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EFFECTS OF RELATIVITY ON RTEX IN COLLISIONS
OF U9* WITH LIGHT TARGETS

Mau Hsiung Chen

High Temperature Physics Division,
Lawrence Livermore National Laboratory
University of California

Livermore, CA 94550

We have calculated the resonant transfer and excitation cross sections in
collisions of U9* (q = 82, 89 and 90) ion with Hp, He and C in impulse approximation
using the multi-configuration Dirac-Fock method. The calculations were carried out in
intermediate coupling with configuration interaction. The quantum electrodynamic and
finite nuclear size corrections were included in the calculétions of transitioh energies.
The Auger rates were calculated including the contributions from Coulomb as well as
the transverse Breit interactions. For U89+ and U%0+, effects of relativity not only shift
the peak positions but also change the peak structure. The total dielectronic
recombination strength has been found to increase by 50% due to the effects of
relativity. The present theoretical RTEX cross sections for U0+ in hydrogen agree well
with experiment. For U82+ Breit interaction has been found to have little effect on the
RTEX cross sections involving L-shell excitation. However, the spin-orbit interaction

can still make significant change in the peak structure.
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INTRODUCTION

~ Excitation, ionization and charge transfer are the major atomic processes
encountered in ion-atom collisions. For certain projectile energies, excitation of the
ion and capture of a bound target electron can occur simultaneously in a single
collision to form a resonant state of the projectile. This autoionizing state can
subsequently decay by emitting either a photon (RTEX) or an Auger electron (RTEA)
[1,2]). In the past decade, intense experimental investigations [2-8] have been
performed to study the RTEX process in ion-atom collisions. On the theoretical side,
many calculations [9-16] based on the impulse approximation have been carried out.
Most of these experimental and theoretical studies are coricentrated on cases
inVoiving low- and mid-Z ions colliding with light targets. Recently, relativistic
calculations for RTEX cross sections have been performed for U88+ and U90+ in
collisions with light targets [13, 15]. Experimental investigations {7, 8] on these
uranium ions have also been carried out to test the relativistic theory [13, 15]. In this
paper, we will review the effects of relativity on the RTEX cross sections for U%* (q =
82, 89 and 90) in collision with light targets (e.g. hydrogen, helium or carbon). The
calculations were carried out in impulse approximation. The basic data such as
energies and transition rates were evaluated by using the multiconfiguration Dirac-

Fock [MCDF] model [17, 18].

1. CALCULATIONAL PROCEDURE

Resonant electron transfer and excitation in ion-atom collisions is an atomic
process analogous to dielectronic recombination (DR) [19). In a RTEX process, a
weakly bound electron is captured instead of a free electron as in a DR event. Hence,
the total RTEX cross section G)F%TEU) for an initia! state i can be obtained in the impulse
approximation by convoluting the DR cross section with the Compton profile of the

target atom or molecule
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Here, E is the projectile energy in the laboratory frame, M is the mass of the projectile,
m is the electron mass, J(Q) is the Compton profile of the target atom or molecule,
—G—DR(i - d) is the energy-averaged DR cross section from state i to intermediate state d
with energy bin AE, and Egq is the Auger energy in the rest frame of the ion.

In the isolated resonance approximation, the energy-averaged DR cross section

opRli — d) can be written in atomic units as
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Here, g4 and g; are the statistical weight factors for the states d and i, respectively;
Aa(d — i) and A(d — k) are respectively the Auger and radiative rates. |

In the present work, we only consider the correlated transfer excitation. The
other uncorrelated transfer excitation processes [16] are not treated here.

For U89+ and U90+ jons in collisions with light targeis, the resonant transfer and

excitation followed by emission of a photon can be represented by

UB9+(1522s) + T —UB8+(1525 ne n'¢’) + T+
L, UBB+(1s225 n"¢”) + hv )



and '
U90+(152) + T -UB9{1s ne n'e’) + T+

L 8%+ (152 n"¢") + hv . (5)

In this work, we include the intermediate states from the 1s2s2/n¢' (2<n<12and 0 <
¢' < 3)and 1s2s3¢3¢' c‘onfiguratibns for U89+, In the case of U9C+, we include the
contributions from the 1s2¢n¢’ (2<n<12and 0 < ¢ < 3) configurations. For U2+, we
only consider the contributions from the L-shell‘excitation and capture to form the
doubly-excited 3¢3¢' configurations (i.e. 2322p53?3£' and 2s2pb3¢3¢').

