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Simultaneous excitation and ionization of He-like uranium ions in relativistic collisions
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The process of simultaneous excitation and ionization is investigated for He-like uranium (U901) ions
colliding with Ar, Kr, and Xe targets at an incident energy of 223.2 MeV/u. The two-electron transitions,
where one of the ground-state electrons is promoted into the continuum and the other into theL-subshell states
of the projectile, are identified by the coincident observation of U Lyman-series radiation and U911 ions. The
experimental cross sections are compared to relativistic calculations based on the independent particle approxi-
mation and first-order perturbation theory. It is shown, that simultaneous excitation-ionization occurs prefer-
ably at small impact parameters, for which the excitation process is dominated by the monopole part of the
interaction potential and the perturbation potential is largest. Good agreement is found between experimental
data and calculations for the Ar target. For heavier targets the experimental results are generally smaller than
predicted pointing to the invalidity of the first-order perturbation theory in this energy–target atomic number
domain.
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I. INTRODUCTION

In recent years, a substantial amount of experimental d
has been collected for a variety of fundamental proces
occurring in relativistic or ultra-relativistic collisions o
high-Z ions with atoms~for a review see, e.g., Refs.@1# and
@2#!. These studies encompass such processes as rad
~REC! and nonradiative~NRC! electron capture@3–6#, elec-
tron capture from pair production@7–9#, as well as target and
projectile ionization@8–14#. Progress in the experimenta
field has been accompanied by a more refined theore
description incorporating a fully relativistic treatment, whic
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quite often goes beyond a perturbative approach@15–22#.
In contrast to charge exchange processes, there are al

no experimental data available for electron excitation
high-Z ions in relativistic ion-atom collisions. Recently, th
first study of this type has been reported for the case
K-shell electron excitation of H- and He-like Bi~Z583! ions
@23,24#. It has been shown that even at moderately relativ
tic energies (b5vpro j . /c.0.46 wherevpro j . is the projectile
velocity, andc is the speed of light!, ground state excitation
has to be described in terms of the coherent sum of magn
and electric amplitudes of the complete interaction potent
In that case, the inclusion of magnetic term leads to dest
tive interference resulting in a reduction of the total exci
tion cross sections, as compared to the quasi-relativistic
proach, in which the electric and magnetic parts of t
©2000 The American Physical Society06-1
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interaction potential are added incoherently.
Previous studies of the dynamics of relativistic ion-ato

collisions focussed on single-electron processes. In this
per we report on an investigation of the simultaneous~i.e.,
occurring in a single-ion-atom collision! excitation and ion-
ization of He-like uranium at relativistic collision velocitie
(b50.59). Many-electron processes have been studied
tensively, both experimentally and theoretically, mainly f
nonrelativistic systems due to the fundamental question
the role of electron-correlation in the dynamics of the io
atom collisions~for a review see, e.g., Ref.@25#, and refer-
ences therein!. Also the process of simultaneous excitati
and ionization has been addressed in that context@26–28#.
Our study provides a complement to the experimental d
for the domain of strong Coulomb fields and for energi
where relativistic effects play an important role.

In the experiment 223.2 MeV/u U901 ions colliding with
gaseous Ar, Kr, and Xe targets were used. The identifica
of excitation-ionization events are greatly facilitated in t
case of He-like projectile, since electron capture cannot l
to ground state x-ray emission due to the initially occup
K-shell, and no x-ray emission due to the deexcitation
spectator electrons is possible. Excitation-ionization cr
sections could be, in this case, determined directly from
uranium Ly-a-series radiation measured in coincidence w
projectiles having lost one electron (U911 ions). The experi-
mental data are compared to the relativistic calculati
based on the perturbation theory and the independent pa
model ~IPM!. Two issues are addressed in the discuss
First, we examine the relevance of a fully relativistic pertu
bative description of the projectile excitation accompan
by ionization. Second, we investigate the validity of the
dependent particle model for the description of this proc
for a highly charged high-Z system. Apart from providing
these applicability criteria, our data allow us to establish
scaling law for excitation plus ionization cross sections w
the target atomic number.

