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State-selective electron capture in collisions of ground and metastable’Nions with H(1s)
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An ab initio calculation of the electron capture cross sections for collisions of ground and metastable states
of N2* with H(ls) is presented. Total cross sections are evaluated'fNr impact energies from 2
X 1072 to 300 keV, using both quantal and semiclassical treatments. The results are compared with experi-
mental and previous theoretical data, and are used to check the presence of metastable ions in the beams
employed in the experiments. Partial cross sections are also presented and related to the collision mechanism.
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I. INTRODUCTION E=10 keV, and there is a shift to lower energié&
=2 keV) of the local maximum found by Wilkiet al. [5] at

Electron captur¢EC) in ion-atom(-moleculg collisions oo . . i
ptureEC) ( 9 =5 keV. This discrepancy is tentatively ascribed @ to

is important in astrophysical and fusion plasmas. However- o X . .
the measurement of cross sections for these processes is ('Sf ;)[r;sence of vibrationally excited; i the experiment of
ten difficult due to the presence of unknown quantities of "~ " . - .

. . . + -
metastable species in the ion beam, and only recently hay, a-tr(? igﬁgﬂfﬁ: ovr\:oc::f ‘;g%s\r g I—:nc?rlllésgrl]sé (Ieng:‘ui?r?pg]c? évr\:gr-
double translational energy techniques allowed measureme% A

fEC . for 1 in both d and bl es from 8.1x10™° to 80.4 keV. Herreroet al. [9] per-
of EC cross sections for ions in both ground and metastabl, meq 5 guantal close-coupling calculatichiplets only)

stategsee(1,2)). In particular, N beams from the usual ion ¢ £ <1 kev, which yielded total cross sections in reason-
sources are, in principle, a mixture of unknown proportionsyp|e agreement with the experimental data of R&if.except

of ground state(2s2p °P°) and metastablé2s2p® “P) ions  for a maximum of the calculated cross sectiorEat 4 eV,
and, accordingly, the following EC reactions can take placenot found in the experiment. Also, the energy dependence of
in N2*+H collisional experiments: cross section of Ref[9] is completely different from the

2+ 210 gt experimental one of Ref5] in the region 0.6<E<1 keV.
N*(25°2p °P9) + H(1s) — N* + H', (1) The aim of the present paper is to present an extended
close-coupling calculation of state-selective EC cross section
N2*(2s2p?*P) + H(1s) — N* + H*. 2) Ping

for energies up to 300 keV. The calculation in the range

Experimental work on this system includes the measurel <E <300 keV, not covered by the work of Herreet al.
ments of total EC cross sections of Reff3,4], carried out [9], requires the use of a large molecular basis set in order to
with a mixed beam, fof*N impact energies,E)’in the range consider collisions from both ground and metastable ions. In

B : . . this energy range, we have employed the techniques previ-
8-600 keV. Translatlonal energy experiment, which ously applied to & +H [10] and G-+H [11] collisions,
also used a mixed beam, yielded state-selective EC cro

. ) . hich used a semiclassical treatment in terms of molecular
sections in the energy range 0.6—8 keV, extending the rang(?Xpansions. FoOE=1 keV, since there exists a discrepancy

to 200 IfeV for total EC cross sections. The use of the dOUbI‘f,')etween measured and calculated total cross sections, and
translational energy spectroscopy technique allowed the e Iso between values from different experiments, we have

ergy (Lhange ?pectrur(;l 'r,: ItEC. to be ;efc';orded”fo_r an mudgn mployed both semiclassical and quantal treatments. This
pure beam of ground state 1ons, at Tive COlliSlon Energiesqjation is also relevant from the theoretical point of view

between 0.8 and 6 ke)2]; these spectra showed three peaks_. ; ;
at AE~4.6, 2.5, and -2 eV, corresponding to EC into since semiclassical and quantal results have been compared

330 330 Too - 3o only for a few collisions. The energy region
:\(lezsigvell:;/ ), N"(252p™°P%), and N'(25°2p3s "P° or °P?), 0.002<E<1 keV was covered by the calculation [&f] for

ek | ied d-b reaction(l), but, given the sensitivity of the cross sections to
. P'e. smeet al. [6] carried out gnerge -beam measurementsy, quality of the molecular data, we have extended the en-
in a wide energy range 1410 °-62.2 keV. The measured

. . ; i ergy range down to 2 eV to check those results, in particular
total cross sections agree with previous experiments ahe giferent slope of the total cross sections when compared
E>30 eV, but there are important disagreements at lowey, i, the merged-beam resulf§] and the above-mentioned
energies; e.g., differences of the order of 25% are found af 5yimum of the EC total cross sectionE=4 eV. In addi-

tion, the calculation of partial cross sections is particularly
relevant at low energy, where present experimental tech-
*Also at Instituto de Estructura de la Materia, CSIC, Serrano 123niques (merged-beam experimen{d2]) yield only total

