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Eff'ects of relativity on resonant transfer and excitation in collisions of U89+ with light targets
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The resonant transfer and excitation cross sections in collisions of U + ion with light targets
have been calculated in impulse approximation using the multiconfiguration Dirac-Fock method.
Effects of relativity not only shift the peak positions significantly but also change the number of
peaks. Relativistic effects have been found to increase the total dielectronic recombination
strength by 50%. Including Breit interaction in calculations of Auger matrix elements can
enhance the resonant transfer and excitation cross sections by as much as a factor of 2.

I. INTRODUCTION

Excitation, ionization, and charge transfer are the
atomic processes frequently encountered in ion-atom col-
lisions. However, for certain projectile energies, excita-
tion of the ion and capture of a bound target electron can
occur simultaneously in a single collision to form a reso-
nance state of the projectile. The excited state formed by
this resonant transfer and excitation mechanism can stabi-
lize either by emitting a photon (RTEX) or an Auger
electron (RTEA). '2 Recently, several experimental inves-
tigations'3 6 have been carried out to study the RTEX
process in ion-atom collisions. A formal theoretical treat-
ment of simultaneous charge transfer and excitation in
ion-atom collisions have also been developed. Many
theoretical calculations based on impulse approximation
have been performed to obtain RTEX cross sections for
low- and mid-z ions colliding with light atoms. " Re-
cently, an experiment to measure RTEX cross section for
Us9+ in collisions with carbon target has also been at-
tempted. ' Most of the existing theoretical calculations
were carried out in LS coupling using nonrelativistic sin-
gle configuration approximation. For ion as heavy as
Us9+, we expect that the nonrelativistic method would be
inappropriate and a relativistic treatment is necessary. In
this Rapid Communication, we report on the relativistic
calculations of RTEX cross sections for U + ions collid-
ing with hydrogen molecules, helium, and carbon targets,
respectively. The calculations were carried out in impulse
approximation. Transition energies, Auger, and radia-
tive rates were evaluated by using the multiconfiguration
Dirac-Fock model (MCDF). ' ' EH'ects of relativity and
Breit interaction on the cross sections are also investigat-
e.

II. THEORETICAL METHOD

Resonant electron transfer and excitation in ion-atom
collisions is an atomic process analogous to dielectronic
recombination (DR). '5 The DR process occurs when cap-
ture of a free electron is accompanied by simultaneous ex-
citation of the ion to form a doubly excited autoionizing
state with subsequent emission of a stabilizing photon.
For a RTEX process, a weakly bound electron is captured
instead of a free electron. In the impulse approxima-
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Here, @; and O'I are the initial and final-state wave func-
tions, respectively, and p(e) is the energy density of final
states.

In the present work, the two-electron operator V,p is
taken to be the sum of the Coulomb and generalized Breit
operator and can be expressed in atomic units by
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where r1 and r2 are particle positron vectors, r12 r1 —r2,
and Vl and V2 are gradient operators. The a; are Dirac

tion, ' the total RTEX cross section crttTE(i) for an initial

state i can be obtained by folding the DR cross section
with the Compton profile of the target atom

crATE(i) g(M/2E) ' &Ectort(i~ d)J(Q), (I)
d
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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 mole-
cule, c7DR(i d) is the energy-averaged DR cross section
from state i to intermediate state d with energy bin hE,
and Eq is the energy of the intermediate state d with
respect to the initial state i in the rest frame of the ion.

The energy-averaged DR cross section in isolated reso-
nance approximation can be expressed in atomic units as
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Here, gd and g; are the statistical weight factors for the
states d and i, respectively; A, (d i) is the Auger rate,
and A, (d k) is the radiative rate.

The detailed relativistic Auger transition probability is
calculated from perturbation theory using the MCDF
method. The transition rate is given by'6
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matrices and co is the wave number of the exchanged vir-

tual photon.
The relativistic radiative transition probability is also

calculated from perturbation theory' using the MCDF
method. The detailed formulation of the relativistic
Auger and radiative transitions in the MCDF model has
been presented in Ref. 14.

There are other transfer excitation processes in the ion-

atom collisions. The same resonance states as in RTEX
can be formed by collisional excitation by the target nu-

cleus and one-electron capture in the same collision
(NTE). The projectile can also be excited by collision
with one of the electron in the target and the other elec-
tron can be transferred to the projectile (2e TE). These
uncorrelated transfer excitation processes are not treated
in the present work.
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III. NUMERICAL CALCULATIONS

For U + ion in collisions with light targets, the reso-
nant transfer and excitation followed by emission of a sta-
bilizing photon can be represented by

U + (ls 2s) + T U + ( 1 s2snln'I') + T+

. U + (Is 2sn "l")+ h v.

In the present work, we include the intermediate states
from the ls2s2lnl' (2~ n ~ 12 and O~ l'~ 3) and
ls2s3l3l' configurations.

