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Electron capture in collisions of C*(3P) ions with He atoms at energies below 10 keV:
The effect of metastable 3 (D) ions
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Electron capture in & (°P,'D)+He collisions is studied theoretically by using a semiclassical molecular
representation with six molecular channels at collision energies above 50 eV and by using a fully quantum-
mechanical molecular representation with thieehannels below these energies. Hfweinitio potential curves
and nonadiabatic coupling matrix elements for the Ble€ystem are obtained from multireference single- and
double-excitation configuration-interaction calculations employing a relatively large basis set. The present total
cross sections for electron capture by the ground-statei@s are found to be in reasonable accord with those
calculated by Gargaud, Bacchus-Montabonel, and McCdrtolLhem. Phys99, 4495(1993] below 30 eV/u
but are slightly larger above this energy. Partial cross sections fdrdrgribution are also slightly different.
Cross sections for electron capture by the metastablei@s decrease much more sharply than those for the
ground-state ion as the energy is lowered, reaching a difference between them approximately as large as one to
two orders of magnitude below 100 eV. The present rate coefficient for the reaction is approximately 10
cmls above 10 000 K, suggesting that the small rate coefficient of abodf ti/s at 20 000 K observed by
Kwang and FandPhys. Rev. Lett71, 4127 (1993] for electron capture by the ground-state ion might be
caused, in part, by a mixture of ground and metastable ions in their experir8&660-294{©6)01906-3

PACS numbes): 34.70+¢€, 34.50-s

[. INTRODUCTION larger discrepancy between theory and experiment was not
understood.

Recent measurements of electron capture for thermal en- We present here a theoretical study which is intended to
ergies of ground-state?0 ions in helium have been carried shed some light on this controversy. We wish in particular to
out[1,2], and a rate coefficient of T62 cm?/s at 20 000 K  assess the role of metastablé*Qons in electron capture.
was obtained. This result is in serious disagreement witi he processes we have studied are as follows, with corre-
theoreﬂ)cal findings, in which much larger values fronmi 10 sponding asymptotic energy defect: ground-state ions:
E?O%]O[?,_g]r.n% were calculated in a similar temperature re- 02" (*P) 4+ He— 0" (2P)+ He" +5.55 eV (14

The theoretical studies were based on a molecular-orbital —0*(?D)+He" +7.24 eV, (1b)
(MO) expansion method within a semiclassical or fully
guantal formalism. Butler, Heil, and Dalgarh®] and Bien-  and (ii) metastable ions:
stock, Heil, and Dalgarnd4] studied electron-capture pro-
cesses by the grour?d—staté*(()”P) ion from He gtomspat O*"(*D)+He—O"(*P) + He' +8.06 eV (23
energies below 600 eV using a fully quantal MO method 0" (?D)+He" +9.76 eV. (2b)
with threell states, corresponding to the initial and electron
capture to O(?P,’D) states only. Bacchus-Montabonel, The metastabléD states, which separate with 2.51-eV
Courbin, and McCarrol[5] employed six(Z andIT) MO  higher energy than the ground states, are considered to com-
states from the initial and electron-capture channels tgete in collision dynamics with the ground state. Hence it is
O"(?P,?D) with a semiclassical approach, and Gargaudjmportant to understand the electron-capture mechanisms of
Bacchus-Montabonel, and McCarrfl] used a fully quantal both the ground and metastable states and to determine each
approach with inclusion of two channels corresponding tocross section accurately. Furthermore, experimental ion
the initial and finalll states. In all cases, the molecular statesheams produced by an electron-impact ionization technique
were described by using a configuration-interacti@l) are often a mixture of a ground and metastable states when
method with large basis sets, and hence, the quality of thepen-shell ions are involved; knowledge of the collision dy-
different molecular structure calculations is similar. Thenamics may be helpful for experimental analysisg].
theoretical rate coefficients were found to be large and to The present theoretical approach is basically the same as
vary from 1x107° [5] to 3x10 1% cm’/s [3] at 20 000 K. that used in earlier studies, being based on the MO expansion
The difference between the two theoretical results has beamethod within a semiclassical formalism for collision ener-
attributed to a combination of the quality of MOs and thegies above 50 eV and a fully quantal formalism below
number of channels included in the calculatj6ifi the much 50 eV.
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TABLE I. Number of reference configurationdNREF) and in earlier work for HeN [17]. For the oxygen atom we used
number of rootsNROOT) treated in each irreducible representa- the (138p2d) basis contracted to #4p2d] of van Duijn-
tion, with the corresponding numbers of generat®AFTOT) and  eveldt[18]. Because the present basis set is larger than that
selected SAFSEL symmetry-adapted functions for a threshold of sed in previous calculatioi8—6], the asymptotic energies
(5X10°)E;, at a bond distance of 2a4. are more accurate by a few %. Further details ofatuinitio
MRD-CI calculations are presented in Tables | and II. Figure