Madrid-28006, Spain. cross sections, and new calculations have been recently car-
TAuthor to whom correspondence should be addressed. Electroniéed out for one-electron systengsee Ref.[13] and refer-
address: Ismanuel.Rabadan@uam.es ences therein
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The paper is organized as follows. In Sec. Il we summa- 20 V24 (E-e)l + 205 M -V, + (| V2 J
rize the dynamicalquantal and semiclassigahethods em- [(2uVe+ (€= gl 2[ My - Vet (Ve ol
ployed in the calculation. The details of the molecular calcu-
lation are presented in Sec. lll and the dynamical

calculations in Sec. IV. Our main conclusions are outlined in . . .
Sec. V. Cross sections are plotted as function¥sfimpact where£ is the impact energy in the center of mass reference

. 2 .
energy in keV. Atomic units are used unless otherwise indi-frame' Terms propprtlonal to _have bee_n neglected in Eq.
cated (8), and the modified dynamical couplind; is a vector

whoseq component has the form

=0, (8

Il. METHOD 9
M = (=) + A (9)
A. Quantal treatment 9&q
For energies below 1 keV, we have applied a quantajy;ip
treatment with a common reaction coordin@#RC) [14,15.
In this section we only summarize the basis of the CRC Nelec
method. A more de_tailed account of our implgmentation and Al = > <d’j|vra(sq) .vra+vr2 (sq)|¢|>. (10
references to previous works can be found in R&6]. In a=1 “
the CRC treatment, the scattering wave functibhis ex-
panded in a molecular basis defj}. For each value of the The form of the correction$\;; depends on the particular
total angular momenturd, one writes switching function employed. In this work we have used that
of [17]:
WAr, &) = 2 Xd&ilr, ), €)
k R -
f(rj,R):—R2+ er'R, (11)
wherer denotes the set of electronic coordinates and the B

functions¢, are approximate eigenfunctions of the clamped- . )
nuclei eleg?:lf[ronic Elgmiltonian: g P which has been employed in several works for many-

electron collision systems. The nuclear wave functignare
Heiech(r, &) = € &) i1, ). (4)  obtained by solving numerically the system of differential
) ) equations(8). From these solutions, the elements of the
In Egs.(3) and (4), £ is the CRC, which ensures that & g matrix are then calulated using standard collision theory,
truncated expansion satisfies the scattering boundary condiyq the total cross section for thes j transition,oy;, is given
tions; this coordinate is a combination of electronic andby

nuclear coordinates of the form

- 2
£E=R+ is(r,R) (5) gij = kﬁ% 23+ 1)I5), 12
with wherek; is the initial linear momentum.
Nelec
1 . .
s= > | f(r ,RIr, - 5 f2(r ,RR]. (6) B. Semiclassical treatments
a=1

For impact energies above 1 keV, we employ the impact-
In these expressiong, is the nuclear reduced mass,is the  parameter methogsee e.g[18]), where the nuclei follow
internuclear vectorN is the number of electrons,, are  straight-line trajectories with constant relative veloaitgnd
the electronic position vectors, relative to the center of masénpact parameteb (R=b+vt), while the electronic motion
of the nuclei, and is a switching function which satisfies is described by the wavefunctiolrSqr ,t;b,v), which is a

, solution of the equation
lim f(r,,R) =-p,
R—o, a, finite p
< Helec_ia

)‘Psc(r,t;b,v) =0 (13
lim  f(r,R=q, (7 '
R—%,r g, finite
) _ ~and is expanded as
wherepR andgR are, respectively, the distances from nuclei

A andB to the center of nuclear mass. It can be shown that, t

for any reaction channel, the CRC of expresgidnbecomes vSC=D(r,R) D, aj(t;b,v)qﬁj(r,R)exp[— if ejdt’:| ,

the aproppriate asymptotic interatomic coordinat©ta.™). j 0
Substitution of the expansion3) in the stationary (14)
Schrddinger equation yields a system of differential equa-

tions for the nuclear wave functions whereD is a common translation factgCTF) [19]:
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Nelec 1 TABLE |. Comparison of N and N** energy differencegE;
D(r,R) =exp i 2, (f(rmR)V Ty— Efz(ra,R)vzt> . —E, for singlet and triplet states arfg - E, for quintets, in e\ with

a

It has been show16,2Q that the CTF method, with the i

same switching function, can be obtained from the CRC one
by applying the eikonal approximation and assuming a con- 1
stant and state independent local velocity. The coefficients of 2

