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Ab initio potential-energy curves and radial and rotational couplings
for the process N'++He =N ++He+
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Potential-energy curves of six 'X+, two 'H, and one '6 states have been determined for the
N'++He~N ++He+ process by means of ab initio calculations with configuration interaction.
The matrix elements of the operator d/dR between the four 'X+ states and the two 'H states in-

volved in the collisional process have been calculated by the rigorous finite-difference technique. A
very peaked radial coupling matrix element is observed at 8.30 a.u. corresponding to an avoided
crossing between the entry channel and the '2+ state dissociating to IN +(3d)+He+ I. Two other
avoided crossings between 'X+ states are observable at 7.50 and 6.35 a.u. Rotational and radial cou-
plings involving 'H states have also been determined.

I. INTRODUCTION

Electron capture by multiply-charged ions from neutral
atoms is of considerable interest in astrophysics and plas-
ma fusion research and has been extensively studied both
experimentally and theoretically. ' Nevertheless up to
now very few ab initio calculations are available ' and
most of the results are obtained by means of model poten-
tial methods.

We report in this paper accurate ab initio results for
potential-energy curves, radial and rotational matrix ele-
ments of the NHe + system. To the best of our
knowledge, such ab initio results have not been published
previously. This work has been undertaken in connection
with the experimental investigations regarding the electron
capture for the reactions

N +('S)+He('S)~N ++He+ or N ++He +

at collision energy about 50 keV. ' These experiments
have shown a quite different behavior for N + than for
other multicharged ions such as the isoelectronic ion
0 +. ' The single-electron-capture process has been
shown to be predominant on the n =3 level. A high
probability of double capture has also been observed
characterized by an intense peak corresponding to the
2s ~2s2p transition. These results are in agreement with
the experimental data of Crandall" and Dijkkamp et al. '

In the first step of our theoretical investigation of the
collisional process N +('S) + He('S) we have considered
only the single electron capture reaction. As this pro-
cess has been shown experimentally to be predominant
on the n =3 level, we have determined the potential en-

ergy curves for the entry channel
'X+ IN +('S) + He('S) I and all the 'X+ states corre-
sponding to the I N +

( Is, nl ) +He+ ( ls) } configuration
for n =2, 3 ~ We have also calculated the potential ener-

gy curves for the 'II and '6 states corresponding to the
IN +( Is, 3l)+He+( Is) I configuration. All these calcu-
lations have been performed from an ab initio method
eluding configuration interaction. '

The electron-capture processes are driven by nonadia-
batic couplings between the molecular states. The radial
coupling matrix elements girL (R) = (fir

~

r3/r)R
~ gL )

which are large in region of avoided crossings have been
calculated from the finite difference technique for all the
pairs of states of a given symmetry ('X+, 'll) correspond-
ing to the entry channel and to the configuration
IN +(ls, 3I)+He+(1s) I. We have also calculated the
rotational coupling matrix elements for the 'X+ and 'H
states.

II. COMPUTATIONAL METHOD

The potential energy curves have been determined by
ab initio calculations with configuration interaction for a
large number of interatomic distances in the range
2.0&R &25.0 a.u. The self-consistent-field (SCF) calcu-
lations have been performed by means of the PSHONDO

program (a version of the HONDO program' modified by
Daudey' ) for the electronic configuration (1cr ) (2o ) .
The configuration interaction (CI) has been performed
according to the configuration interaction by perturba-
tion of a multiconfiguration wave function selected itera-
tively (CIPSI) method. ' For the 'X+ states, 138 deter-
minants have been involved in the CI space with a
threshold g=0.01 for the perturbation contribution to
the wave function while 124 determinants have been
used for the 'll states and 24 for the '6 state. A larger
number of configurations are then taken into account by
means of the perturbation procedure (609 efficient states
have been generated in the calculation of 'X+ states and
362 for 'H states). According to the deep energy
difference between 1' and 2u, the lo. orbital has been
frozen in the CI procedure.

The basis of atomic functions used in the calculation is
a 9s 5p 3d basis of Gaussian functions for nitrogen and a
4s 1p basis for helium. It has been optimized from the
6.311G* basis of Krishnan et al. ' For nitrogen, two
diffuse s functions have been added to represent the 3s
and 4s orbitals and two p functions have been added for
the description of the 3p and 4p levels. One diffuse d

36 1994 1987 The American Physical Society



36 AB INITIO POTENTIAL-ENERGY CURVES AND RADIAL AND. . . 1995

TABLE I. Basis of atomic orbitals.

