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Electron capture and excitation process in collisions of doubly charged ions%f With neutral He in
either a metastabléS or 3S state are investigated using a theoretical model based on the adiabatic represen-
tation of the collision complex. Bothb initio and model potential calculations are used to treat the adiabatic
states of the H&' molecular ion. A fully quantum mechanical treatment of the dynamics is adopted. Cross
sections are calculated for energies ranging from?1® 400 eV/amu. The singlet and triplet metastable states
exhibit very pronounced differences in the low eV energy range. Whereas, electron capture and excitation
occur simultaneously in collisions with'3 metastable He, electron capture is dominant in collisions wits 2
metastable He.

DOI: 10.1103/PhysRevA.64.022707 PACS nuntber34.70+e, 34.20=b

[. INTRODUCTION Because of the proximity of the excitation channels corre-
lated to the ($2p) configuration of He, it is also necessary
Electron capture by multiply charged ions from neutralto take into account the possibility of the following excita-
atoms can lead to the selective population of specific excitetion processes:
states, which may be used as a diagnostic in both laboratory
and astrophysical plasmas. This is of special importance in He(1s2s)'S+He?" —He(1s,2p) 1P+ He? ™, (3)
ECR plasma sources, where there is a continuous injection of
neutral gas interacting with the multicharged ions of the plas-
mas. An interesting case is the conversion of Héo He"
by charge exchange in collisions of Hewith He. For He in
the ground state, there is general agreenfieoth theoretical Il. METHOD
[1-8] and experimentdl9]) that the single electron capture
cross section is very small for energies less than 10 keV/ The first stage of the calculations is to determine the adia-
amu. At low energies, the most favorable reaction involvingbatic energies and nonadiabatic couplings of the molecular
ground state He is double electron capture, which of coursén. Bothab initio and model potential methods are used.
leads to no net change in the ionic abundances. On the other In view of the fact that the electron capture and excitation
hand, it is expected that e can easily capture an electron processegl)—(4) involve only singly excited states of the
from metastable He, leading to the production of two singlyHe;>* molecular ion, the core s orbital of He plays a
charged Hé ions. Calculations by Fritscfi7] suggest that purely passive role. We may then expect a model potential
the cross section for single electron capture from He in thénethod to provide a satisfactory description of both the elec-
metastable (2S) state attains a value of the order of 7  tron capture and excitation processes. It may be remarked
cn? at an energy of 4 keV/amu. But there seems to havéhat in this model no account is taken gfu symmetry.
been little work on such processes at lower energies_ Since there is no significant overlap between tkeotbitals
The aim of the present work is to investigate electroncentered on different nuclei for internuclear distances greater
capture involving collisions of He with metastable He in than about 2, and since the processé—(4) are governed
either the S or 21'S state. An adiabatic representation of by internuclear distances greater than abaay, $he lack of
the molecular ion provides the simplest way to study suctg,u Symmetry in the model potential method should not in-
reactions at low collision energi¢less than a few keV/amu  troduce any serious error.
From the network of avoided crossings of the adiabatic po- In any case, the assumption of the model potential method
tential energy curves, it is clear that the most likely avoidedcan be tested bgb initio calculations. As we shall see, the
crossings are those leading to capture in excited3 Ryd-  g,u states are degenerate for all internuclear distances of
berg states of He: interest.

He(1s2s)3S+ He?t —He(1s,2p) 3P+ He? ™. (4)

1 + + 2 + —
He(1s2s)'S+He*" —He" (1s)?S+He" (n=3)), (1) A. Mode! potential method
He(1s2s)3S+He? " —He' (15)?S+He" (n=3)). (2 The first step is to construct a model potential to describe
the electron interaction with the helium core. Since meta-
Of course, detailed calculations are required to ascertaigtable He has an open shell configuration, two different sets
which crossings are the most effective for electron captureof parameters are used, one for the triplet and the other for
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TABLE |. Model potential parameters.

Symmetry a; b, a, b, as bs ay b,
Singlet 2.1929 3.426 —20.42 7.4538 8.9981 2.849 -—2.117 2.216
Triplet 5.175 5.3732 1.6788 2.1266

the singlet manifold. Following the method proposed by Va-core polarization is relatively unimportant for the charge
liron [10] and Valironet al.[11], we have used model poten- transfer process, it is sufficient to considét, as the
tials expressed in the form nuclear Coulomb repulsion.