The paper is organized as follows: in Sec. II the expe
mental arrangement is discussed, Sec. III gives a brief o
view of the theoretical methods used for the description
simultaneous excitation and ionization. The applied meth
of data analysis is discussed in Sec. IV. In Sec. V we sh
the experimental cross sections for the simultaneous ex
tion and ionization of U901 ions and compare them to th
theory. We conclude with a summary in Sec. VI.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out at the SIS-ESR~Heavy
Ion Synchrotron-Experimental Storage Ring! facility at the
Gesselschaft fu¨r Schwerionenforschung in Darmstadt. Ur
nium ions with energies of approximately 223 MeV/u we
delivered by the SIS accelerator. After passing throug
copper stripper foil, each beam pulse was magnetically a
lyzed, and a fraction of U901 ions were injected into the ESR
storage ring. The stored beam was cooled by the elec
cooler device operating at 121.670 kV and 100–150 m
The beam stacking was continued until approximately 18

uranium ions were accumulated in the ring. Subsequentl
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supersonic gas-jet target was switched on. Argon, krypt
and xenon targets with areal densities between 1011 and
1012 particles/cm2 were used in the measurements. The fin
beam energy equal to 223.2 MeV/u was defined by the v
age of the electron cooler. The cooler, operating conti
ously during the accumulation and measurement phase, c
pensated for small beam energy losses due to the intera
with target atoms and rest gas, and provided excellent qua
beams with typical diameterF5223 mm, a momentum
spreaddp/p<1024, and the corresponding transverse em
tance of the order of 0.1p mm mrad.

A schematic arrangement of the detector setup at the
get area of the ESR storage ring is shown in Fig. 1. X-ra
emitted from the beam-target interaction zone were m
sured by three thick planar Ge~i! detectors placed at obse
vation angles of 48 °, 90 °, and 132 ° with respect to t
beam direction. The detectors placed at 48 ° and 132 ° w
separated from the ultra-high-vacuum system of the E
storage ring by 100mm-thick beryllium windows, while a
50 mm-thick stainless steel window was used at 90 °. F
x-ray energies of interest, the absorption in the windows w
negligible. In order to keep the Doppler broadening of t
lines small enough to resolve Lya1 and Lya2 radiation of
the projectile, the solid angle subtended by the detectors
to be confined. For this purpose, a slotted copper and
assembly with 5 mm wide opening was mounted directly
front of the detectors placed at 48 ° and 90 °.

After passing through the target, the beam was cha
state separated at the first magnetic bend of the ring. F
tions of U911 and U891 ions were directed into the particl
detectors located in the inner and outer part of the ring. T
detectors used~NE110 plastic scintillator counters! regis-
tered down-charged~Li-like !, and up-charged~H-like! ura-
nium ions with efficiency very close to 100%.

Signals were processed employing standard data ta
techniques based on CAMAC and NIM electronics. The d
collection was carried out in successive accumulati
measurement cycles until a required statistical significa
~better than 15% for two-electron processes! was achieved.
Two data acquisition modes were maintained; coincide
mode, and single mode~no coincidence with particle
counters!. The latter allows for the detailed study of th
single-excitation process for He-like uranium. This will b
done in a forthcoming paper.

FIG. 1. Simplified diagram of the experimental arrangemen
the internal gas-jet target of the ESR.
6-2
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FIG. 2. Sample x-ray spectra
recorded at 48 ° for initially He-
like uranium ions colliding with
Ar, Kr, and Xe gas target atoms
The upper plots represent sing
spectra~projectile excitation!. The
lower plots represent spectra re
corded with simultaneous condi
tion of ionization of the projectile
~projectile excitation plus ioniza-
tion!. Both single and coincidence
spectra were corrected for effi
ciency of the Ge~i! detector. The
coincidence spectra were add
tionally corrected for random
events.
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For He-like systems where thenl j→1s transitions fol-
lowing electron capture processes are forbidden by the P
exclusion principle, the observation of ground-state x-
transitions constitutes the direct signature of a ground-s
excitation. Likewise, the simultaneous ionization and exc
tion into nl j states can be identified through the observat
of ground state x-ray emission in coincidence with u
charged~H-like! projectiles. It is important to note here, th
in the standard experiments with solid targets, a meas
ment of two-electron processes is not feasible due to
prohibitively high probabilities of excitation and ionizatio
occurring in two successive collisions. In contrast, for g
targets with typical areal densities of 1012 particles/cm2 the
probability for such a two-step excitation-ionization proce
is negligible. Moreover, due to the large fine-structure sp
ting for H-like U the transitions from states with total ang
lar momentumj 51/2 are well separated from those withj
53/2. Therefore, the cross sections for simultaneous ion
tion and excitation into the different total angular momentu
states of then52 shell can be directly determined from th
observed yields of Lya1 and Lya2 radiation of the projectile.