The detailed relativistic Auger and radiative transition rates are calculated from
perturbation theory using the MCDF method [17, 18]. In the calculations of the |
relativistic Auger matrix elements, the two-electron operator is taken as a sum of the
-~ Coulomb and generalized Breit operators and can be expressed in atomic units by

[20, 21]
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where I'12 =[F1 - le with T1 and T'» the position vectors; 61 and 62 are the gradient
operators. The &i are the Dirac matrices and w is the wave number of the exchanged
virtual photon. The detailed information on the calculations of relativistic transition
rates in the MCDF model has been presented in Ref. 18.

The atomic energy levels and bound-state wave functions were calculated
using the MCDF model in the average-level scheme [17]. The calculations were

carried out in intermediate coupling with configuration interaction from the same



complex. The effects of transverse Breit interaction, quantum-electrodynamic

- corrections and finite nuclear éize were included in the present work. All possible
Auger channels and radiative electric-dipole transitions leading to stabilized bound
states were accounted for in the evaluations of radiative branching ratios [Eq. (3)].

In order to study the effects of relativity on the RTEX cross sections, the
calculations were répeated using the nohrelativistic limit of the MCDF model which
can be achieved by increasing the velocity of light a thousand fold [17]. Furthermore,
the Auger rates were calculated using two-electron operator [Eg. (6)] both with and
without Breit interaction.

In the present work, Compton profiles for hydrogen molecule and helium were
taken from experiment [22]. For the carbon target, theoretical Compton profiles [23]

were employed.

M. RESULTS AND DISCUSSION

The effects of relativity on atomic transition probabilities can arise from several
different factors: (1) changes in energies, (2) shifts in orbital wave functions, (3)
relativistic aspects of the pertinent operators, viz, the magnetic interaction and
retardation correction in the two-electron operator. The net effect on transition rates
depends bn the strength and relative phase of these factors. Relativistic calculation of
x-ray and Auger transition probabilities has been reviewed recently [24].

For U8+ and U89+, relativity increases the K-LL Auger energies by 2-18 KeV
and can change some of the individual transition rates by orders of magnitude (e.g. the
Auger rate for the 1s25(0) 2p1/2 J = 1/2 state of U89+ is increased by a factor of 100
due to relativity). Inthe RTEX calculations, the effects of relativity are partly washéd‘
out‘ by the convolution of the DR cross sections with the Comptoh profiles of the target.
For the U89+ + Hy collisions, there is only one RTEX peak for the K-LL DR capture in

the nonrelativistic LS coupling approximation. The effects of relativity and spin-orbit
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interaction shift the K-LL peak to higher energy and split it into three peaks. The total
DR resonance stréﬁgth is increased by 50% due to the effects of relativity [13]. Similar
relativistic effects have also been‘ found for the U90+ ion.

In Fig. 1, the RTEX cross sections for U8%+ + Hp system from the MCDF
calculations with and without Breit interaction in the Auger operator are compared.
The calculations include the contributions from the intermediate 1s2s2/n¢' (2 <n <12)
states. The total DR resonant strength converges quickly as a function of principle
quantum number n along the 2¢n¢' Rydberg series. There are seven distinct peaks in
the energy range 26 < E < 46 GeV of the projectile. The first three peaks can be
identified as 152522py/2 + 15252p2,, 152522py/2 + 15252p1/2 2pa/2 and 15252p3.
The last four peaks arise from 1s2s2/¢3/¢', 1s2s2¢4¢', 1s2s2(n¢'(n 2 5), and 1s2s3(3("
configurations, respectively. Including Breit interaction in calculations of Auger rates
can be seen to have significant influence on most of the peak heights except peak B
(e.g. peak A is increased by a factor of 2). Similar calculations were also performed for
U0+ in collisions with H» for t'1e intermediate K-LL and K-LM states (Fig. 2). The
same relativistic effects seen for U89+ can be applied to the case of U90+,