2

R (12)

Ucore=

11
VN=-r-7 2 Ga.nes-br, (&

The spectrum of the model HamiltonigdO) is deter-
mined by a standard variational method using a set of mo-

where theG; expressions are defined by

Gi(as,r)y=1+ayr, (6) noelectronic Slater orbitals. We present in Figs. 1 and 2 the
corresponding potential energy curves.
Ga(ay,r)=ayr, (7 In the singlet manifold, we observe two major avoided
crossings, both of which have a direct influence on the exci-
Ga(as,r)=asr?, (8)  tation and charge transfer processes: one around d4,.¢4&
other around 18.38,. Identification of the channels affected
Ga(ag,r)=ayrs. 9 by these crossings requires a calculation of the nonadiabatic

radial coupling matrix. By this means, we are able to identify

_Thea; andb; parameters are listed in Table I, and they,o 11 45 avoided crossingenergy separation 0.58 @V
eigenvalues of the corresponding model atomic Hamiltonian, it the interaction of th& , and3 5 channels and the other
are compared with the experimental energy values of th

Ground 18.38, (energy separation 0.85 @With the inter-
neutral helium atom in Table Il. The precision of the com- . o ( gy separad BWi !

ted levels is ad e for th icul licati action of theX; andX , channels. The inner 11.45 avoided
ggtrewisevcgrrlgy vels IS adequate for the particular applica Ionéros:sing leads to excitation of the HaIp)'P state, while

o . . the outer 18.38, avoided crossing leads to charge transfer to
The He?* molecular ion is treated as a single active elec o 9 9

. "He" in the excited channei=3 state. We can deduce using
+
tron system. Taking t_he Hecore atA and_ the H&" nucleus a simple Landeau-Zener model that excitation is likely to
at B, the model Hamiltonian may be written as

dominate over charge transfer process at low energies. From

2
HmodeI:T+VHe+(rA)_E"'Ucoreu (10 0

whereT is the electronic kinetic energy, amg andrg are,

respectively, the electron position with respect to the g5 Singlet ]
He" (1s) core and the He' nucleus. The H& -core inter- ]
action is designated in expressi¢t0) by U.,,. Since the '(:E
TABLE Il. Comparison of calculated and experimental energy 8 .q 1 . i
levels in a.u.(omitting the He core energy of the singlet and % - 1
triplet series of helium. & He(1s2p)'P+He®
5 ]
Symmetry nl Model potential Moord12] %_0’15 i He(152s)'S+He®"]
Singlet 152 —0.8989 —0.9033 < I
1s2s —0.1462 —0.1459
1s2p —0.1239 —0.1238 02 L
1s3s —0.0614 —0.0613 ’ He*(1s)+He"(n=3)
1s3p —0.0559 —0.0551 N S R B
1s3d ~0.0552 ~0.0556 s o 15 200 25 30 35 40
Triplet 1525 . 0.1749 01752 Internuclear Distance (a.u.)
1s2p —0.1331 —0.1332 FIG. 1. Model potential method: He/Fie singlet adiabatic po-
1s3s —0.0687 —0.0687 tential energiegomitting the H& core potentigl as a function of
1s3p —0.0581 —0.0581 internuclear distanceX,, He"(1s)+He"(n=3); 3,, He"(1s)
1s3d —0.0556 —0.0556 +He"(n=3); 35, He'(1s)+He'(n=3); 3,, He(ls2s)'S
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0 A The X,,2,,25 states can therefore be labeled iy, ,n,,

andm and their asymptotic energies vary wihaccording to

] 2 3

-0,05 ] E(n,nl,nz)z—ﬁ—ﬁn(nl—nz). (13
e
8 Triplet 1 For n=3, a comparison of the energy values according to
8 o1 | ] formula(13) with the adiabatic energies allows us to identify
g the; (j=1,2,3) molecular states with the atomic states, at
uE the dissociation limit, as follows:
§-0,15 I i 31=|m=0,n;=0,n,=2), (14)
< . ]

