Now, instead of a Rydberg series interacting with
Vig(R), shown in Fig. 4, will be used as input data for our the dissociative state we have two interacting Rydberg series.
MQDT treatment of the dissociative recombinatisee Sec. The problem is complicated by the fact that, even treating
IIT). Note that the values we obtain for the scaled coupling okach shift independently, this shift is the result of several
the (X '=*)pm with the dissociative ZII state is about jnteractions. To calculate the coupling function between two
twice the coupling of Takadil5] at the twoR values where  geries, we take the first state from each series, and treat their
we can compare. _ shifts as being the result of a two-state interaction. The cou-
The other coupling functions needeW;;(R), between pjling element we obtain is corrected for the contribution of
different ionization channelsandj are dimensionless, and the other states, with a factor estimated on the basis of the
can be obtained similarly by an average over terms of thecaling law(5). The same law yields us, finally, the coupling

form function V;;(R). Another difficulty we encounter is the in-
£3/2 %302 termingling of the Rydberg states of the two series. Certain
Voo (R)= ;ann.(R)' (5) states may be subject to opposite influences from the neigh-
v 2Ry H boring states, in this case the shift being no longer a measure

) ) ) ) ] _of the interaction strength. Finally, in our approach, all the
If i and| are series with the same ion core, the couplingseries with the same core appear together in the CI results.
functions are identically zero. To determine tHg, cou-  gince we find one series with ground ion core and two series
for each excited core, the coupling elements between the

01 ' I ' J ' J ' excited core Rydberg states are very difficult to obtain by
o - 1 this method, only an estimation of their strength being pos-
0.08 &= (X Zjpn sible. These last couplings, however, have little influence on
e == (3°f)so } ;
N ("‘1 the resonance feature we are studying, and have been put to
ST A4 (A Thpo ' zero for the present DR computations. Overall, the precision
g 0.06 in determining the\/ninj coupling elements is poorer than for
"—3 | the Vhd coupling elements. The coupling functions we ob-
3 tain are shown in Figs. 4 and 5.
£ 0.04
u Ill. CROSS-SECTION CALCULATIONS
0.02-
i To calculate the DR cross section for CHand CD',
initially in their ground states, we use the multichannel quan-
0 1

tum defect theoryMQDT), which was designed to handle

Rydberg resonances. Recent review papérst], summa-

rize the extension of MQDT to DIR7] and report on various
FIG. 4. Rydberg-valence coupling functions between Rydbergapplications. Here we will just describe how the core excited

series with different ion cores and the’?H dissociative statgsee ~ bound states are included in the calculations and comment on

Eq. (4)]. the resonance structure they induce in the cross section.

R (a.u.)
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The MQDT approach to DR is based on mixing two types  10™ — T T T
of channels:(i) the dissociation channels, associated with
electronic states of the neutral molecule which are open for
dissociation in the energy range of interest dingthe ion- 6
ization channels, each of them associated with a given
threshold, defined as @o)vibrational level of an ion elec-
tronic state, and with a given partial wayer Rydberg or-
bital) of the external electron. The ionization channels will
be labeled byi(v;) wherei stands for the ion electronic state
andv; for the vibrational level in the ion potential. The mo-
lecular ion is assumed to be initially in the ground rotational ™
level, and we neglect any rotational excitation. Some calcu- 0
lations will test the effect of initial rotational excitation, but
we will simply add the same centrifugal term in all the mo-
lecular potentials involved. 1075

What we add here, with respect to previous MQDT cal-
culations of DR processes, is a set of ionization channels
built on excited electronic states of the ion, and not only on  F|G. 6. The calculated cross section of CHissociative recom-
the ground state, as previously. The channel thresholds fajination, before(thin line) and after(thick line) convolution with
various electronic cores are the successive vibrational levelse anisotropic Maxwellian distribution of electron energies given
of the corresponding ion states. They have to be ranked a Ref. [3]. The transversal temperature k¥, =1 meV and the
cording to their energy, which requires care when the differdongitudinal onekT, =17 meV.
ent vibrational structures overlap.

