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Theoretical treatment of electron-capture processes in ion-molecule collisions:
B3*+H, as a test case

M. C. Bacchus-Montabonel
Laboratoire de Spectroniée lonique et Moleulaire (UMR 5579), CNRS et Universitgon |
43, Boulevard du 11 Novembre 1918, 69622 Villeurbanne Cedex, France
(Received 6 November 1998

Ab initio potential-energy curves and coupling matrix elements of the molecular states involved in the
collision of the B*(*S) multicharged ion on molecular hydrogen have been determined by means of
configuration-interaction methods. The total and partial electron-capture cross sections have been evaluated in
the frame of a semiclassical approach in the 10-170-keV laboratory energy range. Anisotropy and vibrational
dependence have been examined, at both the molecular calculation and collision dynamics levels.
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PACS numbes): 34.70+e

[. INTRODUCTION various internuclear distances of the diatomic by means of
Electron-capture processes of multiolvy charaed ionic s e[nulticonfiguration self-consistent-field calculations plus con-
L -capture p Ply 9 P figuration interaction based on the configuration interaction
cies in collision with neutral atoms or molecules are of Con-by perturbation of a multiconfiguration wave function se-

siderable interest in controlled nuclear fusion research ag .- | iteratively(CIPSIQ algorithm [11]. In order to pro-
well as in astrophysical plasmas. More and more attention is.

. ! . ! . vide the same description of the system in the different ge-
now beinng paid to charge-transfer reactions involving mo- . . .
) . . ometries, the calculations have been performed usingthe
lecular targets, in particular molecular hydrogen, which may L :
i | . . . “’symmetry group considering only the reflection on tXerj
be possible dominant processes in astrophysical environ- e . : .
: . plane containing the nuclei as symmetry operation, even in

ments with low electron or atomic hydrogen abundaridgs the linear approach. Relatively compact configuration
and are also essential in tokamak fusion plasmas. From an ; bp : y P ontg
) ; . . Interaction spaces, of about 300—400 determinants for the
experimental point of view, some data, mainly total cross . L L ;
; - zeroth-order diagonalization Hamiltonian, have been used in
sections, on collisions of carbon, oxygen, and, more recently, . )
. . : the calculation. Special care has been taken to construct sets

boron ions on a Ktarget are available, essentially at keV

of determinants providing the same level of accuracy over

intermediate .ene.rgies, as they _have -be(.an stimula_ted by ﬂ%ﬁe whole potential-energy surface with a threshojd
need of precise information on impurity ion behavior. Nev—zo_o1 for the perturbation contribution, providing a good

ertheless, while the theoretical treatment of ion-atom colli- - .
escription of the wave functions.

sions has considerably pro_gressed, relatively_ little detaile The basis of atomic functions used in the calculation is
WoT a5y e don o Ol (ESGIOTS, O M 2025 oL O cons redossy p-
2 2 T + fai
. timized on the B"(1s2s) + H collisional systenj12]. It has
of Erreaet al. [2—4], as well as the linear approach of the been  shown to( pro)vide 2 fair d(sa/scr?p[tio% of the

N2*+H, collision [5]. f .
We 2have thus undertaken a theoretical study of theBz+(152|2| ) levels n the double'capture process as W.e" as
B3* +H, reaction involving arab initio molecular calcula- a good agreement with the experimental data of Bashkin and

tion of the potential-energy surfaces and corresponding COUS_toner[lS] _for smgl_e capture levelgl2, 14, _
The radial coupling matrix elements between all pairs of

plings followed by a semiclassical dynamics in the 10-170-
keV laboratory energy range where experimental data are )
available[6—9]. Boron ions have indeed been the subject of z r
increasing interest as impurity in controlled fusion reactions
[10]; furthermore, the B"+H, system is a relatively simple
closed-shell system for which only the?§1s?2s) and
B2"(1s°2p) channels might be populated in single electron H
capture and could be considered as a benchmark for an ap- 3+
proach on ion-molecule collisions. 0 ]§

Il. COMPUTATIONAL METHOD

The geometry of the 8 -H, system may be described by
the internal Jacobi coordinat¢R,r, 6} as defined in Fig. 1.
The potentials have been determined for a large number of X
ion-H, distances in the 2—15 a.u range, as well as for differ-
ent approacheg from linear to perpendicular geometry, and  FIG. 1. Internal Jacobi coordinateR,f,6) used for B* +H,.