T, He(is2s)’S +He?| 3,=|m=0,n;=1n,=1), (15
o0z | 33=|m=0,n;=2n,=0). (16)

| | | IH e"(1s)+IHe"(n=3)

5 10 15 20 25 30 35 40
Internuclear Distance (a.u.) To test the accuracy of the model potential calculations
described in Sec. Il A, we have calculated the adiabatic en-
FIG. 2. Model potential method: He/Fe triplet adiabatic po-  ergies of the molecular ion by a standard configuration inter-
tential energiegomitting the Hé core potential as a function of  zction method using the total Hamiltonian
internuclear distanceX,, He"(1s)+He"(n=3); 3,, He"(1ls)
+He"(n=3); 33, He'(1s)+He"(n=3); 3,, He(1s2s)3S 1 4
+HeT. HtotaI:h1+h2+r_12+§1 17)

C. Ab initio method

Fig. 1 we can easily see that other long range crossings améhereh; (i=1,2) is the single electron Hamiltonian defined
all diabatic. A set of avoided crossings is also observed Ry
short internuclear distances aroundy5These have only a 2 2
secondary influence on excitation and charge transfer. hi=T— —— —. (18)

In the triplet manifold, the principal feature is the pres- Fa T
ence of an isolated avoided crossindRat=19.93, (energy L )
separation 0.26 eMnvolving the S, and3., channels. The i denotes the kinetic energy of the electionm,, andryg,
3, channel is subject to two avoided crossings: an outelPeing, respectively, its radial distance with respect to centers
unimportant diabatic one @&,=22.5, and a more impor- A andB. S ,
tant inner one aR,=10.83, (energy separation 0.18 ¢V The spectrum .Of. the total Hgmlltonla_n IS determlned by
From the calculated energy separations at the crossings agqnventlonal v_arlatlonal technl_ques using a b"?‘s's set O.f
the nonadiabatic coupling matrix, it can easily be deduce ater-type orbitals expressed in prolate spheroidal coordi-
that both the 198, and the 10.8, avoided crossings lead to nates {,ui, ;) where
charge transfer processes. Contrary to the singlet manifold, it
is observed that there are no avoided crossings leading to ; .M ,
excitation in the triplet manifold. R R

l:rAi'H’Bi _Tai—Tsi (19

and ¢; is the azimuthal coordinate. Th(1,2) basis func-
tions are expressed in the form of an antisymmetrized prod-

B. Identification of the molecular states at the dissociation . .
uct of monoelectronic Slater orbitals as

limit

It may be remarked that all three adiabatic statgs 3 ,, ap(L,2={fa(1)f,(2) = fp(1)fa(2)}x(1,2), (20)
and2 5 lead to electron capture in the Hgn=3) state. It is ) 4 ) _
obvious from Figs. 1 and 2 that their interactions with thewhere f4(i)=fz(\,u)eM% (B=ab andi=172) is a
initial and excitation channels differ markedly from each function that generally is not separableNpand i, mg is
other. Their asymptotic behavior can easily be obtained byhe projection ¢-A) of the electronic angular momentum on
Considering the perturbation of a He']:3) atom by the the internuclear axis, an}d(l,Z) is the singlet or triplet spin
long range interaction due to the Hgls) ion. function.

The perturbation is diagonal in the representation of the In practice, we have used, respectively, 155 and 53 basis
parabolic quantum numbers,, n,, and m. The principal function for the singlet and triplet manifolds, with the param-

quantum numben is deduced from the relatigii 3] eters as given in Table Ill. _ _
In determining the Hamiltonian matrix elements, the main
n=n;+n,+|m|+1. (12 difficulty concerns the evaluation of the bielectronic integral
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TABLE lll. Slater-type-orbital basis. -2 . | T

n I m a
1 0 0 2.00 2,05 | ]
1 0 0 1.34 Triplet
2 0 0 1.00 5
2 1 0 1.00 7‘}
2 1 0 0.54 g 21 .
2 1 *1 1.00 o
2 1 *1 2.20 -
2 1 *1 0.54 3 :
3 0 0 0.67 g 218 ]
3 1 1 0.67 < Ho(1525)’+He?"
3 2 1 0.67