The most important feature of these additional ionization These matrix elements, together with the terM§0d

channels is that they correspond to doubly excited configuypich connect directly the entrance channel to the dissocia-

rations, and are directly coupled via electronic interaction t%ive one. are used to build the electronic reaction matrix

+
the entrance channgAB™(X) +e], and not only by weak \ye yse a perturbative expansion of the Lippman-Schwinger
vibrational interactions as the ionization channels built O”equation to gek, restricted here to the first order whetds
the ground-state ion core. Consequently, the resonances &fn, o\ equal tov, the electronic interaction matrix. THe
tributed to the capture of the incoming electron into Rydberq11

; . ) atrix is then diagonalized and the resulting eigenchannels
states associated with these core-excited channels may ap-. nixed by vibrational interactions, using the frame-

pear as relatively broad peaks, instead of the narrow reSQtansformation scheme of molecular MQIZ3]. In the last

nances mostly in form of dips, characteristic of the Rydberg'step, closed ionization channels, i.e., channels with threshold

states with ground state ion core. - . energies higher than the current total energy, are eliminated
The building blocks for this type of indirect mechanism ¢ |ong range, which leads to the scattering masixe-
are the electronic interaction matrix elements stricted to open channels. The DR cross section is finally
obtained from the matrix elemeiﬁvodlz, including the reso-

Vv_v_zf Xo. (R)V;;(R)x, (R)AR, (6) nance structure due to bound Rydberg states in the closed
H ' ! channels.

The present calculations, restricted to thd symmetry
whereV;; (R) is the electronic coupling function between the (see Sec. )| include a total of 52 ionization channels for
two Rydberg configurations, determined by H&), and  cH* associated with the 22 vibrational levels of the ground
X (R) andy, (R) are bound vibrational wave functions as- statex s * and the 18 and 12 levels of excited staae¥1
sociated with these two ion states. They enter in the interand A I, respectively. This number increases to 68 for
channel interaction matrix as off-diagonal terms, and can b€D", due to the smaller vibrational spacing.
relatively large if the two core state geometries allow for
large overlaps between some of their vibrational levels.
Other additional matrix elements akg 4, responsible for

the predissociation of the core excited bound Rydberg states A. Results for CH*
which completes this indirect DR process

2

Cross section {cm”)

l
TN
W’ ” lw\wl"

0.5 1.0 1.5 2.0
Energy (eV)

IV. RESULTS AND DISCUSSION

The total DR cross section for CHon is shown in Fig.
6, for ions initially in the lowest rovibrational level of the
VUid:f Xo,(RIVig(RIF 4(R)AR @ ground state elec_:tronic state. Since our interes_t is in the low-
energy core-excited resonances, the energy in our calcula-
tions is restricted to the range 0.001-3 eV. Beyond 3 eV,
whereF is the continuum nuclear wave function in the dis- other dissociative states, besides th& P state, become ac-
sociative channel. For simplicity we assume here that dive, as one can guess from the broad peak in the experimen-
single dissociative channelis active, but several dissocia- tal cross section a9 eV [3]. The complicated structure of
tion channels may be easily handled in the same calculationhe cross section is the signature of strongly overlapping
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FIG. 7. The effect of Rydberg series with excited ion cores. FIG. 8. Comparison between calculated cross-sectitin
Comparison between convoluted CHlissociative recombination lines) and the experimental resulfthick line), for the dissociative
cross sections, calculated with the inclusion of different numbers ofecombination of CH ground states. The solid thin line represents
core excited bound Rydberg seri@SEBS. the result with all three lowest bound states of Cidcluded in the

calculation, while the dashed thin line represents the cross section
resonances, due to electron capture into various bound Ry@vhen only the ground ion state of CHs included.
berg states, with ground or excited ion core. A clearer picture
emerges once the theoretical results are convoluted with theduces the strong resonance structure of the cross section,
experimental anisotropic Maxwell distribution given in Ref. but affects the magnitude of the cross section even away
[3], as it is shown in Fig. 6. The numerous narrow andfrom resonances, through channel mixing effects. In this par-
closely lying resonances, due to vibrational capture into highicular case the effect is mostly destructive at very low en-
n Rydberg states with ground-state ion core, are parthergy where the cross section drops by about a factor of 4
washed out in the convolution process, and only the morevhen the two excited cores are included, probably due to
substantial core-excited resonances survive. The convolutédcreased autoionization, but it is strongly constructive in the
cross section, shown with thick solid line in Fig. 7, presentsresonance region.
a resonance structure very similar to the experimental one, We have checked that the same calculation for initial
although lower in magnitude. We assigned these resonancesl vibrational level of CH ground state leads to a similar
by analysis of our MQDT calculations. resonance structure but at lower energy, clearly not in agree-