experimental one$22]. Also, the molecular stategMS) of the
(15) NH?2* quasimolecule to which the atomic states correlate.
Channel This work  Ref[22] MS
N2*(2s22p 2P°) 0.000 0.000 13 131
N2*(2s2p? *P) 7.045 7.090 3557, 391
N2*(2s2p? ?D) 12.410 12525135 13y, 13

the expansion are solutions of the system of differential 3

equations 4 N2*(2s2p?29) 16.219  16.242 Lag+
t 5 N*(2522p?°P) -29.470 -29.600 337, %0
ia= > [vV-Mj +v?B g exp[— if (&~ ej)dt'} , 6 N*(2s?2p?'D) -27.512 -27.701 3% M1, 'A
! 0 7 N*(2s22p?1s) -25.337 -25.547 I
(16) 8 N*(2s2p®3D°) -17.976 -18.164 337, %[, 3A
whereM ; has been defined in Eqe) and(10) andB; are 9 N*(2s2p°P°) -15.856 -16.059 3", °II
terms whose explicit form can be found j9]. The radial 10 N*(2s2p*'D°) -11.369 -11.723 37, 'L 'A
and rotational components of the modified dynamical cou-11 N(2s?2p3s3P°) -11.102 -11.138 3% °%00
plings are 12 N*(2s22p3s'P°) -11.050 -11.103 3% I
3 13 N*(2s2p%3%Y) -9.996 -10.367 o
Ry = <¢>j Eq‘ ¢|> +Af (170 14 N*(2s%2p3p'P) -9.143  -9.1901 37,1
15 N*(2s22p3p D) -8.906 -8.954 33* 31, %A
and 16 N*(2s2p31P°) -8534 -8.924 3 I
Nelec 17 N*(2s%2p3p°39) -8.604  -8.660 3
Li=\ ¢ 2 iLyr)| & ) +A], (18) 18 N(2s%2p3p°P) -8.400  -8.452  °%7.°l
a 19 N*(2s2p35s”) -30.746  -30.889 °s”
whereL, is the Y component of the electronic angular mo- 20 N*(2s2p?3s °P) -11.190 -11.200  °37,°M
mentum operator. 21 N*(2s2p?3p°D°) -8.923  -8.963 °37,°II,°A
The total cross section is given by 22 N*(2s2p?3p °P°) -8.669 -8.720 5%, °II

0'”(()) = 2’7Tj bP”(b,U)db (19)
0

where the probability;; for transition to the final staté; is
calculated from the coefficierst; of expansion(14):

P;(b,v) :!im|<l/fj|\1’> - 5ij|2:t”m|aj(tib,v) - &%

(GTOsy; this provides a set of molecular orbita{Os)
which are then used to construct the reference configurations.
Each reference configuration is a symmetry- and spin-
adapted linear combination of a few Slater determinants built
up from products of the MOs. The configuration interaction
(Cl) space includes single and double excitations from the
reference set. The calculations have been performed within

(20) the Cs symmetry point group, which means that
>*, IL,, A,, ... molecular states appear AS states while
The quantal and semiclassical transition probabilities arg - H: Ai, ... areA” states, where the subindexes * indi-
related by[see Eqs(12) and(19)] cate the symmetry of the corresponding state under reflection
(23+1) in the collision plane.
bP;(b) = 2K |SJJ.|2 (21 In the present calculation, the GTO basis sets, centered at
i

with b=J/k;

Ill. MOLECULAR CALCULATIONS

The entrance channel of reacti¢b) is a statistical mix-

the N and H nuclei, were taken frofi23] and consist of
{5s,4p, 3d,2f} and {4s,3p,1d} contracted GTOs, respec-
tively. The MOs were obtained in a restricted SCF calcula-
tion for the NH"* system, where the SCF configuration cor-
relates, in the limiR— «, to the 5°2s? configuration of N¥,

so that the P orbitals obtained are not occupied and are

ture of singlet and triplet molecular states, while that of re-degenerate. The equivalence of theorbitals helps us to
action(2) contains triplet and quintet states. Accordingly, we describe with the same accuracy the states involved in the
have calculated the electronic energies for states of the quaellision, which have different occupancies of these orbitals

simolecule NH* with these multiplicities.
Molecular statesp; and energieg; have been calculated

(see Table )l For each subsystem, the Cl space was built
from a set of(at mosj 80 reference configurations. To limit

using a multireference configuration interaction methodthe final number of configurations in the CI, we have applied