N He
Exponent

6670.946 946
965.269 671
225.703 810
71.707 703
15.106 097
29.107 097
7.597 890
3.459 844
1.355 819
0.610993
0.273 544
0.13
0.057

Coefficient

0.000 276
0.002 199
0.010 237
0.031 217
0.084 000
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Exponent

97.708 827
14.857 311
3.373 390
0.896 865
0.250 773
0.74

Coefficient

0.007 588
0.054 135
0.215 948
1.0
1.0
1.0

32.870 575
7.451 735
2.557 111
1.059 492
0.497 407
0.133
0.05

0.019 366
0.131 861
0.394 529
1.0
1.0
1.0
1.0

0.27 1.0

0.732
0.203 805
0.04

1.0
1.0
1.0

N'+(1s )

Experiment
(a.u. )

175.39

CIPSI calculation
(a.u. )

174.87

N +(3d)
N +(3p)
N +(3s)
N +(2p)
N +(2s)

137.55
136.73
134.04
87.47
77.48

137.65
136.65
133.32
86.76
76.75

N +(2s4d)
N +(2s4p)
N +(2s4s)
N'+(2s3d)
N +(2s3p)
N'+(2s 3s)
N +(2p2p)
N +(2s2p)
N +(2s )

63 ~ 82
62.87
61.39
53.22
50.16
48.22
29.19
16.21
0

64.36
62.99
61.46
53.63
50.27
48.17
29.81
16.85
0

function represents the 4d orbital. The optimization has
been performed at the SCF level on N +(2s ), N +(2s2p),
and N +(2p3d) for nitrogen center and on He(ls ) for
helium. The diffuse functions cannot be optimized with
the monoconfiguration SCF procedure we have used, so

TABLE II. Comparison of calculated atomic levels with ex-
perimental data [Bashkin and Stoner (Ref. 17)] (in a.u.).

they have been optimized directly at the CI level on
N +(3s), N +(2s4s), N +(3p), N +(2s4p), and N +(2s4d)
for nitrogen and on He+(2s) and He (2p) for helium.
The exponents and contraction coefFicients are given in
Table I.

A fairly reasonable agreement with experiment' is ob-
tained for a large number of atomic levels of nitrogen
(Table II). The discrepancy is never more than 0.73 eV
and is often about 0.08 eV. The agreement is a little less
good for He+ excited states, especially He+(2p) (Table
II), but these states are energetically too high to be in-
volved in this collisional process.

The evaluation of the radial coupling matrix elements
between molecular states of a same symmetry
gal. (R)=(gx.

l
t)/dR

l QL ) has been performed by the
finite difference technique'

gxL(R)= limh '(gx(R)
l OL (R+6, )) .

6~0

gKL breaks up into two terms

MO CI
gKL gKL +gKL

involving, respectively, the differentiation of the molecu-
lar orbitals (gxL ) and of the CI coefficients (gal ),

He+(2p)
He+(2s)
He+( 1s)
He( ls2)

65.41
65.41
24.59
0

68.57
66.51
23.88
0

and

CI acL
gKL CK

BR
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TABLE III. Variation with R of the potential energy for six'X+ states of NHe + (in a.u. ).

R (a.u. )

2.0
4.0
5.0
5.5
6.0
6.25
6.5
6.75
7.0
7.25
7.5
7.75
8.0
8.25
8.5
8.75
9.0

10.0
13.0
15.0
18.0
25.0

E) (a.u. )

—48.297 476
—49.330 620
—49.S25 163
—49.596 474
—49.6S6 178
—49.682 516
—49.706 866
—49.729 437
—49.750 417
—49.769 967
—49.788 226
—49.805 319
—49.821 352
—49.836 421
—49.850 611
—49.863 995
—49.876 641
—49.920 935
—50.013064
—50.054 050
—50.098 467
—50.160671

E2 (a.u. )

—47.499 517
—48.962 526
—49.156014
—49.227 162
—49.286 752
—49.313040
—49.337 343
—49.359 869
—49.380 808
—49.400 3 19
—49.418 540
—49.435 598
—49.451 599
—49.466 638
—49.480 800
—49.494 158
—49.506 780
—49.550 999
—49.642 990
—49.683 930
—49.728 308
—49.790 477

E3 (a.u. )

—46.901 027
—47.682 905
—47.661 223
—47.650 425
—47.644 384
—47.645 867
—47.654 222
—47.669 491
—47.687 087
—47.704 680
—47.721 602
—47.737 685
—47.752 919
—47.767 335
—47.780 975
—47.793 897
—47.806 148
—47.849 342
—47.940 172
—47.980 864
—48.025 089
—48.087 165

E4 (a.u. )