1050-2947/99/58%)/35697)/$15.00 PRA 59 3569 ©1999 The American Physical Society



3570 M. C. BACCHUS-MONTABONEL PRA 59

3 ~ 08
‘E -222 E a
?
—224 §
3
-22.6 H
-22.8
-23
-23.2
-23.4
-23.6
I 1
~238 5 : é 0 |‘o II2 14
R (a.u.) o o L
10 12 14
3 b R (a.u.)
L -222
w
,; 0.8 r 5
&
-22.4 2
-22.6 §
2
H
-22.8
-23
-23.2
-23.4
-23.6
-23.8
’:? e N L L
& -222 8 10 12 14
“ R (o.u.)
-224 ~ 08
;; N c
2 L
-22.6 £ o7 F
: .
-228 2
g 0.6 -
-23
05 |-
-23.2
0.4 :—
-23.4
o3 [
-23.8 L
1 02 ¢+
“B8 n é zls ||o ||z 14
R (a.0.) P
0.1 L&
. . . »
FIG. 2. Adiabatic potential-energy curves of tha’ and *A” A 5.
states of BH*" for r=1.4a.u.(—, 'A’, - , AT, (1) A state 0 f——rt AL ek i m L
dissociating to{B?"(2s)?S+H,"}, (2) A’ state dissociating to R(au)

{B%*(2p)?P+H,"}, (3) A" state dissociating to{B?"(2p)?P

+H,"}, (4) A’ state dissociating t§B*(2s?)!S+H*+H"}, and
(5) A’ state dissociating t¢B%*(1s?)'S+H,('S;)}. (8 #=0°

(linear geometry, (b) #=45°, and(c) 6=90° (perpendicular ge-
ometry).

FIG. 3. Nonadiabatic radial coupling matrix elements between
1A’ states of BH* for r=1.4a.u.(--------- L Ogg) e , Ooa:
——, Us5). (@ 8=0° (linear geometry, (b) 6=45°, and(c) 6
=90° (perpendicular geometry

states of the same symmetry have been calculated by meapgy reasons of numerical accuracy, we have performed a
of the finite difference technique, three-point numerical differentiation using calculationsRat
. +A andR—A for a very large number of interatomic dis-
gKL(R)_<\I,K|‘9/aR|\PL>_AIITO VACY k(R L(R+4)), tances in the avoided grossgilng region, in particular for the
sharp peaked coupling matrix elements.
with the parameteA =0.0012 a.u. as previously tested, and For this approach of ion-molecule collisions, the rota-
using the boron nucleus as origin of electronic coordinatestional coupling matrix eIement{stIfK|iLy|\IfL> between mo-
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FIG. 4. Nonadiabatic radial coupling matrix elememq be- —z28 [
tween A’ states of BH*" as a function of R,6),_1 4 .-

lecular states of different symmetries have not been taken 32
into account in the calculation. Nevertheless, the quadrupole
moment tensor between electronic wave functions has been 234

determined, allowing the consideration of translation effects
in the collision dynamics. In the approximation of the com-

-23.6

mon translation factof15], the radial coupling matrix ele- 258
ments between statds, and¥, may indeed be transformed
into 3
% ~222
(9 2 -22.4
\ITK ﬁ_(fK_EL)Z /ZR \PL ’ 3
-22.6 '_.
whereek ande are the electronic energies of stateég and A

¥, , andz? the component of the quadrupole moment tensor.
This expression, valid for any choice of electronic coordi-
nates, has been used with the boron nucleus as origin of 232
electronic coordinates.

-23.4

Ill. MOLECULAR RESULTS -236
The presentation of the potential-energy surfaces and ra- -288 . —
dial coupling matrix elements with respect to tRer, and R(au)

coordinates may be visualized successively as functions of £, 5 adiabatic potential-energy curves for tha’ and 1A”

(R,0);=ctand R,r)y-c in the 2-15-a.u. range fdk, and,  gates of BH* in the linear geometry {=0°) (—, A’; -,
respectively, in the 0°-90° range fat and 1.2-1.6-a.u. 1A"). (1) A’ state dissociating t682*(2s)2S+H, "}, (2) A’ state
range forr. dissociating to{B2*(2p)2P+H,"}, (3) A" state dissociating to
{B**(2p)?P+H,"}, (4 A’ state dissociating to{B*(2s%)!S