(MRCI) with the program MELD[21]. This method starts

the following restrictions(i) Frozen core approximation: we

with a SCF calculation in a basis of Gaussian type orbitalkeep only configurations with the ground MOg,1doubly
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occupied.(ii) Doubly excited configurations are selected us-
ing second order perturbation theory: for each subsystem
only those configurations with a contribution larger than 5 32
X106 Hartree to the energy of any of the lowest
n-zeroth-order wave functions were kept. We have taken the -3+
zeroth-order wavefunctions as the eigenvectors of the Hamil-
tonian matrix in the basis of reference configurations, withg -
n=16 for A’ and3A” subsystems, 14 folA’, 10 for'A”, 7
for °A” and 9 for°A” subsystems, respectively. 3
The set of reference configurations was allowed to changeZ -5+
iteratively at eaclR in the following way: For each of the six &
subsystems, an initial guess of 80 reference configurationfﬁ
was generated in the limR— c; this set contained the basic
structures of the atomic channels to be included in the dy-
namical calculationthose listed in Table)l Using this set
we carried out a MRCI calculation, and we selected the 80
configurations with the largest contributions to the lowest 16
(A" and3A”"), 14 (*A'), 10 (*A"), 7 (*A"), and 9(°A") states LB T
obtained in this calculation, which were then used as a new 5 6 7 8 9 10
reference set, and the selection procedure was repeated. Afti_. R (in units of a;)
three iterations the reference set converged and the weight of ) )
the reference configurations in the calculated CI functions FIG- 1. Potential energy curves ¢NH)?": triplet subsystem.
was larger than 96% for the states of Table I. To ensure ghaqnels are labeled accordlng to Table I. Bottom panels are ex-
similar precision of the wave functions at any internuclearP@nsions of the boxes marked in the top panel.
distance, the selgction of the reference set was repeqted al1g treat reaction2), triplet and quintet molecular states
each value O.R' with the co_nverged reference ?e.t.at agvenyee required. In the triplet subsystem, the energies of the
value of the internuclear distan& used as the initial guess entrance channels of reactial) (states 2=~ and 2°11)
at a nearby pointRi; (R>Ri.y). In practice, R—-Ris1 show very narrow avoided crossingsRit- 10a, with those
=0.28; a except forR<4ay and in the regions of avoided of molecular states dissociating into channels 15, 17, and 18,
crossings, where the step size was reduced toeg.0%ie ClI  which have been crossed diabatically. At low velocities, the

3
15,17,18,2

space included up to 3:210* Slater determinants fotA’,  main mechanism of reactiog?) involves transitions in the
3.1x10* for A7, 1.1x 10" for 'A’, 1.6x 10* for *A”, 1.6  avoided crossings with the energies of states of channels 13
X 10® for °A’, and 1.7 10° for °A". and 11 atR=8.1a, and R=6.1a,, respectively. On the con-

As a check of the accuracy of our calculation, we com-trary, in the quintet subsysteitirig. 3), the energy of the
pare in Table | the calculated atomic energjisimglets and entrance channel does not show any avoided crossing for
triplets relative to the ground state ofNand quintets rela- R>2a, and sizable charge exchange transitions are expected
tive to the metastable N(*P)] of the N* and N* states only at high energies.
included in the dynamical calculation with the experimental
values [22]. The errors in these energy differences are
smaller than 0.3 eV for the relevant channels and the error ir
the ionization potential of Kls) is smaller than 3 -53.2
X 1072 eV; this is sufficient for the dynamical calculation.
We also include in this table the symmetries of the states ol
the NH* quasimolecule correlating to each atomic state. , 34
Molecular states and their asymptotic atomic limit will be =
referred in the text according to the labels of the first columné
of the table. J

The energies of triplet, singlet, and quintet molecular 2
states are depicted in Figs. 1-3, respectively. In the triplel§
subsystem, the energies of the molecular stat&s"land
1311, which are the entrance channels of reactibn show
avoided crossings with those molecular states of the same 5,4,
symmetry correlating to channel 9 at ab&st 12a, and with
those of channel 8 at aboRtE=6.53,. The first ones are very
narrow and have been crossed diabatically. In the singlel _s42
subsystem(Fig. 2) the energies of the entrance channels
(11=*,1YI) do not show narrow avoided crossings with R (in units of a,)
those of the EC channels, and the most likely mechanism for
EC in this subsystem involves'I-1011 transitions in the FIG. 2. Potential energy curves 6KH)2*: singlet subsystem.
wide avoided crossing &=2a,. Channels are labeled according to Table |I.

(a
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FIG. 4. Selected redial and rotational couplings between terms
of different channels in the triplet subsystem, as indicated in the
panels.

FIG. 3. Potential energy curves GRH)2*: quintet subsystem.
Channels are labeled according to Table I.