.2‘2 -

He*(1s)+He*(n=3)|

(Pap(1,2)|1hr 15 4p¢ 4(1,2)). The method used in the present 0
work is based on the work of Henriet al. [14], details of 5 10 |15 |2° Di 25 80 85 40
which can be found in the Appendix. We just mention here nternuclear Distance (a.u.)

that for a given set ofX;, u; ,¢) coordinates integrals over  giG. 4. Ab initio method: He/H&" triplet adiabatic potential
the variables¢, and ¢, can be carried out analytically in energies. 3,, He"(1s)+He"(n=3); 3,, He"(1s)+He'(n
terms of elliptic integrals. Then the integrals involving the =3); 5., He"(1s)+He"(n=3); 3,, He(1s2s)3S+He?".
(N\j,mi) coordinates are computed using a Gauss-Laguerre
quadrature. energy separations of the avoided crossiigble V). The
The computed adiabatic energies confirm that, for th@argest apparent difference concerns the location of the long
range of internuclear distances given in Figs. 3 and 4, theistance singlet avoided crossing. It is seen from Table V that
adiabatic energies of thg,u states are essentially degener-the error of theab initio calculation for the dissociation limit
ate. It is therefore legitimate to assume that tiseotbital is  is about 0.25% in the singlet case and 0.05% in the triplet
simply a spectator in the collision processes and that we neeghse. This is sufficient to explain the differences between the
not take account of exchange processes involving the lab initio and model potential determinations of the crossing
electron. radii. Since the model potential parameters are chosen to
By and large, theab initio and model potential calcula- give the correct dissociation limit it is probable that the
tions are in excellent agreement for both the positions angéhodel potential results are more precise than dheinitio
results for both the position and energy separation of the
S — avoided crossings. In any case, even without any adjustment
1 of the dissociation limit, both thab initio and model poten-
tial calculations will yield very similar results for the colli-
sion process.

-2

-2,05

= 11l. NONADIABATIC COUPLING
&
Y - . In view of the excellent agreement of the model potential
L o4 i . . . . S .
<) ] adiabatic energies with thab initio calculations, we have
E He(1s2p)'P+He?* | chosen to calculate the nonadiabatic matrix elements using
e ] model potential wave functions. This choice was not dictated
§ ois | He(1s2s)'S+He™ | only by the desire to simplify the calculations. The main
S 215 | i
b, I
TABLE IV. Comparison of ab initio and model potential
avoided crossing parameters.
22 L : . -
He*(1s)+He*(n=3) Model potential Ab initio
P T S N T T T N TN T T A S T T AN S T A SN T A N S N
5 10 15 20 25 30 35 40 Symmetry  Crossing R, (ag) Ay (eV) Ry (ag) Ay (eV)
Int lear Dist U,
nternuclear Distance (a.u.) Singlet >,-S, 1838 085 1817  0.89
FIG. 3. Ab initio method: He/H&" singlet adiabatic potential 34-3 11.45 0.58 11.55 0.57
energies. >,, He'(1s)+He'(n=3); 3,, He'(ls)+He'(n  Triplet 212, 19.93 0.26 19.77 0.27
=3); 35, He'(1s)+He"(n=3); 3,, He(1s2s)'S+He*"; 35, 3,-%, 1083 0.18 10.84 0.16
He(1s2p)'P+He? .
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TABLE V. Asymptotic separated-atom ionization potentials in 0,2 | | L B
a.u. Triplet
Model
Asymptotic atomic states potential Moorg/12]  Ab initio
He(1s2s)'S+He?t 0.1462 0.1459 0.1409
He(1s2s)3S+He?t 0.1749 0.1752 0.1742 i

reason is that reactiond)—(3) are governed by very long
range avoided crossing$crossing radii in the range
(10—20)p]. Past experience with such calculations indicates
that, under such conditions, model potential techniques have
the advantage, in that they guarantee the numerical accurac

Radial Coupling (a.u.)

of the matrix elementéwithin the physical limitations of the
method. Another reason was the need to modify the adia- I
batic basis to take account of the lack of Galilean invariance g Lo+ . . . v v v v v 00 L
of standard scattering equations. One way is to introduce 5 10
appropriate reaction coordinatgk5] such that all nonadia-

15 20 25 30
Internuclear Distance (a.u.)

batic coupling terms vanish in the asymptotic limit. This pro- g, 6. He/H&* radial coupling matrix elements for triplet
cedure has given satisfactory results and we have been alf@anifold.  Ap=(S,|d/dRIS,),  Aw=(S1|dldRIS.),  As

to use the program developed by Gargatdl.[16] without  =(5,|9/dR|3,).
any major modification. Of course, other procedures exist

[17,18, but for the energy range of interest in this work,

such methods should yield very similar results.