To perform this analysis, we made test calculations withment with experiments. This confirms the vibrational relax-
an increasing number of closed ionization channels. Thation of the CH ions in the beam, after 15-20 s storage
dashed line in Fig. 7 shows the convoluted cross sectiotime, as expected from the vibrational lifetime of aboyis
obtained with only the ion ground state included, hence only In Fig. 8 we present a comparison between the experi-
Rydberg series converging to vibrational levels of the ionmental cross section and our theoretical results. Together
ground state. No prominent structure appears. The landscapgith the result of a calculation including all three lowest
begins to change when tree®Il core state is introduced in  bound states of CH we show the DR cross section obtained
the calculation, as shown by the thin solid line in Fig. 7. Bywhen thea 3II andA *II excited states are omittédashed
varying the number of vibrational levels introduced into thethin line, as in Fig. 7. This curve lies almost on top of the
calculation, we have been able to assign the two peaks whicéixperimental cross section at low energies, and agrees with
survive the convolution near 0.3 and 0.6 eV to the two low-the cross section of Takagi, obtained with %é2, core only
est vibrational levels of thea(®I1)5so- Rydberg state. Fi- [15] (the additional capture due to tltkwave in Takagi's
nally, adding thea 11 core state into the calculation leads to results is compensated by our larger coupling forgheave,
the thick solid line, with new resonances in the energy regiorsee Sec. )l However, including the core excited closed
0.6-1.2 eV. They can be assigned to the0—2 levels of channels reduces the cross section in this region, as already
the (A 'I1)3po Rydberg states, although they clearly over-noted on Fig. 7.
lap and interfere with the higher of the two previous reso- Several reasons may explain the fact that our computed
nances with a 3I1 core. The effect extends until aimost 2 cross section is smaller than the experimental one, by almost
eV due to weaker capture in the following vibrational levelsan order of magnitude in some energy ranges. First, we have
of the same Rydberg state, and at about 1.8 eV the resmeglected the contribution of ttlewave of the recombining
nances due toA I1)4po begin to appear, followed by electron, which was shown by Takddi5] to be smaller than
traces of the A I1)5po series above 2.3 eV. It is worth the p-wave contribution but non-negligible. Second, we will
noting that including these two sets of closed ionizationsee later(in Sec. IV Q that some?3* Rydberg states, not
channels associated with the excited ion core states not onlgicluded in our calculation, could contribute to the cross sec-
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A R T three cores involved in our calculations display practically
no isotopic effect. On the other hand, the resonances attrib-
uted tov # 0 vibrational levels display a small shift towards
smaller energy for CD, as it is expected.

The experimentally measured Cross section displays
no resonance at 0.3 eléee Fig. 1L However in these mea-
surements CD could have been not fully vibrationally re-
laxed[3], due to a longer lifetime of the excited levels than
for CH*, and this may reduce the resonance peak due to an
average effect. Note also that the CPross section is rela-
tive, the ion beam current being too weak to determine the

cross—section . . . . .
total number of ions in the ring, and it is adjusted at low
3 s energy to match that of CH On the theoretical side, we did

of o o T not include in the calculation all the Rydberg series which
10°.01 0.10 1.00 might contribute to the total DR cross section. This could
Energy (eV) make the main resonance peak more prominent than it really

is. However, we think that even in a more complete calcula-
FIG. 9. Isotopic effect. Convoluted theoretical cross-sections fottjon the isotopic effects on the core-excited resonance struc-

ground state CH (solid ling) and CD" (dashed ling dissociative  ture should be small, since this is dominated by electronic
recombination. interactions.