The dynamica! couplings of e'quatio(ﬂ?‘o gnd(18) WEr€  pasis includes the triplet and singlet states whose energies
evaluated numerlc_ally, as explained[¥]; this met_hod N- are plotted in Figs. 1 and 2, respectively. The above men-
volves the calculation of the delayed overlap matrix element$,, o q cross section is obtained as

(¢i(R)| #(R+8)). In this work we have usefd|=10*a,. An

important practical difficulty in applying the molecular ex- 1 + 3 +
pansion to many-electron systems is the erratic sign of the 7= 1_2["(1 3+ o(1L) + (1) + 1_2[‘7(1 3
molecular wave functiong;, which results in meaningless 3 3

signs of the dynamical couplings. To solve this arbitrariness, +0o(1°1L) + o( LT ], (22)
we have implemented an algorithm to automatize the sign h . h . btained for th
coherence of the molecular statés both between succes- where o(l)_ar(_a _t_e cross sections obtaine ' for the capture
sive grid points(R;,R;,1) and in the calculation of the cou- reaction with initial channel. Our cross section@abulated

e, 1. T ethos s basd on e cvaaton o /AL 1 Wlable 42T ar compared 1 g i
the delayed overlaps (¢(R)| (R+6)) and '

h tricted th He< 300 keV, where ion-
(¢(R)| (R:,) and will be published elsewhefes). ave restricted the energy range eV, where ion
As an illustration, we have plotted in Figs(a} and 4b)

. e . . 10 TTIT T T TITTT T T TTITIT T TTTITT T TTTTTT T TTTTTT T T TTTTIT
the most important modified radial couplinfsee Eq(17)] L E TR ' ! J
and in Figs. 4c) and 4d) some rotational onefEeq. (18)]. — Quantal calculation
The main mechanism of reactigf) at low energy involves 8 — Semiclassical calculation

transitions between A1 and 8% in the neighborhood of
R=6.5a, and 3.2% [see the avoided crossings in Fig. 1 and
the two peaks in the corresponding coupling in Fige)}
and 1-9°>* and 1-9°I1 avoided crossings &= 2.25, in

Fig. 1[see the single peaks of the corresponding couplings ir
Fig. 4@]. These transitions are strongly affected by
133*-83I1 rotational couplings, Fig. 4). For reaction(2),

the mechanism at low energy involves transitions betweer 2
states 37-13%" at R=8.13, and 2°[1-11°I at R

=6.1a, [see the radial couplings in Fig(¥) and rotational IR IR I DR I
ones in Flg Qd)] 0 0.001

; 2
Cross section (A")

0.01 0.1 1 10 100 1000
Energy (keV)
IV. DYNAMICAL RESULTS
. . 2 (0} .
A. Total EC cross section in N*(2s22p 2P°) +H(1s) collisions FIG. 5. Total EC cross sections in“N2s°2p °p®) +H(1s) colli-

sions[reaction(1)]. Present calculations;- semiclassical calcula-
We have calculated the total cross sections for the EGion; — quantal calculation. Experimental resulis,[3]; ¢ [4]; A
reaction(1) by employing a 56-term molecular basis set; this[5]; ® [6]. Theoretical results;-—— [8]; ———I9].
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3 T T T T T T T T T T T IIIIIII T T IIIIIII L IIIIIII T T IIIIIII T T IIIIIII T T
(! T ] TS i i
- 25[~B=875¢V 7 E=224 keV 9 N 7
% 2k ] —— Singlets | | - —
2z | a —  Triplets | .
g 15 ] 7 Triplets contribution ~ _|
& L i &L Total EC (1) |
= o
s 1 - = —
A L 4 o | Fr—
“ o5 - g s /]
- . a2 L 4
0 1 1 | 1 I 1 % /
0 2 4 6 8 10 g P
b (in units of a;) 3 A / 7
L ) / _
. . . - . ~\ -
FIG. 6. bP(b) as a function ob for EC in reaction(1) at three - N\, 7 = -
energies (labeled in the panels showing thr ifferen N 91 .
g _( panels showing three different o Total EC (2) ]
mechanisms. K i
11 IIllllI 11 IIIIIII 1 1 Illllll 11 IIIIIII 1 1 Illllll 11
ization starts to compete with E[26]. The calculated total 0.001 0.01 0.1 1 10 100
Energy (keV)

cross sections of Fig. 5 show three maxima, which are lo-
cated atE=4 eV, 2 keV, and 200 keV, respectively; these
maxima correspond to three mechanisms which are dIS(Eated in the figure. The contributions of the triplet states to the total