In practice, the radial coupling elements have been dete
mined using the finite difference technique. Translation ef-
fects have been taken into account using reaction coordinat
[19]. In Figs. 5 and 6, we present the radial coupling matrix
elements susceptible to inducing transitions between differ-.
ent molecular states and whose different peaks correspond
the avoided crossings cited above. The elements that are n
illustrated here either have a weak magnitude or manifest g
short internuclear distance highly peaked elements whose ir,E.-

fluence will be negligible for the dynamics.

For the singlet case, it should be remarked thatAhg
radial coupling element matrix responsible for the electronic
rc’apture is smaller than th&,5 element that leads to excita-
tion of the He(k2p)'P state. We therefore conclude that
&xcitation accompanies capture for the singlet manifold.
From our calculations, it is seen that electron capture prin-
ipally populates the Stark sta®;(n;=0n,=2) of He'.

f course rotationalCoriolis) coupling will lead to a mixing
((# this state with>, andlIl states. But this will not affect the
otal electron capture cross section to tive 3 state. Rota-
ional coupling need only be introduced if information on the
population of the sulpa levels is required.

0'6"I""l""l""l""

0,4

o
[

Radial Coupling (a.u.)
o

o
[
T

I
v

-0,4||I||||l‘||I

Singlet

i

IV. RESULTS

The electron capture and excitation cross sections have
been calculated by a quantum mechanical coupled state pro-
gram as described by Gargaatlal. [16]. Account has been
taken of all theX, states involved in the crossing network.

7 Results are presented, respectively, for the singlet and
] triplet systems in TablesVI and VII. A graphical presentation
of the results is given in Figs. 7 and 8.

The most striking aspect of the results concerns the very
different behavior of the singlet and triplet systems. The on-
set of electron capture by Fe from He(2!S) occurs at
about 30 eV/amu and the cross section rises uniformly with
increasing energy, attaining a value of aboutB) °cn? at
400 eV/amu. Above 400 eV/amu, the cross section begins to
level off. So we have reason to expect that our calculations

5 10 15

20

25 30 35

Internuclear Distance (a.u.)

FIG. 5. He/H&" radial coupling matrix elements for

manifold.  A,=(31|d/IR|Z,),
=(34|9IR|Zs).

A14:<21|‘9/‘9R|24>1

are consistent with those of Frits¢f] at energies above 4
keV/amu. The onset of electron capture by?Hefrom
He(23S) occurs at much lower energi¢about 1 eV/am
singlet and the cross section rises to a maximum of about 2
A, x10 *cn? at a collision energy of 350 eV/amu.

One other notable feature concerns the excitation chan-

40
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TABLE VI. Cross sections in units of 13° cn? for electron capture and excitation in collisions of?fle
with He(21S). The quantitiesr;, o,, and oy refer to electron capture into the individual Stark statese
text) of He' (n=3), o141 designates the electron capture cross section summed over all of the Stark states,
and o, citation d€Signates the cross section for excitation of tHé Ztate of He.

Elab (eV/aml.) 01 (0] O3

Ototal OTexcitation
06.80 4.74x10°3 1.200< 102 1.740< 1073 1.850< 102 02.258
13.60 4.72x 102 8.960x 10 2 1.530<10? 1.520<10°* 11.938
27.20 1.81x10°* 1.890<10 ¢ 2.920<10 2 3.990< 10! 25.618
54.40 2.070 1.107 1.66010 * 3.382 46.179
108.80 5.856 1.238 3.13010°* 7.407 48.708
163.20 14.466 2.370 1.68010°* 16.994 53.933
204.00 16.854 1.915 2.31010 ¢ 19.101 51.966
272.00 25.843 2.205 5.39010 * 28.651 61.798
408.00 43.371 4.516 1.159 49.213 68.539