—-——
-~

Cross section (cm2)

tion by about 20% through nonadiabatic interactions. Finally, _ )
it is worth noting that any small translation upwards of the C. Branching ratios

2 211 dissociative curve induces a large increase of the total |n addition to total cross sections, the TSR experiment on
Cross Section, because this curve lies in the ClaSSica”y fOrCH+ measured branching ratios between asymptotic prod_
bidden inner region for the =0 vibrational wave function ycts of the DR process for selected energies of the incident
of the ground—state ion. In partiCUlar, a shift upwards of thiSe|ectr0n, using a 2D |mag|ng detector. The observed distri-
curve by 0.2 eV(0.008 a.u, which is the accuracy claimed putions of product states differ for the two energy regions
in Ref. [15], would increase the cross section by about daround the core-excited resonances that we analyze in this
factor 3 at low energy, leading to a better agreement with thaper. Around 0.28 eV, only three asymptotic limits are
experiment in this region. open: H(x)+C(P), C(*D), C(*S) and the branching ratio
Another feature to be discussed in our results is the resqsee Table | of Ref[3]) is about 75% to the second limit
nance at 1.8 eV, that we assigned to the'{l)4pa Ryd-  C(ID), 25% to the higher one &§). At 1.18 eV only 10%
berg series. In the experiments there is no prominent resyf the products go to these two low limits, while 90% are

nance peak in that region. This can be due to missingjistributed among three newly open limits, corresponding to
channels in our calculations, either Rydberg series or dissghe excited states €P°), C(*P°), and CED?).

ciative states, which mlght mask this resonance. Note that in This distribution among accessible dissociation limits re-
this region the difference between the measured and thﬁ_“ts from various types of Coup"ngs between the “door-
computed cross sections becomes larger than at 1 eV, SU@ay” 2 21 state accessed by electron recombination and
gesting that contributions from new states which open toyther dissociative states of the neutral molecule CH. This
dissociation are missing from our computations. On the exprocess is closely related to the multichannel photodissocia-
perimental side, the statistics is weaker in this energy ranggon process of CH thoroughly studied by E. van Dishoeck
than at smaller energies, leading to a lower-energy resoly24], who performed a SCF-CI calculation of most excited
tion, which can prevent the resonance structure to appeafates of CH in a broad energy range below the ionization
clearly. threshold.
Selecting from this study the relevant potential curves and
B. Isotopic effect couplings, the transition probabilities among interacting

In Fig. 9 we compare the cross sections obtained for th&t@t€s on the way to dissociation have been estimated by
two ground state ions CHand CD" using exactly the same USINg the Landau-Zener formula5], as applied recently by
approach and the same electronic data. The figure shows thdfPainet al.[26] to the DR process of HD, or by perform-
the resonance structure of the cross section for the two isd?d & close-coupling calculation of the branching between
topes are very similar. At very low energy, the Clross  the dominant molecular states.
section is somewhat smaller, which can be explained by the
fact that thev =0 vibrational level of CD is deeper in the
potential well than for CH, leading to a smaller Franck- The low-energy branching has been assuf@do result
Condon factor. The resonance at 0.3 eV displays no visibléom a nonadiabatic transition between thél2 state which
isotopic shift because it is formed with the participation of correlates to the CD)+H(1s) limit, and the 223 state
the v =0 vibrational level of thea °II core, and the differ- which is the only state leading to the limit €&+ H(1s).
ences in energy between the ground vibrational levels of allhe rotational coupling between these two states has been

1. Branching ratio in the 0.3 eV energy region
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evaluated by van Dishoeck4] from multiconfiguration 1
wave functions. The Landau-Zener formula gives the prob-
ability to jump from one state to the other:

(A'TD 3po

p=1-e?7, 8

where the exponential factaris given by(see Ref[25]): (A'TD 3s6

- Vi,
7" hop{d/dRIV(R) — V(R ]}

9

-1r

Energy (eV)

V1, is the coupling value at the crossing poR& 3.5 a.u.
between the two states, aM;(R) andV,,R) are the en-
ergy of the two intersecting states. We obtain a probability
almost unity to stay on théll dissociative state, while the
experiment measured a branching of almost 25% to the
higher 23, curve leading to the Gg) limit.

We then checked our Landau-Zener result by solving a
system of two coupled equations involving the’IZ and :
2 23" electronic states and the rotational coupling function _3 a . ‘ :
given in Ref.[24]. The transition probability from 211 to YR ) 10 15
2 23 extracted from the scattering matrix associated with the o
full collision along these two states is very small, of the same FIG. 10. Some of the potential curves involved in the close-
order of magnitude (10%) as the Landau-Zener result. As coupling calculation of the branching ratiésee text
the error bar of the measurement at 0.28 eV is large (25%