cussed below. cross sections for reactiorl) and the results of Ref9] are also

The low-energy mechanism, as already explained by Hef, 1 ded. ForE<1 keV, the cross sections have been calculated

rero et al. [9], is the transition in the avoided crossings be-sing the quantal treatment and the semiclassical origfot keV.
tween the molecular states dissociating into channels 1 and 8

at R=6.4a, (Fig. 1, bottom left pangl this mechanism is (interaction, while those of Ref.[9] are Ry=6.546,, a
illustrated in Fig. 6a), which shows the Stueckelberg oscil- =0.026 hartrees),, and H{,=0.00145 hartrees. We have
lations, typical of the Landau-Zener model. To check thechecked that the small difference in the value-g leads to
contribution of transitions in the 1-9 avoided crossing, wean approximate factor of 1.3 in the cross section, in agree-
have carried out a 6-statd °3*, 1°I1,, 9°3*, 9°I1,} cal-  ment with the results of the full calculation shown in Fig. 5.
culation with the dynamical couplings evaluated at closelySince our energies are slightly lower than those of Reif.
spaced points in the avoided crossing region; this test yieldand show better agreement with the spectroscopic atomic
values smaller than 0.11%%t the lowest energies considered levels, we conclude that our calculation is more precise at
in our calculation and, accordingly, it has been traversed dialow impact energies. As in Reff9], we obtain a maximum of
batically. In practice, we have fitted the sharp peaks of the¢he total cross section &=4 eV, which is not found in the
1-9 radial couplings to Lorentzian functions, which havemerged-beam experimen(s].
been subtracted from the calculated radial couplings, while At E=2 keV, our total cross section shows a local maxi-
the corresponding interaction matrix elements have been renum, while the maximum of the experimental data of Wilkie
tained in the quantal calculation. This procedure also allowt al. [5] is shifted toE=5 keV, and agrees with the two-
us to check the influence of the accuracy of our moleculastate calculation of Bienstoodt al. [8]. On the other hand,
data in the cross section by shifting the energy of the enfor E<20 keV, our cross section lies parallel to and is about
trance channel to match the experimental asymptotic 1-9 er25% higher than that of Pieksmet al. [6]. In this energy
ergy difference. The two-state calculations with these shiftedange, the avoided crossings of the entrance channBl at
energies133*-93%%* and 13[1-9°M) yield cross sections =6.4a, are traversed diabatically, and the most important
smaller than 0.30 A remaining negligible compared to transitions take place near the avoided crossingsRat
those produced by the 1-8 transitions. =3.25, and R=2.25, to channels 8 and 9, respectively
In Fig. 5, we see that our results are systematically highefsee the peaks in the radial couplings of Figa)} this is
than those of the calculation of Herreep al. [9]. To under- illustrated in Fig. @b) for E=1.7 keV.
stand the reason for this, we have plotted in Fig. 7 the con- To check our calculation in this energy region, we have
tribution of the triplet states to the total EC cross sectionstudied the convergence of the molecular expansion. In Fig.
which shows that the contribution of the singlet states is3(a) we compare the EC transition probabilities calculated
negligible atE<400 eV, and that the cross section of Ref. with a (minimal) two-state basig1 [,, 8°I1,}, similar to
[9] agrees with our triplet contribution &> 600 eV. There- that used in[8], an eight-state basisl 33", 13Hi, 8%,
fore, the difference between the two calculations is not &8°I1,, 8°A,} that includes all the states of channels 1 and 8,
consequence of the approximation of R} of neglecting  with their radial and rotational couplings, and the whole ba-
the contribution of singlet states and must be due to smakis(35 stateyof the triplet subsystem. We can observe in this
differences in the molecular wave functions, which becomdigure that, for 3.5<b<5a,, there is an important difference
relevant at low impact energies. For instance, fitting the enbetween the transition probabilities, and hence in the corre-
ergies of states T and 8°IT near their pseudocrossing, we sponding cross section, of the two-state and the eight-state
obtain the following Landau-Zener paramet&ee[18] and  calculations, which is mainly due to the influence of the ro-
references thereinR,=6.43%, (crossing point a=0.0256 tational couplings of Fig. &). A small change is found, how-
hartreesa, (difference of slopes andH,;,=0.00182 hartrees ever, on increasing the basis to 35 states. These results point

FIG. 7. Total cross sections for reactiofly and (2), as indi-
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FIG. 9. Comparison of EC total cross sections in collisions
N2*(2s22p 2P°) with H(1s) and D(1s), as indicated in the figur®,
experimental results d6] for N2* collisions with D.

bP(b) (in units of a))
[=]
&

B. Isotopic dependence

Since merged-beam experiments are carried out using a D
target, while the results shown in Fig. 5 considered collisions
with H, it is useful to study the isotopic dependence of the
Contributi f the tril b (6=196 keV calculated cross sections. To illustrate this effect, we compare in Fig. 9

_c:rr:trzl lg'on Od t35€ ttrlpt) et SU; syfte”l; T -t eV, 3‘?‘ C‘tj r;te_ ththe EC total cross section from H and D, which shows a
IR 22,5, and Se-siale molecuiar basts Sets, as incieated N Mgignificant isotopic effect only foE< 10 eV, but the maxi-
figure. (b) bP(b) for EC at E=560 eV. Lines are labeled in the . L .