The atomic energy levels and bound-state wave func-
tions were calculated using the MCDF model in the
average-level scheme. '3 The calculations were carried out
in intermediate coupling with configuration interaction
from the same complex. The effects of quantum-
electrodynamic corrections, finite nuclear size, and relaxa-
tion were included in the calculations of transition ener-
gies.

The Auger transition rates were calculated using two-
electron operator [Eq. (5)] both with and without Breit
interaction [second and third terms of Eq. (5)]. The radi-
ative transition rates were evaluated for electric-dipole
transition in length gauge. " All possible Auger channels
and radiative transitions leading to stabilized bound states
were included in the present calculation. Radiative transi-
tions between autoionizing states were neglected.

In order to study the effects of relativity on the RTEX
cross sections, repeated calculations for intermediate
states ls2s2lnl' (2~n ~8 and 0~ l'~3) were per-
formed by using the nonrelativistic limit of the MCDF
model. The nonrelativistic limit of the MCDF model can
be achieved by increasing the velocity of light a thousand-
fold '3

In the calculations of RTEX cross sections, Compton
profiles for hydrogen molecule and helium were taken
from experiment. ' For the carbon target, theoretical
Compton profiles' were employed.

IV. RESULTS AND DISCUSSION

For U +, effects of relativity increase the K-LL Auger
energies by 2-18 keV and can change the individual
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FIG. 1. RTEX cross sections for the U ++H2 collisions as

functions of projectile energy. The solid curve represents the re-

sults from the relativistic calculations, while the dashed curve

indicates the nonrelativistic values.

44.0

Auger transition rates by orders of magnitude for some
transitions. The total DR resonant strength converges
quickly as a function of principle quantum number n

along the 2lnl' Rydberg series. For n 9 to 12, it contrib-
utes only 2% of the total DR strength.

In Fig. 1, the RTEX cross sections for U + in collision
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FIG. 2. RTEX cross sections for the U' ++H2 collisions as
functions of projectile energy. The solid curve displays the
MCDF predictions including the contributions from the gen-
eralized Breit operator. The dashed curve represents the results
from the MCDF method without including Breit interaction in

calculations of Auger rates. The intermediate states contribut-
ing to the peaks are A, 1s2s 2p~y&+1s2s2p)y2, B, 1s2s 2p3/2
+ Is2s2p~gq2py2', C, 1s2s2pfn', D, 1s2s2l3I'; E, 1s2s214l'; F,
1s2s2lnl' (n ~ 5); and G, 1s2s313l'.
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FIG. 3. RTEX cross sections for the U ++He collisions as a
function of projectile energy.

FIG. 4. RTEX cross sections for the U' ++C collisions as a
function of projectile energy.

with H2 from nonrelativistic calculations (MCHF) are
compared with results from the MCDF model includ-

ing Breit interaction in calculations of Auger rates
(MCDFCB). There are six peaks in the relativistic spec-
tra contributed from the 1s2s2lnl' intermediate states and
only four in the corresponding nonrelativistic case. The
effects of relativity shift the peaks to higher energies and
split the first peak arising from the ls2s2121' intermediate
states into three peaks. The splitting of the first peak is

mainly caused by the inclusion of the spin-orbit interac-
tion in the present relativistic calculations. The total DR
resonance strength is increased from 1.60&10 '9 cm2eV
to 2.43x10 '9 cm2eV due to the effects of relativity.

The RTEX cross sections for U ++H2 system from
the MCDF calculations with and without Breit interaction
in the Auger operator are compared in Fig. 2. There are
seven distinct peaks in the energy range 26~E ~46
GeV. The first three peaks arise from the intermediate
states ls2s 2p&gp (90%)+Is2s2pfg2 (10%), ls2s 2p3/2
(19%)+Is2s2pIg22py2 (81%), and Is2s2p/y2, respective-
ly. The last four peaks come from ls2s213l', ls2s214l',
1s2s2lnl' (n ~ 5), and ls2s3l3l' configurations, respec-
tively. Including Breit interaction in the calculations of
Auger matrix elements can increase the cross sections at
some projectile energies by as much as a factor of 2. Breit
interaction has little effect on the Is-2p~y22py2 Auger
transitions (peak 8 in Fig. 2) which is consistent with the

findings for the corresponding transitions in the neutral
atoms.

The RTEX cross sections for U + in collisions with
helium and carbon are shown in Figs. 3 and 4. Similar
peak structure as in the U ++H2 collisions is obtained.
The cross sections for the Us9++C collisions are about a
factor of 2 larger than those for the Us ++H2 and

U ++He systems due to the fact that there are six elec-
trons in a carbon atom and the K-shell electrons in the
carbon atom contribute little to the RTEX cross sections.

V. CONCLUSIONS

We have calculated the RTEX cross sections for Us9+

ion in collisions with light targets in impulse approxima-
tion using fully relativistic MCDF method. We have
demonstrated that the effects of relativity can change the
peak positions, and number of peaks, as well as the peak
heights. We conclude that the relativistic effects should
be included in the calculations of RTEX cross sections in

heavy-ion collisions.
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