nels. The cross section for excitation of He(2p)*P in the ~ €xcitation mechanisms are highly selective in the energy
singlet system is much larger than the electron capture crogg@nge below 1 keV/amu.
section, ranging from % 10~ *° cn? at 60 eV/amu to a maxi-
mum of nearly 810 *° cn? at 350 eV/amu. The domi-
nance of the excitation channel is also found in the calcula-
tions of Fritsch. On the other hand, excitation of The calculations have been performed on the IBM RS/
He(1s,2p)3P in the triplet system is negligible. 6000 computer at the Center de Calcul et Recherches de

The dominant electron capture channel for both the sinJussiedCCR). We are grateful to M. Krawczyc for his help-
glet and triplet systems is the Sta¥kstate o,=0n,=2). ful cooperation on the numerical calculations. Thanks are
The cross section for electron capture to the Starktate also due to Professor C. Le Sech for fruitful discussions.
(n;=0hn,=1) is an order of magnitude smaller than the
cross section for the dominant channel. Electron capture to
the Stark>, state 6,=2,n,=0) is negligible.

It would be of great interest to have some experimental For a two-electron system, thg, ,(1,2) basis functions
measurements on this relatively simple system involving colused in variational calculations to solve the total Sdiger
lisions of HE* with metastable He. The electron capture andequation are taken to be antisymmetrized:

ACKNOWLEDGMENTS

APPENDIX

TABLE VII. Cross sections in units of 10° cn? for electron capture in collisions of Ke with
He(23S). The quantitiesr;, o, ando refer to electron capture into the individual Stark stdte texk of
He"n=3, oo designates the electron capture cross section summed over all of the Stark states.

Ejan(eV/amu) o o) o3 Ttotal
1.36x 102 1.190< 10 * 2.970<10 2 7.700< 10 *? 2.980< 10 2
6.80x10 2 5.990<10°° 1.920x 10?2 3.440<10 %2 1.920< 102
6.80x 10 * 9.900x 102 7.180x 10 ? 2.130x10°° 1.710x10°*
1.36 8.620x10°* 3.792 1.03x 108 4.635
2.72 4.223 15.082 2.86010°8 19.304
4.08 8.498 21.094 3.96010 8 29.593
5.44 14.241 25.891 5.13010°8 40.132
6.80 19.523 30.618 5.67010° 8 50.001
13.60 43.259 34.832 6.54010 8 78.287
27.20 79.038 34.072 6.14010 8 113.111
40.80 101.583 39.072 5.360L0 8 140.655
54.40 115.730 34.832 4.64000° 8 150.001
108.80 144.102 30.160 2.9400 8 174.439
163.20 160.112 26.824 2.2%a0°7 186.798
204.00 161.517 26.545 1.7800 8 188.203
272.00 167.135 29.635 1.3za0 8 196.629
408.00 165.393 22.921 9.0xa0 ° 188.315
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80 T T T the monoelectronic spatial orbital, which may be expressed
. ] in prolate spheroidal coordinates,(u, ¢), in the form
70 n Singlet chcitalion
ok ] Ga(D) =N\ = 1)(L— uf)] M2\ Popufte
5 : ] aR ,
¢ s0f ] Xexp — - (Aj+ €au;) |€XPNiMagh))
o L 4
g 40 :_ : :fa(J)qulmad)J)l (A2)
§ ol :
o 30 where N designates a normalization coefficienp,(d,) is
@ f an entire setg is a positive variational parameter,= +1
S 2%t depending on the limit of dissociation of the functigg(j),
E and m, is the projection f=A) of the electronic angular
10 momentum on the internuclear axis.
: We show in this Appendix how to calculate the integral
Y : e analytically over thep, and ¢, coordinates involved in the
° 50 teo TS0 B00 280 300 80 400 bielectronic matrix element calculations,
Energy (eV/amu)
FIG. 7. Cross sections in units of 18 cn? for electron capture I =< Yap(l,2| =——= l/lcyd(1,2)> , (A3)
and excitation in collisions of Hé with He(2!S). The quantities Iri—rs

o, 0y, and oy refer to electron capture into the individual Stark

states(see text of He"(n=3), oora designates the electron cap- \here|r,—r,| can be expressed in prolate spheroidal coor-
ture cross section summed over all of the Stark states, aneinates as