—45.840 542
—47.222 029
—47.446 209
—47.522 966
—47.S81 400
—47.602 722
—47.615 010
—47.619096
—47.619961
—47.620 271
—47.622 772
—47.633 466
—47.647 735
—47.661 835
—47.675 294
—47.688 060
—47.700 168
—47.742 835
—47.832 613
—47.872 932
—47.916844
—47.978 637

E5 (a.u. )

—45.515 900
—47.093 975
—47.367 130
—47.419 629
—47.482 694
—47.509 649
—47.534 147
—47.556 428
—47.576 809
—47.595 195
—47.609 775
—47.614 712
—47.615 663
—47.615 245
—47.626 807
—47.640 529
—47.676 329
—47.698 722
—47.791 989
—47.833 213
—47.877 766
—47.940 025

E6 (a.u. )

—45.307 579
—47.069 280
—47.282 185
—47.359 390
—47.423 470
—47.451 271
—47.476 991
—47.500 457
—47.522 847
—47.543 229
—47.562 448
—47.579 946
—47.596 519
—47.611 941
—47.614 564
—47.614 253
—47.613 945
—47.612 980
—47.611 797
—47.611 533
—47.611 366
—47.611 254

TABLE IV. Variation with R of the potential energy for two 'H and one '5 states of NHe'+ (in
a.u. ). (Labels are defined in Fig. 2.)

R (a.u. )

5.0
6.0
6.35
7.0
7.5
8.0
8.30
9.0

10.0
13.0
15.0
18.0

E7 (a.u. )

—47.352 479
—47.479 581
—47.514 848
—47.571 283
—47.608 240
—47.640 724
—47.658 391
—47.695 156
—47.738 955
—47.830 512
—47.871 393
—47.915 762

E8 (a.u. )

—47.283 987
—47.424 212
—47.462 442
—47.523 129
—47.562 449
—47.596 701
—47.615 215
—47.653 500
—47.698 669
—47.791 898
—47.833 131
—47.877 702

lg
E9 (a.u. )

—47.291 637
—47.427 933

—47.524 965

—47.S97 481

—47.6S3 727
—47.698 634

—47.832 905

47.

c

48
10

R( a u. )
15

8&9

Potential energy curves of two 'H states and one '6 state of NHe'+. , 'H states; 7, state dissociating to
(N +(3p)+He+( Is)); 8, state dissociating to [N +(3d)~He+( Is)). ———,'b state (9) dissociating to [N +(3d)+He+(1s)]. It
is nearly superposed to the second 'H state (8).
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TABLE V. Comparison of experimental data (Ref. 17) with
theoretical energies of 'X+ states obtained by a CIPSI calcula-
tion at 25 a.u. corrected by the Coulombic repulsion term.
(Labels 1 to 6 are defined in Fig. 1.)

Ei
E
E3
E4
E5

Theoretical
energies

(eV)

0
10.069
56.399
59.351
60.401
73.696

Experimental
energies

(eV)

0
9.993

56.560
59.247
60.068
73.312

TABLE VI. Variation with R of the radial nonadiabatic conplings gzL(R), K,L = {3,4, 5, 6] for 'X+ states and g&L(R), K,L = {7,8]
for 'H states (in a.u. ).

R (au. }

5.0
5.5
6.0
6.25
6.35
6.5
6.75
7.0
7.25
7.5
7.75
8.0
8.15
8.20
8.25
8.30
8.32
8.35
8.5
8.75
9.0

10.0
13.0
15.0

g34 (a.u. )

—0.252 873

—0.667 263
—1.157 025
—1.228 055
—1.163 18
—0.666 422
—0.296 766
—0.217 261
—0.137 930
—0.097 472
—0.085 951

—0.095 545
—0.090 221

—0.080 977
—0.084 113
—0.074 428
—0.049 260
—0.039 255
—0.031 116

g3g (a.u. )

0.131 924

0.094 756

0.073 937
0.090 663

—0.062 533

0.043 356

—0.027 557

—0.0l2 691

—0.006 S24
—0.010760
—0.075 367
—0.002 554
—0.002 658
—0.001 985

g36 (a.u. )

—0.046 527

—0.037 158

—0.014 802
0.026 863

0.007 164

0.008 682

—0.018 637

—0.005 302

0.002 331

0.007 028
0.000 270

—0.000 526
—0.001 164

g 4g (a.U. )

0.146 508

0.032 383

—0.058 701
—0.063 227
—0.144 866
—0.246 225
—0.870 159
—2.528 518
—1.146 693
—0.348 678