States NREF, NROOT SAFTOT SAFSEL 1 gisplays the adiabatic potential curves for the ground and
A, 99,6 727 385 9442 metastable initialO** +He) states and the electron-capture
1B, 74,4 750 475 8 452 channels that lie closest to the initial channels.

1A, 57.4 680 651 7738 Representative results for the nonadiabatic coupling ma-
3, 1033 1307 275 6855 trix elements are illustrated in Fig(a@. The 231'[ and 331_'[

%, 86,5 1452 964 10 965 potential curves und_ergo a sharply ay0|ded crossing at
3 R=5.4a,, at which point the radial coupling between these
A, 69,6 1384 627 9679 . . .

5g, 45.2 772 649 4745 states has a strong peak. This strong couplmg, which has a
5A, 493 696 950 6 069 maximum value of about 2.3 a.u., is the dominant mecha-

nism for electron capture from the ground'@*P) + He

channel at higher energies above 100 eV. The coupling be-

tween the metastabl¢O?>"(*D)+He] and the electron-

capture[O"(?P) +He"] channels does not possess a strong
Because the present H&Ocalculations are similar to ear- peak[Fig. 2(b)] and hence is relatively weak, suggesting a

lier work on the HeO system reported7,9], only a brief |ess efficient process at lower energies.

summary is provided here.

Il. THEORETICAL MODEL

B. Collision dynamics
A. Molecular states and couplings

The adiabatic potential curves of H&Dare obtained by 1. Semiclassical approach

employing theab initio multireference single- and double- A semiclassical MO expansion method with a straight-
excitation configuration-interactiofMRD-Cl) method[10— line trajectory was employed to study the collision dynamics
12], with configuration selection at a threshold of above 100 eV[8]. Transitions are driven by nonadiabatic
(5.0<10 ®)E,, and energy extrapolation, using the Table Clcouplings. The total scattering wave function was expanded
algorithm[13—15. The nonadiabatic coupling elements arein terms of products of a molecular electronic state and
calculated by using a finite-difference methdd|. In these  atomic-type electron translation factqiSTFg. Substituting
calculations, we have employed the same atomic orbital bathe total wave function into the time-dependent Sdimger

sis set for the helium atom 64p1d)/[7s3pld] as we did equation and retaining ETF correction up to the first order of

TABLE Il. Leading configuration for each of the eigenfunctions in energetically increasing order at an
internuclear distance of 2a4. For theA; and A, irreducible representations in tf®,, point group, the
correspondingC.., states(S*,A and3~,A, respectively are also indicated. AIB, states correspond

states.
States Configurations States Configurations
A, 16226%36%1 7% (A+3) A, 1622630 40™ 1772 (A+3)
10%20%35%40% ) 10%20*30%40* 17 (A)
10%20%30 4017 (A+3)
10%20*35%40 17 (A)
B, 10%20?30%4 17
10%20%30'17° B, 1022073040 1t
10%20%35 46?1t 16%20°3cM17°
16%20*36%17° 10%20%3c 4?17
10%20'30%17°
10%20*3c 40173
A, 16226%36%1 7% (A)
16%20?3c 40 172 (S+4) A, 16%26%36°1 7% 3,
10%20'3c% 4 17 (A) 10?2035 417 S+A+S)
10%20* 36?4017 (A+3)
°B, 10%20*30 40 173
10%20%3c 1722t
A, 10%20%35 4 17 )
16%20'30%40 1772 )
10%20*30 46?17 )
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FIG. 1. Adiabatic potentials of the H&O system.