In Fig. 2, x-ray spectra recorded for 223.2 MeV/u initial
He-like U901 ions impinging upon Ar, Kr, and Xe gas targe
are plotted. To illustrate the differences between single e
tation and simultaneous excitation plus ionization both ex
tation modes are shown. The upper plots show data take
an observation angle equal to 48 ° without coincidence c
ditions. The prominent, well resolvedKa2 and Ka1 emis-
sion lines due to ground-state electron excitation into
L-shell projectile states can be seen. It is interesting to n
that for the case of single excitation, theKa2 /Ka1 intensity
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ratio changes markedly with target atomic number.
The lower part of Fig. 2 shows the corresponding spec

recorded in coincidence with projectile ionization. Since
that case the x-ray transitions occur in H-like ions, positio
of 2 j→1s ( j 51/2,3/2) lines appear markedly shifted in e
ergy with respect to single excitation. Moreover, a significa
change in the ratio of relative intensities of Lya2 :Lya1 lines
~ionization plus excitation! with respect toKa2 :Ka1 ~exci-
tation! can be seen. To understand this striking differen
one has to consider different decay modes ofs-levels in H-
and He-like heavy ions. For He-like systems the populat
of 21S0 state does not lead to the emission ofKa photons.
Instead, this level decays by two-photon~2E1! emission
@35#. Therefore, only excitation into 23P1 ~and a small ad-
mixture of spin-flip populated 23S1 , 23P0 states! leads to the
production of Ka2 x-rays. In contrast, for high-Z H-like
ions, the 2s1/2 state decays by a prompt~M1! transition feed-
ing the Lya2 line. Furthermore, the change of relativ
Ka2 :Ka1 and Lya2 :Lya1 ratios is enhanced by the impa
parameter characteristics of the two-electron and the sin
electron processes. This will be discussed in the follow
section.

III. THEORETICAL DESCRIPTION OF EXCITATION
PLUS IONIZATION PROCESSES

Our theoretical description of simultaneous excitation a
ionization of the He-like system relies on two assumptio
First, the process is described within the framework of
independent particle approximation, which postulates t
the change of state of one electron does not affect the o
one. In other words, we assume that the process of simu
6-3
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neous excitation plus ionization is not correlated. Furth
describing single-electron processes, we assume that
inter-nuclear motion can be treated classically, that is,
the collision can be characterized by an impact parameteb.
The motivation for this approach is that the generally ma
body problem we deal with, can be reduced to a sing
electron problem. More specifically, in this approach t
probability pnl j

ion-exc for a simultaneous ionization and excit
tion of the ground-state electrons into the finalnl j state of
the projectile, can be expressed as an~uncorrelated! product
of single-electron probabilities:

pnl j
ion-exc~b!'2pion~b!pnl j

exc~b!. ~1!

Here,pion(b) is the single-electron ionization probability fo
collision with impact parameterb, pnl j

exc(b) is the single-
electron excitation probability into the state characterized
quantum numbersnl j .

Expression~1! assumes that the bound projectile electro
are ejected simultaneously and are subject to the same b
ing energy. The total cross section for simultaneous exc
tion and ionization into thenl j state of the projectile is then
given by

snl j
ion-exc5E

0

`

2pbpnl j
ion-exc~b!db. ~2!

With the help of Eqs.~1! and~2!, the scaling of the cross
section for the excitation plus ionization process with tar
atomic number can be derived. As we use first-order per
bation theory to calculate the single-electron probabilities
excitation and ionization processes, and both scale w
ZT

2 (ZT is the target atomic number!, snl j
ion-exc should be pro-

portional toZT
4 . It is worth noting however, that within the

first order perturbation theory the probabilitiespion(b) and
pexc(b) are not mutually exclusive @i.e., pion(b)
1(nl j pnl j

exc(b)1pelasÞ1, wherepelas is the probability that
the electron does not change the state#, and therefore Eq.~1!
is in this framework only an approximation.

Since in the present work excitation plus ionization h
been investigated for a relatively wide range of target ato
numbers, this scaling can be verified experimentally. In Se
III A and III B a brief overview of the theoretical approac
used to describe the single electron probabilitiespion(b), and
pexc(b) is given.

A. Ionization probabilities

The description of simultaneous excitation and ionizat
within the IPA framework requires an impact parameter f
mulation of individual single-electron processes@see Eqs.~1!
and ~2!#. For the description of impact parameter depend
ionization we adopted a semi-classical-approximation~SCA!
originally developed by Bang and Hansteen@29#. In the
SCA, the ionization probabilitypion(b) is determined within
first-order perturbation theory assuming that the perturba
potential can be derived according to the classical in
nuclear trajectory. Calculations were performed with t
SCA code of Trautmann and Ro¨sel @30#, which exploits rela-
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tivistic hydrogenic-like wave-functions for the description
the bound state of the projectile electron. A theoretical bin
ing energy of H-like uranium@31#, and the continuum elec
tron states with angular momentum 0< l<4 were used. Al-
though in the SCA calculations the correct relativistic Dir
bound-state and continuum-state wave-functions are u
this model neglects the magnetic part of the full interact
potential, and assumes nonrelativistic collision kinemat
The latter, is accounted for in our calculations adopting
collision energy for which the projectile velocity matche
that given by the relativistic expression.

The magnetic contribution to the total ionization amp
tude arises if one considers a relativistic collision where
perturbing spherically-symmetrical Coulombic potential
Lorentz transformed to the reference frame of the ioniz
atom. This transformation leads to the extension of the
tential in the transverse direction and shrinkage in the lon
tudinal direction, yielding the Lie´nard-Wiechert potentia
@2#. The corrections to the cross sections accounting for
magnetic interaction~the so-called transverse and spin-fl
contribution! has been calculated by Anholt@32# within the
dipole-approximation. Since within this picture, the magne
part of the interaction amplitude is added incoherently, t
correction leads to an increase of the total ionization cr
sections with increasingb values. For our moderateb value
the magnetic~transverse plus spin flip! part of the ionization
cross section accounts only for;5% of the total ionization
cross section. Moreover due to the geometrical propertie
the Lorentz transformation of the interaction potential the
corrections are most important at large impact parame
@15,33#. It should be noted, that the model proposed by A
holt et al. @32#, where electric and magnetic contributions a
added incoherently, generally yields fairly good agreem
with the existing experimental cross section data@12–14#,
with one interesting exception at ultrarelativistic energ
@9#.

B. Excitation probabilities

Since the theoretical approach used for the description
the excitation process has been described in detail elsew
@23#, only a brief summary will be given here. For the d
scription of electron excitation a fully relativistic calculation
considering a complete~Liénard-Wiechert! interaction po-
tential has been used. In the impact parameter picture, a
the case of ionization, the cross section for excitation
given by

s f i52pE
0

`

uAfi
eu2b db. ~3!

Within first-order perturbation theory, the transition am
plitude in a strictly relativistic formalism has the form@2#

Af i
e ~b!5 i

gZTe2

\ E dtei (Ef2Ei )t/\E d3rw f
†~rW !

3~12baz!
1

r 8
w i~rW ! ~4!
6-4
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SIMULTANEOUS EXCITATION AND IONIZATION OF . . . PHYSICAL REVIEW A 61 052706
Here,Ei , w i , andEf w f are the energies and the initial an
final eigenstates, respectively, andaz is the Dirac matrix
component in the direction of projectile movement. T
space coordinater 8 is calculated within the Lorentz gaug
assuming that the projectile is moving along the class
trajectory with an impact parameterb characterizing the col-
lision. For the description of initial and final electron stat
the Coulomb-Dirac wave-functions are used. In the transit
matrix element of Eq.~4!, the two contributions to the tran
sition amplitude arise from the scalar and the vector part
the Liénard-Wiechert potential and add up coherently. T
importance of the magnetic part of the interaction poten
has been recently pointed out for the case of ground-s
excitation of H- and He-like bismuth ions in relativistic co
lisions with low-Z solid targets@23#. It was found that even
for moderateb values the electric and magnetic parts of t
Liénard-Wiechert interaction interfere leading to a reduct
of the absolute magnitude of total cross sections as comp
to calculations where only the electric part is consider
This feature of the excitation cross sections, rigorously c
culated according to Eq.~4! is distinctly different from that
proposed by Anholtet al. for ionization @32#, where no in-
terference effects are present.

C. Probabilities of simultaneous excitation and ionization
in the IPA framework

Figure 3 summarizes the results of calculations descri
in the preceding sections. Since our theoretical approac
based on first order perturbation theory implying the ZT

2 scal-
ing law for the probabilities of individual single-electro
processes, the reduced valuesbp(b)/ZT

2 are shown. The
curves representing calculated probabilities of individ
single-electron processes for 223.2 MeV/u U911 projectiles
are depicted in Fig. 3~a!. In the case of excitation, only prob
abilities for the population of the 2s1/2, 2p1/2, and 2p3/2
states summed over the final magnetic sub-states are
sented. Also shown, is the probability forK-shell ionization
of U911 calculated within the SCA framework neglecting th
contribution of the magnetic terms to the ionization probab
ity. We note that the single-excitation mode leads to an
most equal population ofj-substates ofn52 shell @sexc( j
51/2)51.05 barns, sexc( j 53/2)50.88 barns#. Besides,
we find that excitation probability into the 2s state reaches
its maximum at much smaller impact parameters than
for the 2p states. This is connected to the relativistic rad
contraction ofs orbitals occurring for high-Z ions.

In Fig. 3~b! reduced cross sections for simultaneous ex
tation plus ionization versus impact parameter calculated
cording to Eq.~1! are shown. Due to its multiplicative na
ture, the impact parameter dependence of excitation
ionization exhibits a prominent suppression of probabilit
at large impact parameters as compared to the single-ele
processes. For example, the probability of simultaneous
ization and excitation into the 2s state occurs at a mea
impact parameterb5350 fm, while the single excitation
into this state occurs at a mean impact parameteb
5550 fm and excitation into the j53/2 state at b
51500 fm. Hence, the cross sections for simultaneous e
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tation and ionization can be regarded as equivalent to
impact parameter differential measurement in the sense,
they probe the individual single-electron processes fob
close to the origin. This in turn is manifested by a stro
relative enhancement of excitation plus ionization populat
the 2s state, i.e., the enhancement of the monopole excita
mode. Indeed, the calculated cross section ratiossexc( j
51/2)/sexc( j 53/2) are considerably different for single ex
citation and excitation accompanied byK-shell ionization,
and are equal to 1.19 and 2.36, respectively. This indica
that the measurement of the relativeKa2 :Ka1 and
Ly-a2 :Ly-a1 line ratios, which are easy to resolve expe
mentally for high-Z ions, can be used as a sensitive tool
study the details of different Coulomb excitation modes.

To investigate further the impact parameter characteris
of excitation and of excitation plus ionization processes,
plot in Fig. 3~c! the degree of alignment of the 2p3/2 state.
The depicted differential alignment parameterA20(b) de-
fined as

FIG. 3. Calculated probabilities for excitation, excitatio
ionization, and the alignment parameterA20 plotted versus collision
impact parameter.~a! Reduced probabilitiesbpexc(b)/ZT

2 for single
excitation of H-like U911 into the 2s1/2 ~—-!, 2p1/2 ~ — — —!,
and 2p3/2 (•••••), and ionization probability bpion(b)/
ZT

2(222•222). ~b! Reduced probabilities bpion(b)
3pexc(b)/ZT

4 for simultaneous ionization and excitation into th
2s1/2 ~—–!, 2p1/2 ~ — — —!, and 2p3/2 (•••••). ~c! Degree of
alignment of the 2p3/2 state.
6-5
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A20~b!5
p2p3/2umu53/2

exc ~b!2p2p3/2umu51/2
exc ~b!

p2p3/2umu53/2
exc ~b!1p2p3/2umu51/2

exc ~b!
, ~5!

reflects the relative weights of the population of the magn
substates (m) of the 2p3/2 level by the excitation process. A
can be seen in the figure, for small impact parameters
calculatedA20(b) attains large negative values while fo
more distant collisions theA20(b) is small and positive.
Consequently, for the case of single excitation the integra
over impact parameterb yields almost no net total alignmen
(A 20

exc520.034). For simultaneous ionization and exci
tion, whereb is confined to small values, the degree of alig
ment is equal toA 20

exc-ion520.337 indicating a nonstatistica
population of magnetic sub-states of the 2p3/2 level.

Experimentally, an alignment can be revealed by study
the angular distribution~or polarization! of the de-excitation
photons. According to Ref.@34# the angular distribution of
x-rays can be expressed with the help of the alignment
rameterA20 as:

ds

dV
5

s tot

4p H 11
1

2
aA20@3 cos2~Q!21#J b/sr, ~6!

wherea is the anisotropy parameter~equal to 1/2 and 0 for
j 53/2→ j 51/2 andj 51/2→ j 51/2 transitions, respectively
@34#!, Q is the azimuthal angle of photon emission~in the
emitter frame!, ands tot is the total cross section for popula
tion of the j-substate. Hence, the considerably large ali
ment values predicted for the case of simultaneous ioniza
and excitation into the 2p3/2 state, should be reflected in th
experiment by an anisotropic angular distribution of t
Lya1 radiation.

IV. DATA ANALYSIS

A. Normalization of the cross sections

The single and coincidence spectra plotted in Fig. 2 r
resent the data corrected for a variation of detection e
ciency as a function of the photon energy; the coincide
spectra were additionally corrected for random even
Therefore, apart from the normalization factor the line inte
sities directly reflect the cross sections for theKa1,2, Kb,
and Lya1,2 production due to the single excitation, and ex
tation plus ionization processes, respectively.

The most direct and conventionally used way of absol
cross section normalization is based upon the precise kn
edge of the target thickness and the beam current. At
specific conditions of the internal gas-jet target at the E
storage ring, where this experiment was conducted, such
tors as the imperfect beam overlap with the gas-jet volu
the limited knowledge of the beam current and uncertainty
the effective gas target density, restrict the accuracy of
method to values not better than approximately 50%.
alternative procedure has been proposed by us recently@36#,
where these systematic uncertainties are to a large ex
eliminated. In this approach, cross sections for arbitr
x-ray production mechanism are determined by normaliz
the photon yields to the simultaneously measured numbe
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REC photons. The cross sections for the REC process,
be obtained from the new generation of fully relativistic ca
culations with a high accuracy~see, e.g., Refs.@17,18# and
@37#!. Following Ref.@36#, we adopt this method also her
making use of the fact that the cooled ion beams and
targets used, guarantee that REC is observed in the ex
tionally clean experimental conditions.

The number of REC photons was determined from
least-square fit of the theoretical line profile to the expe
mental data. Figure 4 shows a sample REC spectrum re
tered for uranium on an argon target in coincidence with
particle detector counting U891 ions. Since in our case, theK
shell of the projectile is occupied, only REC leading to theL,
M, and higher projectile shells, can be observed. Theref
for the absolute cross-section normalization the most ab
dant REC into theL shell was chosen. The line profiles use
in the fit were constructed exploiting the tabulated Comp
profiles for target atoms@38#, and using the binding energie
for Li-like uranium calculated with the multi-configuratio
Dirac-Fock codeGRASP@39#. