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L-shell resonant transfer and excitation in niobium ions
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We have calculated L-shell cross sections for the process of resonant transfer excitation followed
by x-ray stabilization (RTEX) in collisions of Nb ions (q =28—32) with H&. The LMn plateau
cross section is nearly constant [(4.5-5.2) X 10 cm'j for q =29-32 and is consistent with the re-
sults of the recent experiment by Bernstein et ai. [Phys. Rev. A 40, 4085 119891]for q =31 and 32,
but our results for q =28-30 are substantially larger than experiment. For Ne-like niobium

(q =31), the inclusion of RTEX contributions from higher transitions (LNn, LOn, etc.) leads to
good agreement with the experiment by Bernstein et a/. in the high-energy tail. This imphes that
only a small contribution is possible from the uncorrelated transfer excitation process.

I. INTRODUCTION

Resonant transfer excitation folio~ed by x-ray stabili-
zation (RTEX) in ion-atom collisions is still the main
source of experimental data for dielectronic recombina-
tion (DR) in highly charged ions, as well as being of in-
terest in its own right. For example, an electron-beam
ion trap (EBIT) provides a well-defined source for few-
electron highly ionized atoms, but for many-electron sys-
tems it contains a mixture of several ionization stages.
Analysis of the DR spectra requires the convolution of
theoretical results for a number of ionization stages of
largely unknown abundance. Furthermore, experiments
using electron coolers have yet to produce results for
Z & 20 or N & 5.

While there is good agreement between theory ' and
experiment for 1-shell RTEX, the case of L-shell RTEX
is less certain. The recent experimental results of Bern-
stein et al. for collisions of Nbe+ (q =28—32) ions with
H2 are in substantial disagreement with the theoretical
results of Hahn et al. which were calculated (for
q =29—31 only) in a combination of LS-coupling and
angular-momentum-average approximations for the adja-
cent molybdenum ions. Furthermore, the earlier experi-
ment by Bernstein et al. on Ne-like niobium disagreed
in the high-energy tail with the theoretical results of
Hahn et al. for LMn transitions. It has been proposed'
that electron capture by the projectile nucleus together
with electronic excitation by a target gas electron, un-
correlated transfer excitation, followed by x-ray stabiliza-
tion (UTEX) could account for this discrepancy. The po-
sition and shape of the possible UTEX contribution is
well known' but the magnitude is more difficult to ascer-
tain reliably. ' However, it is important that the RTEX
contribution from LNn, LOn, and higher transitions,
which contribute in the energy region of interest, should
be calculated before invoking an additional process, par-
ticularly as the theoretical uncertainty for these transi-
tions should be no worse than for the LMn transitions,
which can be compared unequivocably with experiment.

In this paper we evaluate LS-coupling L-shell RTEX
cross sections for collisions of Nb~+ (q =28—32) ions

with H2, together with an intermediate-coupling calcula-
tion for Nb '+. Cross sections for LMn transitions are
evaluated for all ions while for Nb '+ we also evaluate
the contribution from higher transitions (LNn, LOn,
etc.). The theory behind the calculation is outlined in
Sec. II and the application to niobium ions is detailed in
Sec. III; we present our results in Sec. IV.

II. THEORY

Using the impulse approximation, " the total RTEX
cross section o „(i;tot) for an initial state i may be written
in terms of energy-averaged DR cross sections crd(i;j),
thus

. ~~c MIo„(i;tot)= g J(Q)crd(i; j)
J

J(Q) is the Compton profile of the target gas with Q
given by

Q= E, +E, —
' I/2

MI
(2)

{2maoI) ~(J)
E,bE, 2to(i )

ro g A„(j ~k) g A, (j ~i,E, l)

x
A„(j ~h)+ g A, (j~h, E, l)

h I

(3)

F. is the projectile-ion energy in the laboratory frame, E,
is the j~i Auger energy, and E, is the binding energy of
the target electron, both in the rest frame of the projec-
tile. M is the ionic mass, m the electron mass, and I is
the ionization potential energy of hydrogen.

The energy-averaged DR cross section for a given ini-
tial state i through an intermediate state j is given by'
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where co(j) is the statistical weight of the (N + 1)-electron
doubly excited state, co(i) is the statistical weight of the
¹lectron initial state, and (2n.ao) ra=2. 6741X10
cm sec. A, and A, may be evaluated in configuration-
mixing LS-coupling and intermediate-coupling approxi-
mations using the AUTOSTRUCTURE package.

III. APPLICATION TO NIOBIUM IONS

We describe below the transitions we consider for each
niobium ion; in each case the 1s core has been
suppressed.

+: We consider

where l„l,' =l, 1+1,1+2; nd =3,4; Id =0, 1, . . . , nd —1

and Id =0, 1,2. We also consider a reduced set of
configurations, viz. ,

2s 2p ndld+hv~
2s22p6+kl, ~~2s 2p ndldnl~

2s22p nl +hvar

2$ 2p ndld+kl, ,

2s 2p'+kl, ~~ 2s 2p '3!~nl

. 2s 2p 3ldnl

2s2p +kl,',

2$~2p 31d+hv)

2s 2p nl +hv~

2s2p 31d+hv3

2s2p nl+hv4

Id =0,2;

2s 2p 63s 3lg nl 2s 2p 3ld 3ld +h v,

L

where I, = I+1; I,'=l, I+1,l+2; n& =4,S,6,7;

Nb + We consider

2s p ndld+hv,

2s p nl+hv2

where I„l,'=l, I+1,l+2, and ld =0,1,2.
Nb '+: We consider

2s2p ndl~nl
2s 2p +kl ~~ ~

2s ~2p 'nd I„nl

2s2p 3ld+kl, '

2s'2p '3ld +kl,',

2s'2p 6nl +kl,',

where I, =I,I+1,I+2 for ld =0 and I, = I, I +1 for Id =1,2;

I,'=0, 1,2,3 and Id =0,1,2.
Nb +: Weconsider

2s2p 3s 3p3ld'nE 2s 2p 3s3Ed'3Ed"nl+hvi
2 2p 3 3ld31d+klc ~2 22 53 23 3l„" I '2 22 63 3 31"+h

L

2s 2p 3ld" 3ld"'nl+kl, ',

where I, =1,1+1,1+2; ld, ld'=0, 1,2; I,' =0,1,2,3 for ld =0 and I,
' =0, 1 for ld = 1,2.

Nb +: In principle we should consider

2s 2p 3$31d31d+kl, ~~
2s2p 3s 3p31d'nl 2s 2p 3s3lz'3lz"nl+hvi

2$22p53$23p31d nl 2$22p63$3p3ld +h v2

2s 2p 31d"3ld"'nl+kl, ',

where all ld =0,1,2; I, =l, 1+1,1+2 and I,'=0,1,2,3,4 but the preponderance of configurations with four open subshells
makes this impractical and so instead we consider

2$~2p 3$ 31„+kl ~2$ 2p 3s 3p3dn1~2$ 2p 3s 3pnl+»

2s 2p 3s nl +kl,',
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where /, =I+1 for /d=1 and I, =I,/+2 for I =2 /'=
The error likel to ry o result from neglecting the other transi-
tions is discussed in Sec. IV.

IV. RESULTS
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