A. Anisotropy effect +H"+H"™}, and (5) A’ state dissociating to{B%'(1s%)'S

+Hy (). (@ r=1.2a.u.,(b) r=1.4a.u., andc) r=1.6a.u.
The potential-energy curves as a function of the ign-H A2} @ ®) 40

distance, for different approaches of th&'Bon, i.e., differ-  B*(2s?) and the entry channel, corresponding to a sharp
ent values of the angle are displayed in Figs(é@8— 2(c) for  radial coupling matrix elemeng,s. The variation of this

a fixed valuer =1.4 a.u. of the vibrational coordinate corre- coupling matrix element as a function éandR s displayed
sponding roughly to the equilibrium distance of thedol-  in Fig. 4. It is nearly independent of the approach angle
ecule. The corresponding radial coupling matrix elements arbetween #=0° and §=45°, but is, however, more pro-
presented in Figs.(8-3(c). As clearly observed, the main nounced in the perpendicular geometry, in correspondence to
feature is an avoided crossing arouRe=4.0 a.u. between the narrowing of the avoided crossing. This anisotropy is not
the double electron capturDEC) channel correlated to correlated to a noticeable displacement in the position of the
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FIG. 7. Nonadiabatic radial coupling matrix elemem be-
tween A’ states of BH®" in the linear geometry as a function of
(R,r)g=0- (@ R(a.u.)e[2,8] and(b) R(a.u.)e[2,5].

B. Radial dependence

The variations of theR,r) 4—c; potential-energy surfaces
and radial coupling matrix elements are much more compli-
cated. The results are presented in Figa)-55(c) and Figs.

FIG. 6. Nonadiabatic radial coupling matrix element between6(@)—6(c) for three values of the H-H distance in the linear

1A’ states of BH®" in the linear geometry=0°) (--------- » 014,
......... v 024 — Oss). (@ r=1.2a.u.(b) r=14a.u., andc)
r=1.6a.u.

geometry §=0°). Themain feature is the existence, for a
relatively shortr=1.2-a.u. distance, of a very pronounced
avoided crossing between the entry channel and the
B2*(2s?) double capture level arour@=6.0a.u., in corre-
spondence to a very sharp peak, up to 20.0 a.u. high, of the

avoided crossing. A detailed picture of the radial couplingg,s radial coupling matrix element. The variation of thgs
matrix elements shows besides a weak angular dependencadial coupling with respect tR,r) for different ion-H, dis-

for shorter distanceR, in particular, a shouldering of thgys

tance ranges, is visualized in Figsiay and 7b). Such a

matrix element in the perpendicular geometry. These reeoupling should lead first to a very diabatic crossing towards
marks are almost independent of the internuclear distancethe double capture channel, followed by a significant avoided

of the diatomic.

crossing aroundR=4.0 a.u. between this level and the entry
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channel. For its part, the peak of thps radial coupling
matrix element aroundR=4.0a.u. is not markedly depen-
dent on the interatomic distance of the diatomic, neither in
position, nor in height. It is slightly narrowed with decreas- :
ing r values, in particular for the=1.2 a.u. H-H distance,
and its position is displaced towards short distances by lesg
than 0.2 a.u. fronr=1.2—1.6a.u. This tendency has been
already noticed by Erreat al. [3], but the behavior of
B3* +H, is relatively different from that observed in the case
of Be** +H,, where the position of the radial coupling was
displaced by more than 2 a.u. and its amplitude divided by £
from r=1.2—-1.7a.u.[3]. Apart of the peak aroundR
=6.0a.u. ar=1.2a.u., the relative weak variations with the
corresponding vibrational coordinate observed for the
B3 +H, collisional system for theg,s radial coupling
around R=4.0a.u. should validate the use of Franck-
Condon-type approximations for collisional energies at leas
in the keV energy range.

""cm')

ss sections(10

10°
energy(keV)

IV. COLLISION DYNAMICS _ _
o _ . ~ FIG. 8. Total and partial cross sections for P +H,) sys-
The collision dynamics has been treated by a semiclasstem in the linear geometry, with respect to laboratory energies

cal approach using theikonxs program[16] based on an (——, oy with translation; ----, o without translation; ------
efficient propagation method in the 10-170-keV laboratoryo,s, ,, with translation; and - -- -, o5, 03, , ando,e2 with trans-
energy range. At the lower level of approximation, the mo-lation).

lecular vibration can be ignored and the ion-molecule colli-

sion may be visualized as an ion bumping into an anisotropic The calculation has been performed in the linear geometry
atom. The total and partial capture cross sections, correand translation effects have been investigated. The results
sponding then to purely electronic transitions, may be deterpresented in Fig. 8 show clearly that translation effects are
mined by solving the impact-parameter equation as in théegligible for this system all over the energy range of inter-
usual ion-atom approach, fixing the internuclear distance oést. The partial cross sections on thg 2p, and %7 levels

H, at ther=1.4 a.u. equilibrium nuclear separation. This are also presented exhibiting the important contribution of
approach has been shown to give reasonable total cross se&dagle electron capturéSEQ in the total process; the double
tions for energies greater than 100 eV/af®). Assuming capture is yet not negligible but decreases with increasing
that the nuclear vibration and rotation periods are mucleollisional energy. The total, single, and double electron-
longer than the collision time as in the sudden approximatiorgapture cross sections averaged over the different approach
method, an estimate of the vibrational motion of the diatomicanglesé for taking account of the anisotropy dependence of
molecule, neglecting the rotational modes of, Hnay be the collisional system are given in Table | and drawn in Fig.
obtained by introducing Franck-Condon factors in the frame9 with comparison to experimental data. The shape of the

work of the centrad approximation, cross sections is quite similar to that observed in the linear
geometry, in accordance with the weéklependence exhib-
ofS(v)= Ue'(req,v)FoV, (1)  ited by the molecular calculations. The experimental data are

relatively sparse at lower energies, but remain coherent and
whereF,, is the Franck-Condon factor between theahd may be visualized as proposed by Janev, Winter,

H,* vibrational wave functions, o _ _
TABLE I. Orientation-averaged cross sections fot"B-H, (in

4 - 16
Fou=(XoXTeq|X,? (Teq)?. @ 20
. . . . v (a.u) Eap (keV) O2s T2p Osec  ODEC Otot

This approximation is very crude and supposes that the vi

brational distribution depends only on Franck-Condon fac- 0-2 1080 014 155 170 460 630
tors, neglecting possible asymptotic energy defggtsit has 0.25 1688 036 294 330 383 713
been widely discussed by Erreaal.[17] on the B&*+H, 0.3 2430 086 410 496 316 812
collisional system and, while not satisfactory at low energies, 0.35 33.08 1.68 5.79 7.47 239  9.86
it has been shown to provide nevertheless a reasonable accu0.4 43.20 256 750 10.06 1.80 11.86
racy for impact energies greater than 500 eV/amu, in the 0.45 54.68 267 923 1190 150 13.40
energy range we are dealing with in this paper. Furthermore, 0.50 67.51 253 1025 1279 140 14.20
the relatively weak variations with observed for thegys 0.55 81.60 272 1032 13.03 142 14.45
radial coupling matrix element aroutiti=4.0 a.u. compared 0.60 97.21 332 970 13.01 143 14.44
to that exhibited in the B +H, system may give confi- 0.70 132.32 531 7.611 1292 125 1517
dence in the use of such an approximation for an approach of g.go 172.82 759 542 13.02 094 13.96

this ion-H, collisional process.
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< TABLE 1L Partial ~ cross  sections  for  the
: B3 +H,(v=0—B2?"+H," (1)  charge-transfer  process (in
5 i 10" *8cn) for different collision velocitiey (in a.u).
i A v v=0.2 v=0.25 v=0.3
5 0 0.154 0.300 0.450
b 1 0.272 0.529 0.793
2 0.296 0.575 0.862
3 0.259 0.505 0.756
“ 4 0.203 0.395 0.592
5 0.149 0.290 0.435
6 0.106 0.206 0.308
7 0.074 0.143 0.215
8 0.051 0.099 0.149
2 [ ) bEC 9 0.035 0.069 0.103
------------------------------------------ 10 0.024 0.048 0.072
0 L ‘ R 11 0.017 0.033 0.050
10’ energyier)’ 12 0.012 0.023 0.035

FIG. 9. Orientation-averaged total and single electron-capture
cross sections for theB3* +H,} system with respect to laboratory code[21]. The partial cross sections of smgle electron cap-

energies(—, o -  Tsp, e | e e ture in the BT (1S)+H,(v=0) collision, o5S(v), are dis-
Texp [18)) +, Gardneret al. [6]; ®, Crandall, Phaneuf, and Meyer played in Table II. They show a maximum of the capture on
[7]; and*, Goffe, Shah, and Gilbod}8]. the v=2 vibrational level of H". Unfortunately, no experi-

mental data was available for comparison.