—0.158 514
—0.144 454

0.068 675
0.072 692

—0.353 767
0.063 194
0.019 168

—0.034 544

g„(a.u.}

0.050 553

0.011 890

0.024 565
0.035 507

0.038 361

—0.062 229

—0.043 326

—0.058 497

—0.093 405

0.054 075
—0.006 403

0.003 116
—0.000 352

g56 (au }

0.098 422
0.062 046
0.102 617

0.092 241
0.080 315

0.066 106

—0.016731

—0.113795
—0.915 538
—1 ~ 872 673
—8.140 281

—12.213 971
—6.180 302
—2.628 724
—0.236 216
—0.050 762
—0.033 376

0.007 722
0.007 889
0.003 196

g7g (a.u.}

0.081 902

0.092 836

0.080 634

0.069 908

0.055 306

0.056 773

0.107 546

TABLE VII. Rotational coupling matrix elements between 'X+ (labeled 3,4,5,6) and 'H (labeled

7,8) states of NHe'+ (in a.u. ) (for the labels see captions of Figs. 1 and 2).

R (a.u. )

5
6
7
8
9

10
13
15
18

g
rot

0.597
0.460
0.335
0.237
0.181
0.143
0.081
0.060
0.041

g
rot

0.198
0.154
0.279
1.064
1.052
1.038
1.016
1.008
1.004

g
rot

0.753
1.078
1.048
0.107
0.157
0.159
0.099
0.076
0.053

g
rot

—0.400
—0.327
—0.272
—0.229
—0.017
—0.003

0.0
0.0
0.0

g
rot

—0.161
—0.124
—0.039
—0.023
—0.018
—0.014
—0.008
—0.006
—0.004

g
rot

0.115
0.066

—0.139
—0.276
—0.237
—0.204
—0.132
—0.101
—0.071

g
rot

0.209
0.293
0.271

—0.086
—1.374
—1.684
—1.714
—1.722
—1.726

g
rot

1.484
1.540
1.594
1.632

—0.018
—0.002

0.0
0.0
0.0
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1.0

~%

CS
a

1.0

10

R (a. u. )

I

15

73

75
76

(b)

The potential-energy curves for the 'X+ states show
three avoided crossings in the range 6 a.u. (R (9 a.u. ,
between the entry channel and the three states corre-
sponding to the configuration [ N + ( Is, 3l) +He+ ( Is) ] .
In correspondence with these avoided crossings between
the 'X+ states the g34 g45 and g56 functions present a
sharp peak, respectively, at 6.35, 7.50, and 8.30 a.u.
These peaks are approximately 1.23, 2.53, and 12.21 a.u.
high, respectively, and 0.75, 0.50, and less than 0.10 a.u.
wide at half height. The other matrix elements g35 g36,
and g46 are largely smaller and show only small varia-
tions due partially to the precision of the calculation.
The radial coupling matrix elements between 'H states
evaluated in the interacting internuclear region (6
a.u. &R (9 a.u. ) are small and present also very smooth
variations.

In order to complete the nonadiabatic coupling matrix
we have also calculated the rotational coupling matrix ele-
ments between the two 'II and the four 'X+ states (in-
cluding the entry channel) involved in the collisional pro-
cess. The calculated values are displayed in Table VII
and shown in Fig. 4. At large internuclear distances, ro-
tational couplings are seen to be rather large for 'H and
'X+ states corresponding to the same configuration, i.e.,
g74' for the [N +(3p)+He+(Is)) configuration and gP&'

for the [N +(3d)+He+( ls) I configuration.

0 IV. CONCLUSION

1,0

83
84
85

I

10

8 (a u. )

15

FIG. 4. (a) Rotational coupling matrix elements between
'X+ (labeled 3,4,5,6) and 'H (labeled 7) states of NHe'+. (b)
Rotational coupling matrix elements between 'X+ (labeled
3,4,5,6) and 'H (labeled 8) states of NHe'+.

This work provides for the first time, to the best of our
knowledge, accurate ab initio potential-energy curves, and
radial and rotational couplings for the 'X+, 'H, and '5
states of the system NHe + involved in the single-
electron-capture process N +(ls )+He(ls )

~N +( js,3l)+He ( ls).
The configuration-interaction method used here (CIPSI

algorithm) for the system NHe + provides the same rate
of accuracy as the spin-coupled valence-bond method pre-.
viously used for the system CH +. Such ab initio
methods could provide significant improvements in under-
standing of the charge transfer in multicharged ions col-
lisions. The method used in this work could be extended
to charge exchange involving metastable ions as
N'+(Is2s) which would be of great interest in the actual
development of multicharged ions with neutral species re-
actions.
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