relative velocity, we obtain a set of first-order coupled equanonadiabatic coupling. The total scattering wave function is
tions. By solving the coupled equations numerically, we ob-expanded as a sum of products of molecular electronic wave
tain the scattering amplitudes for transitions: the square ofunctions and nuclear wave functions. The coupled equations
the amplitude gives the transition probability, and integratiornthat the nuclear wave functions satisfy are obtained from the
of the probability over the impact parameter gives the crossime-independent Schdinger equation[8]. The coupled
section. The molecular states included in the dynamical calequations are solved numerically, after partial wave decom-
culations are the two sets of states, shown in Fig. 1, separaposition, to obtain the scattering matrix. The molecular states
ing to [0*"(®P)+He]; 333, 331, [0'(®D)+He']; included are two sets of two channeld) O?*(3P)+He;
257, 13, 13%A, [OT(?P)+He™]; 133", 23 for the  3°I and O'(?P)+He': 2311 and (2) O**(*D) +He; 31
ground channel, and[O*'(!D)+He]; 23", 3, and O'(?P)+He": 211.

[OT(?P)+He']; 1's*, 21, [O'(®D)+He']; 1137,

1 1 for the metastable channel.
IIl. RESULTS

2. Quantum approach

‘.
A fully guantum-mechanical representation of the MO ex- A. Electron capture by the ground-state G* ions

pansion method was employed for collision energies below The calculated cross sections are illustrated in Fig. 3
10 eV. In this energy region, transitions are also driven byalong with the earlier results by Bienstock, Heil, and Dal-
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Coupling matrix element (a.u.)

Coupling matrix element (a.u.)

HeO** radial couplings ] [ ]
_2'....|....|....|....|....|.... J ) S EPIS I RS B S

3 4 5 6 7 8 9 2 3 4 5 6 7 8
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FIG. 2. (a) Representative nonadiabatic coupling matrix elements for the ground sybleNonadiabatic coupling matrix elements for
the metastable system.
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TABLE lll. Rate coefficients for electron capture.

MRERRRL | Ty MERELELRRLL | LR T TV T
0O+ He electron capture ]
i . ses ] Rate coefficien{cm®/s)
107 o o Q‘C’.'C"Er»@ﬁ@é@ o @ Cieg 0 Initial channel
g F e ' T TemperatureK) 0?"(°P) +He O (*D) +He
S [ ol s ® = 1
otE E 1000 1.1x10710 4.0x10716
2 ; . 1 2000 2.3<10710 3.1x10°1°
4‘:: e -}~ Total: Ref.(19) _ 4 000 3.2x10°10 4.6x10°14
£ E n e = o tewmaen ] 6000 4.5¢10° 1 1.5x10° 3
8000 5.6<10°1° 2.9x10713
10.13 g_ o] Gargaud et al. - n —- - 2p capture: Ref.(ZO)—g 10 000 6.5( 10_ 10 5.2X 10_13
[+ Dienstock et al " 20 000 1.0x 107° 4.7x10°12
Lo i i i 40 000 1.% 10°° 3.2x107 1t
0.01 0.1 1 10 100 1000 60 000 2K 10°° 7.5x10° 11
E (eViu) 80 000 2.8 10°° 1.2x10° 10
100 000 3.%x 107° 1.7x10710