+25%, see Table | of Refl3]) we extended the close- atom, with the same configurationss?2s?2p(2P)3s and
coupling calculation to the lower energy regior0.1 €V)  parajlel @P) or antiparallel ¢P) spins for the ® and 3
where the measured branching ratio is 28%0%. Again,  glectrons. Spin considerations lead to the correlation of the
the calculated valug was founq mych smaller. (A T)3so molecular Rydberg state to the lower 38
Clearly, the rotational coupling is too small to be respon-jimit, and of (a 3I1)3se to the higher CYP) state.
sible for the observed 25% branching to the highet SJ( The third limit accessible fofII molecular states in this
limit. The flux going to the_ Cts) limit probably results from_ energy range, GP), corresponds on the contrary to a dou-
another mechanism, which_should proceed through diregfy excited configuration C(€2s2p®) and is the limit of a
capture into the manifold of3 states. As no dissociative steep dissociative electronic state with principal configura-
valence state with this symmetry has been found in the relson 152203021740 In our ab initio molecular calcula-

evant energy range, this mechanism has to proceed througlyns we could identify this highly excited state at large in-
nonadiabatic capture into tH& Rydberg states built on the ernyclear distance onfaround 3.5-5 a.u. It clearly plays

ion ground state. Radial non-Born-Oppenheimer interactiong yery minor role in the recombination step for ground state
have been proved in other cas@sg., HeH [27]) to be ¢+ “and it is most probably populated by redistribution of

effective for the dissociative recombination in the absence the flux from 2I1 Rydberg statesstill closed for dissocia-
substantial electronic interaction. Here the electronic mechahon) that are crossed at large distance.

nism through theé’Il valence state is still responsible for the Since we could not obtain reliable energies and couplings

bulk of the DR cross section, but a small contribution of ¢, this |ong range dissociative state, we decided to restrict
nonadiabatic interactions could be enough to explain the ok, branching ratio calculations to a limited aim. We

served branching ratio, without affecting drastically the totalhecked the transfer of population flux from the lowest
cross section. A quantitative check of this assumption woulct(lD) dissociation limit to the higher GP) and CEP)
require the calculation of nonadiabatic couplings which isknowing that their branching ratios will be overestimated,

beyond the scope of this article, centered on electronic propecayse part of the flux is redirected toward the still higher
cesses responsible for the core-excited observed resonancg'st) limit. Even for this limited aim. a Landau-Zener cal-

culation involving only the lowest thre®1 molecular states

open for dissociation around 1 eV would not be very reliable,
The situation becomes more complex at higher energgince there are also many boultl Rydberg states in the

where more dissociation limits are open. If we restrict our-same energy range, that undergo several crossings with the

selves to the!Il symmetry, at a collision energy of 1 eV we dissociative statésee Fig. 2

have to consider three more open asymptotic limits $)i(2 We thus decided to perform a close-coupling calculation

+C(P), C(*P), and CED) (see Fig. 1dwhich have been involving, besides the dissociative valence statd12 five

found to attract about 90% of the dissociation flux at sampleseries of 2II Rydberg states, with main configurations

energies around 1 eV, namely, 0.93, 1.04, and 1.1§3V (X = ")npw, (a3l)nso, (a3M)npe, (A HI)nse, and

The first two correspond to Rydberg states of the carborfA *I1)npo, respectively, and principal quantum numbers

2. Branching ratio in the 1 eV energy region
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3=n=<7. Only the lowest state &r) of each core-excited
series is open for dissociation but the higher bound states
may be coupled to them by the electronic interactilgflﬂi$ﬁj

evaluated in Sec. llsee Eq.5)], and also to the 2II dis-
sociative state. The Rydberg potential curves are either 075 |
known from theab initio calculations of Sec. Il, offor r
highern values deduced from the ion curve by means of the 05
guantum defect functiorf€£q. (3)]. At long distance we sim- I
ply correlate them diabatically to the corresponding Rydberg
states of carbon.

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

eﬁ
wi-l

025

0.75

(X0 [VellFa), (10) 05T

Branching Ratio

wherey, is the bound vibrational function in the initial state
of the molecular ionFg is the nuclear continuum wave

function for the dissociative state and V, the electronic

coupling between the initial ion ground state and itldésso- 075
ciative state. We performed two sets of calculations, one in

which all the doubly excited electronic states in our model 05
were allowed to directly capture the incoming electron, and

the other one with only the 211 state directly coupled to the 025
continuum, as in the MQDT calculations described in Sec. I
[ll. On the other hand, we neglected here the short range 0.
autoionization back to the electronic continuum, which on Energy / eV

the contrary was properly included in the MQDT treatment.