and Fritsch18]. Our results reproduce reasonably well their
tendency with an increase of the cross sections up to about
100 keV and a decrease for higher collisional energies, as in This work provides accuratab initio potential-energy
Goffe's experiment$8]. surfaces and radial coupling matrix elements for tié-BH,

The vibrational behavior of the Hmolecule during the collisional system. The anisotropy dependence has been
collisional process has been evaluated by using(Eq.The  shown to be relatively weak for this ion-molecule reaction.
vibrational energy levels and Franck-Condon factors hava&he collision dynamics exhibits an important contribution of
been calculated in the anharmonic approximation by meansingle electron capture, even though double electron capture
of the Hutson’s methoflL9], valid for vibrational levels even should be taken into account. Some further experimental data
near dissociation, taking for Hhe energy curve of Kolos should be welcome for a more precise comparison, in par-
and Wolniewicz[20], and for B the potentials determined ticular, concerning the description of the vibrational motion
by means of an elliptical orbital method using tbexiL of the diatomic molecule.

V. CONCLUDING REMARKS

[1] P. C. Stancil, P. S. Krstiand D. R. Schultz, ifAtomic Pro- [7] D. H. Crandall, R. A. Phaneuf, and F. W. Meyer, Phys. Rev. A

cesses in Plasmaedited by E. Obs and M. S. PindzdlalP, 19, 504 (1979; D. H. Crandall,ibid. 16, 958 (1977).

New York, 1998, p. 185. [8] T. V. Goffe, M. B. Shah, and H. B. Gilbody, J. Phys.1R,
[2] L. F. Errea, J. D. Gorfinkiel, C. Harel, H. Jouin, A. Masj L. 3763(1979.

Meéndez, B. Pons, and A. Riera, Phys. SB82, 33 (1996. [9] F. Fraija, M. Druetta, D. Hitz, and M. C. Bacchus-Montabonel,
[3] L. F. Errea, J. D. Gorfinkiel, E. S. Kryachko, A. Masi, L. in Proceedings of the VII International Conference on the

Méndez, and A. Riera, J. Chem. Phyi€6, 172(1997. Physics of Highly Charged lons, Vienna, 19%tlited by F.
[4] L. F. Errea, J. D. Gorfinkiel, A. Maas, L. Mendez, and A. Aumayr, G. Betz, and H. P. WintdNorth-Holland, Amster-

Riera, in Proceedings of the IX International Conference on dam, 199%; F. Fraija, Doctorate thesis, University of Lyon,

the Physics of Highly Charged lons, Bensheim, 1@@&ed by Lyon, France, 1994unpublishegl

P. H. Mokler (The Royal Swedish Academy of Sciences, [10] R. K. Janev, Phys. Sc.62, 5 (1996.

Stockholm, in press [11] B. Huron, J. P. Malrieu, and P. Rancurel, J. Chem. PBs.
[5] P. C. Stancil, B. Zygelman, and K. Kirby, iRhotonic, Elec- 5745(1973.

tronic, and Atomic Collisionsedited by F. Aumayr and H. P. [12] M. C. Bacchus-Montabonel and F. Fraija, Phys. Rev4%\

Winter (World Scientific, Singapore, 1998p. 537. 5108(1994.

[6] L. D. Gardner, J. E. Bayfield, P. M. Koch, I. A. Sellin, D. J. [13] S. Bashkin and J. O. Stonektomic Energy Levels and Grot-
Pegg, R. S. Peterson, M. L. Mallory, and D. H. Crandall, Phys. rian Diagrams(North-Holland, Amsterdam, 1975
Rev. A 20, 766 (1979. [14] M. C. Bacchus-Montabonel, Phys. Rev.58, 3667(1996.



PRA 59 THEORETICAL TREATMENT OF ELECTRON-CAPTURE . .. 3575

[15] L. F. Errea, L. Madez, and A. Riera, J. Phys. B5, 101 [18] R. K. Janev, H. P. Winter, and W. Fritsch, #tomic and

(1982. Molecular Processes in Fusion Edge Plasmedited by R. K.
[16] R. J. Allan, C. Courbin, P. Salas, and P. Wahnon, J. Phys. B Janev(Plenum, New York, 1995 p. 341.
23, L461(1990. [19] J. M. Hutson, J. Phys. B4, 851 (1981).

[17] L. F. Errea, J. D. Gorfinkiel, A. Maas, L. Mendez, and A.  [20] W. Kolos and L. Wolniewicz, J. Chem. Phy49, 404 (1968.
Riera, J. Phys. B0, 3855(1997. [21] M. Frecon (private communication