FIG. 3. Electron-capture cross section below 1 keV/u. Present
work: @, O?T(°P); M, O?'(!D); theoretical work [4]: +,
0?"(®P); theoretical wor6]: O, O?"(®P); experimental datfl9] _ _ _
-0J-, total; experimental dati20]- A-, total; V-, O*(2P) forma- ~ crease rapidly as the energy is lowered below 100 eV/u, with
tion. a value of less than 188 cn? at a few eV. The size of the
cross section becomes comparable to that of the ground-state
ion, of the order 10% cn?, above 200 eV/u. Oscillatory
structures in the cross section due to a multichannel interfer-

nce effect are clearly seen below 100 eV/u. Because of the
aitrong rotational coupling between thé®" and 311 states,
resulting in an effective sharing of the initial flux, the con-
fributions from the 23* and 211 initial channels to elec-

garno [4], Gargaud, Bacchus-Montabonel, and McCarroll
[6], and experimental measuremefit9,20. The present re-
sults are found to be 20% larger than those experiment
results of Hug, Champion, and Doverspik9] in most en-
ergy regions, but the energy dependence is similar. The e

perimental data of Bangsgaasd al. [20] agree well with tron capture are nearly equal in this energy region and these

those of Hug, Champion, gnd Doversplke at 19 eV/uz b.utstates must be considered simultaneously in the calculations.
drop sharply at lower energies, hence widening the deviation

from the present results. Experimental results on single-

electron-capture spectra based on high-resolution transla- C. Rate coefficients

tional energy-loss measurement by Legal. [21] suggest

that &' (°P) ions dominate the spectrum, which is consis- The rate coefficients for electron capture by the ground-
tent with the present theory. The present results are in restate 3" (°P) and metastable ¥('D) ions are listed in
sonably good accord with those of Gargaud, BacchusTable Ill. The values for the ground-state ions increase from
Montabonel, and McCarro[6] in all energies, but the result 10~ *° cm®/s at 1000 K to 10° cm¥s at 20 000 K while those
becomes slightly larger at energies from 30 to 300 eV/ufor the metastable ions vary from 18 to 102 cm®/s. The
Because the magnitude and position of the dominant radidiresent rate coefficient for the ground-state ion at 20 000 K
coupling between the A1 and 3311 states are comparable to is in excellent agreement with that of Gargaud, Bacchus-
that of Gargaud, Bacchus-Montabonel, and McCafi@ll a  Montabonel, and McCarroll6], who reported a value of
close agreement between the two cross sections is expectdd?1x10~° cm?/s. The value obtained by Butler, Heil, and
particularly at lower energies. Because of the strong couDalgarno[3] is smaller by a factor of 2.64x10™*° cms) at
pling, the cross section is nearly constant over a wide rangthe same temperature. Kwang and Fahpobtained an ex-

of energy. The cross sections of Bienstock, Heil, and DalPerimental rate coefficient of 1.3210~*% cm?/s at 20 000 K.
garno[4] drop rather sharply below an energy of 10 eV. TheThey claimed that the ion beams used contain only ground-
origin of this discrepancy was discussed in Ref. 6. Thestate G*(°P) ions. Although the source of this discrepancy
present results show somewhat different oscillatory patternis not clear, it could, in part, be the use of the beam con-
below 1 eV/u than those of Gargaud, Bacchus-Montabonefgined a larger fraction of metastable ions.

and McCarroll[6], and this difference is a reflection of the
different partial cross sections féP and?D capture. Strong
resonancelike peaks in the cross section are found below 0.1
eV/u. In earlier work fo[N>* +H][22], we observed similar
peaks arising as a result of the contribution of a single partia
wave to the cross section. These peaks contribute structure
the rate coefficient.

IV. CONCLUSION

We have studied electron capture in collisions of
2*(3P,1D) with He below 1 keV/u and found good agree-
ment for cross sections involving the ground-state ion with
those obtained by Gargaud, Bacchus-Montabonel, and Mc-
Carroll [6]. We also investigated electron capture by meta-
stable 3" (!D) ions from He in the same energy range and

Electron-capture cross sections by the metastabléound that although the magnitude of the cross section is
O?"(*D) ions are included in Fig. 3. The cross sections decomparable to that for the ground-state ion at 1 keV/u, it

B. Electron capture by the metastable G*('D) ions
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