The approximate partial cross sections thus obtained were FIG. 11. Branching ratios for the finala) C(*D), (b) C(°P),
convoluted with the anisotropic Maxwellian distribution spe- and(c) C(*P) states. Solid lines represent the results with capture
cific to the experimental measuremef8$ From the convo- in all doubly (_excited state_s. Dgshed lines represent the results with
luted cross sections we could estimate the branching ratigi@pture only in the Z1I dissociative state.
shown in Fig. 11, in full line for the case of source terms in
all 2II states and in dashed line when direct capture is aleontinuum, and partly validates our MQDT calculations of
lowed in the 2°I1 dissociative state only. As we go up in total DR, where the core-excited lowest Rydberg states were
energy the branching ratio for &), which represents the not included as dissociative channels.
atomic limit of the 22H state, falls down from 100% to less (||) The branching ratio does not Change notab]y when the
than 10% as thép ||m|t iS reached. The branching I’a'[iO fOI’ energy iS Varied around the resonance energies_ The core
each new open limit, GP) and then 3CJ(P), oscillates  excited bound Rydberg statea #11)5s0 and (A MT)3po
around a mean value of about 0.6 for*€j, and 0.3 for  regponsible for the structures in the total cross sediiee
C(*P). Both are certainly overestimated in this approximategjgs 1 and ywere explicitly included as closed channels in
treatment which does not allow for dissociation into theOur close-coupling calculation, but the branching ratio does

higher CED) limit, that opens up 0.26 eV. above ). not change significantly across these resonances.
Nevertheless, we agree with the observation that less than (iii) The large branching to the higher limit &) found

A . -
igp/(r)]icsn;if:g?efcljuéaslgﬂlgggﬁ 3 Lhrzrlgmizt 3%22%3?&&)%? the experiment results most probably from flux redistribu-
ion at long range R>5 a.u). Indeed, the?Il valence state

connect the short range MQDT treatment to the close- . L ) .
9 Q hich correlates to this limit, not included in our calcula-

coupling calculation, and would need further calculations ofV h K . ¢ the initial
highly excited states. However, from this preliminary studyions: does not enter the Franck-Condon region of the initia

we can draw some conclusions which will help for a laterion ground state(=0) at 1 eV. It can only receive flux
more complete calculation. from long range crossing®r avoided crossingswith lower
(i) At least for the capture due to electronic interactions,Rydberg states.

the 2211 state seems to still play the dominant role as a These three remarks all converge to the same picture, at
doorway state for DR in the 1 eV energy region: allowing for least for the CH and CD' ions, of two rather distinct steps
direct capture into the other core-excited Rydberg stditéis ~ for the dissociative recombination process, based on two dif-
line in Fig. 11, to be compared with the dashed line resultsferent regions of internuclear distance: the electron capture
has very little effect on the branching ratios. This is mainlyand autoionization is dominated by a féane in the present
due to smaller electronic couplings with the initial electronic case specific dissociative channels at short distance, while

(a) {1

1.0
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the flux redistribution towards various asymptotic limits re-[2]. It will not change the order of magnitude of the DR rates

sults from multiple crossings at larger distance. on a large energy domain, at least not at very low energy
which is the most important for molecular abundances in
V. CONCLUSION interstellar clouds, but it can induce a substantial local in-

] ) ) ) crease of the cross section. The “superexcited states” re-
The main result of this paper is the assignment of thesponsible for this effect, subject to competing autoionization
prominent structures observed at intermediate energies in thg,q predissociatior(both via electronic couplings in the
DR cross sections of CHand CD" measured on the TSR present cage should be important for photoionization and
storage ring 1,3]. As it was suggested in Reff3], they are  ppotodissociation studies in the adequate spectral range.
due to electron capture into bound .Ievells of core excite Their observation in DR experiments can help or complete
Rydberg states, which are then predissociated by the domjhe jdentification of new structures in the ionization con-
nant dissociative state at low energy, théI2 state. The tinyum of short-lived molecules, as studied recently by pho-

main feature of this core-excited indirect process for DR toelectron spectroscopy using synchrotron radiafi2s].
compared to the resonant process involving nonadiabatic
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