Texcitation designates the cross section for excitation of théRp

state of He. L
Iri=rol=VA=BV1-K*sin[ (b~ $1)/2]  (A4)
1
hap(1,2)= E[ga(l)gb(z) *0a(2)9p(1)]1x(1,2), with
(A1) =2
wherex(1,2) is the total singlet or triplet spin function agd A= —-[(A\1+ p1)?+ (Aot p2)®=2(N g+ 1) (Aapp+ 1)1,
25O""l""l""l' L LA L L L B | (A5)
. R2
oo P B= V- DA pD VOG- D14, (A6)

€ 0 and

(]

o 150

o L

A= 5 12 2B

s | Ke=K“(Ny, 1, N2, 02) = B_A" (A7)

3 100

» I

3 The bielectronic integrdl in Eq. (A3) can be written as a

o . sum or a differencel=1.,%+1,,) of two termsl., and |y

50 called, respectively, the Coulomb and exchange integral,
given by
. ]
0 50 100 150 200 250 300 350 400 | _f f fa(1)fp(2)c(1)Fa(2)
co—
Energy (eV/amu) A-B

FIG. 8. Cross sections in units of 18 cm? for electron capture g!(Me™Ma) 16! (Mg~ Mp) 62
in collisions of H&" with He(23S). The quantitiesr;, o5, ando X \/1— Z sir? =52 drdr, (A8)
refer to electron capture into the individual Stark stdsee text of Sin (2~ ¢1)/2]
He'(n=3) ando,, designates the electron capture cross section
summed over all of the Stark states. and
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whereJ(K) =J, p.c.qa(K) is the integral defined by

fa(1)fp(2)fe(2)f4(1)
Iex_f f A B

2w 2w eim(ﬁ,
@i (Mg~ Mg) b i (Me = M) b In(k)= | = debz | 1—kzsin2(q§’/2)d¢’
X dTlde. (Ag)
V1-K2sir?[ (o~ ¢1)12] 2n gimd
=27 : de'. (AL7)
Heredr, anddr, are the volume elements. 0 V1—KZsirt(¢'[2)

For a given molecular symmetry, we haie=|m,+m|
=|m¢+my|. The above integral$., and I, can be ex-

pressed as follows: For symmetry reasons, the imaginary part in &l7) van-

ishes and the above expression can be reduced to

| _J J fa(1)fp(2)fe(1)fa(2)
VATE =27 [T —dy
. _ !
eim(é2—¢1) 0 V1-k"sin(¢'/2)
X dridr,, (A10) w2 cog2me’)
1—K?Sin[ (o~ p1)12 = ——————d¢'.
V1= K2 i (d— ¢1)/2] 87 ), et A19
fa(1)fp(2)fa(1)fc(2)
Iex:f f A—B For a given value of the set\(,uq,\o,u2), we fix the

value ofk according to the rul¢A7), and the integralA18)
elm' (¢2— 1) can be expressed in terms of the elliptic integrfaland E

dr,dr,, (A11)  defined by

X
V1-K2Sire[(hy— b1)/2]

with F (k)= fw/z dx AL9)
M=M= Mc=Mg— My, (A12) 0 V1-KZsirPx

m' =m,—mp=my;—Mmy. (A13)

E(k)= foﬂzx/l—kz S xdx (A20)

Following Herrietet al. [14], it is practical to make the
change of variables

{1, Dot —{b1— b2, b2}, (A14) In practice we have calculated ti (A =0) molecular

states of the H&" system. We have takem,=m,=0 and

dpdd,=dpid|d1— do|=dpdd’, (P’ =|d1—d2|), m,=—m,=1, which yield to two possible values ¢m|
(A15) equal to 0 and 2, involvingly(k) and J,(k) expressions

i by[20
which allows us to expreds, as given by[20]

R® _
o=z O [ [ 03—t dy O =F, A2h
2 2 L2
xf()‘z #2)To(2)To(2) dppdin(K), (A16) 3,0 = —F(k)+2| SE(k)— = K FK)|. (A22)
VA—-B k2 k2
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