In Fig. 3, the experimental RTEX cross sections for 1190+ in collisions with Hy [8]
are compared with the present theoretical results from the MCDF model including the
contributions from the 1s2/n¢' (2 < n < 12) states. Excellent agreement between
theory and experiment both in peak positions as well as peak amplitudes has been
attained. Recently, Pindzola and Badnell [15] have also calculated the RTEX cross
sections for U3+ (q = 89 and 90) in Hz using the MCDF method and obtained
theoretical results which are in good agreement with our MCDF predictions [13].

Similar MCDF calculations have been extended to U82+ + Hy system in order to
study the effects of relativity on the RTEX cross sections involving L-shell ¢xcitation.
The theoretical results are displayed in Fig. 4. In nonrelativistic LS coupling

approximation, the RTEX cross section for the L-MM transitions shows one strong peak
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at 1.7 GeV whiie, in the relativistic intermediate coupling case, there are five additional
small peaks spreading from 0.2 GeV to 4.0 GeV. This is due to the fact that the
relativistic effects and spin-orbit interaction widen the L-MM Auger spectra from 3.15-
4.47 KeV to 0.645-8.85 KeV. Funhermbre, the main peak is shifted to slightly higher
energy and is reduced by more than a tactor of 2 in its amplitude. The total DR
strength from the L-MM transitions is reduced by 27% due to the effects of relativity.
The reduction is mainly caused by the changes in energies and wave functions.
Although a few strong L-MM Auger lines have been chénged by more than 50% due to
the inclusion of the Breit interaction in calculations of Auger matrix elements, the RTEX
cross sections show little change because of the smearing in the convolution
procedure (Fig. 4).

The RTEX cross sections for U9* (g = 82, 89 and 90) in collisions with helium
and carbon targets have also been calculated in impulse approximation using the
MCDF method. Similar rel‘ativ‘istic effects have been found for these cases. Some of

the results have been reported in Ref. 13.

~IV.  CONCLUSIONS

Effects of relativity have been found to have significant impact on the
calculations of the RTEX cross sections arising from k-shell excitation of heavy ion in
collisions with light targets. Relativistic effects not only shift the peak positions but also
change the number of peaks. It is essential to include the Breit interaction in .
calculations of Auger matrix elements. The total DR strengths for U8%+ and US0+ are |
increased by 50% because of the inclusion of the relativistic effects. For cases
involving L-shell excitation, effects of relativity on RTEX cross sections manifest
themself mainly through the spin-orbit interaction. Inclusion of Breit interaction in
calculations of Auger rates has no effect on the L-shell RTEX cross sections. For us2r,

the total L-MM DR strength is reduced by 27% due to the effects of relativity.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

FIGURE CAPTIONS
RTEX cross sections for the 1J89+ + H» collisions as functions of projectile
energy. The solid curve displays the MCDF predictions including the
contributions from th2 generalized Breit operator. The dashed curve
represents the results from the MCDF method without including Breit
interaction in calculations of Auger rates. The intermediate states contributing
to thg peaks are A, 1s2s22py,2 + 15252p‘$,2; B, 152s22p3/2 + 15282p1/22p3/2;
C, 152s2p§,,; D, 15252¢3("; E, 152s2¢4¢("; F, 1s2s2(n¢' (n 2 5); and G,
152s83¢3¢". From Ref. 13.
HTEX cross sections from the K-LlL. and K-LM transitions for the U90+ + Hp
collisions as functions of projectile energy. The legend is the same as in
Fig. 1.
Present theoretical RTEX cross sections for the U%0+ + Hp collisions including
contributions from the 1s2(n¢' (2 < n < 12) states are compared with
experiment (Ref. 8).
RTEX cross sections from the L-MM transitions for the U82+ + H» collisions as
functions of projectile energy. The solid curve shows the MCDF results
including the contributions from the transverse Breit interaction. The dotted
curve displays the values without including Breit interaction in calculations of
Auger rates. The dashed curve represents the resulis from the nonielativistic

LS coupling calculations.
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