. : ; : ) mum at low impact energies is obtained for both targets. One
figure: SC stands for the semiclassical calculation and QM stands ) o .

Can also note in this figure a small, but nevertheless surpris-
for the quantal one. . . . - .

ing, isotopic dependence in the region ¥0B<<500 eV. To
explain this unexpected effect, we have compared in Fig. 10
irt.he transition probabilities for EC in collisions with both
isotopic species aE=35 and 140 eV. As we have already
mentioned, aE<100 eV, the dominant mechanism involves
transitions in the pseudocrossing region R¢=6.4a,. At
Ii> 100 eV, transitions aR=3.0a, start to be noticeable,
%ading to the peaks dt< 3.0, (see Fig. 10E=140 e\).
Since trajectory effects, which depend on the nuclear masses,
are more important for trajectories with smh)lthis explains
the apparent paradox of more important isotopic dependence
rrla}:} relatively higher energies.

b (in units of a;)

FIG. 8. bP(b) for EC in N2*(2s22p 2P°) +H(1s) collisions. (a)

out that the calculations for the total EC cross section and,
particular, for the cross section for formation of
N*(2s2p®°3D°) (channel 8 are correctly described with our
basis, while the two-state calculation is not converged
Therefore, the good agreement between the experiment
Wilkie et al. [5] and the two-state model of Bienstoek al.

[8] should be taken as fortuitous.

With respect to the validity of the semiclassical treatmen
at this intermediate energy region, we have found that qua
tal and semiclassical cross sections, as shown in Fig. 5, a
transition probabilities, are practically identical for C. Total EC cross section in N*(2s2p? “P)+H(1s) collisions

E>1 keV. At lower energies, th_er(_e are S|zable_ dlff_erences Total cross sections for reactigg) are obtained with the
between the two calculations; this is illustrated in Fi¢o)8 relation

where we plot the values dfP(b) vs b for the EC process
with entrance channel®Il_ at E=560 eV. We see in Fig.
8(b) a shift of the maxima of the transition probabilities,
which was also found in a similar comparison for EC in
Be**+H collisions[16].

Finally, for energies between 5 and 300 keV, Fig. 5 shows_§
that our results are in very good agreement with the measure; 2
ments of Refs[3-5]. At high energiegE > 20 keV), triplet §
states dissociating into channels 5 and 11 and singlet state=
dissociating into channels 6, 7, 10, and 12 become acces
sible. This leads to the two-peak structure of the transition pilierk , ) JLWYMIWT WY,
probabilities shown in Fig. @): the outer peak, in both the ° ? buantmatsy 80 . 8
singlet and triplet subsystems, is produced by transitions to
higher(in energy channelg11, 10, and 1Pwhile transitions FIG. 10. bP(b) as a function ofb [see Eq.(21)] for electron
to lower (in energy channelg5, 6, and § produce the inner  capture in collisions R(2s2p?P%+H(1s) and N*(2s22p 2P°)
peak. +D(1s), at the impact energies indicated in the figure.

f ao)
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Energy (keV) FIG. 12. Branching ratio to electron capture channels in reac-

tions (1) and(2). N* products are indicated in the panels.

FIG. 11. Partial EC cross sections if™NH(1s) collisions from . . . .
N2+(222p 2P°) (g9 and NE*(2s2p2 *P) (me initial states for popu- ~ Ment of Pieksmat al. [6], who did not find any evidence of

lating N*(2s2p3 3D°) and N'(2s2p® 3P°), as indicated in the figure. such a high proportion of metastable ions. Nevertheless, we
In the bottom panel, we plot the total EC cross sections in the samgan observe good agreement between all experiments and
energy range. In this panel the theoretical results-areross sec- our calculation forE>30 keV, where the cross sections for
tion for reaction(1); ———cross section for reactiof2); — cross  reactiong(1) and(2) are very similar. On the other hand, the
section obtained for a beam containing 40% of metastableshift of the maximum(E=2 keV) of the cross section in our
N*(2s2p?“P) and 60% of ground state 24(2s?2p ?P°) ions. Ex-  calculation with respect to that of the experiment of Wilkie
perimental result&] [3]; ¢ [4]; A [5]; B [2]; @ [6]. al. (E=5 keV) (see Fig. 11cannot be related to the possible
presence of metastable ions.

1 5

o=glo2 ) +0(27L) + 0(2°T)] + [0(2°3)

+ o(2511.) + o2 °T1)], 2 We compare in Fig. 11 the partial cross sections for popu-
o(271,) +o(2711)] 29 lation of states 8D and 9°P° through reactior(1) with the

where the notation is similar to that of ER2). We have experlmen_tal values 0[5’.2]' Weo also w;clude the par't|al
S . . cross sections for populating £R° and 15°D channels with
employed in this calculation the set of 35 triplet states also : :
. . reaction(2) because they would produce peaks overlapping
used for reaction(1), and 15 quintet molecular states. The . : .
. g — with the previous ones in the energy change spectrum.
ensuing cross sections are plotted in Fig. 7.B4t 0.1 keV . e
. ; Although we find a reasonable agreement, a shift, similar
andE> 30 keV, the cross sections for reactioiis and (2) d
o AT to that found for the total cross sectigsee also the bottom
show similar values and energy dependences, indicating tha . . SR e
L N X anel of Fig. 1}, can be noticed in this figure, which is not
a contamination of the initial beam by metastable ions woul

. : . ._surprising given that the experimental total cross section was
be unnoticeable by comparing experimental and theoretica . . . .
: used to obtain the partial ones in those works. Cross sections
total EC cross sections. On the contrary, for

0.1<E< 30 keV, the presence of metastable ions in the exjor several .eX|t.channeIs and in an extended énergy range are
resented in Fig. 12, where we plot the contribution ratio of

periment would be more easily noticed in the total cros he indivi

: . e individual channels, calculated as
section. In this respect, the good agreement of our total cross
section for reactiorfl) with the experiments of Ref$3-5] g
for E>5 keV indicates that there was a very small propor- =g %X 100, (24)
tion of metastable Rf ions in the corresponding initial ~ O]
beams. On the other hand, the disagreement of the cross )
section measured if6] with other data in the region with i andj running over the EC channel index.
0.1<E< 30 keV might be attributed to a larger proportion  The relative values of the partial cross sections of Fig. 12
of metastable ions in that experiment. However, as shown iffor reaction(1) can be qualitatively explained by taking into
the bottom panel of Fig. 11, a proportion of 40% of meta-account only transitions from the entrance channels. As we
stable ions is required to get good agreement with the experhave already discussed, reactidntakes place through tran-

D. State-selective EC cross sections
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sitions to states of channel 8. At high other triplet states quantal approach has allowed us to gauge the isotopic depen-
(channels 5 and J}Jare populated. In the case of reacti@  dence of the cross section and the accuracy of the semiclas-
and at lowv, the dominant exit channe{¢1°P° and 13°S°)  sical eikonal approach. Our calculations yield very similar
are populated in the avoided crossings Ri=6.1a, and  cross sections for reactioiis) and(2) with the exception of
8.1a,, respectively. The ratios of Fig. 12 are due to the initialthe energy region 0.2—30 keV, where the comparison of our
statistical mixture: the states correlating with PP are  results with the values of Ref4,5] does not show a notice-
populated in the avoided crossing Rt=6.1a,, which ap- able contamination by metastable ions in those experiments.
pears in the’Il subsystem, whose statistical weight is 2/8, At low E(E<1 keV), we have reproduced the energy de-
while the state correlating with %° is populated in the pendence and the maximumEd=4 eV of the calculation of
avoided crossing aR=8.1a, in the 33~ subsystem, with a [9] for reaction (1). One result of our calculation is the
statistical weight of 1/8. AE>1 keV, the avoided crossings branching ratios for populating different EC channels. We
at largeR are traversed diabatically, and the main transitionshave found that the EC from¥(2s?2p ?P°), and at energies
take place aR=3a, via the maximum of the 357-13%%"  lower than 40 keV, involves the simultaneous excitation of
coupling(see Fig. 4, which leads to a dominant population one projectile electron, leading to*s2p? 3D° +H*. Sev-
of the channel 18°. As in the case of reactionl), for  eral collision channels are formed at higher energies. In the
energies above 10 keV, other chann@sP°, 8°D° 20°P,  collision of metastable Rf(2s2p?2P), the dominant EC
21°D° become accessible channels are, at low energies,*(®8s?2p3s°P°)+H* and
N*(2s2p3 %) + H*.
V. CONCLUSIONS
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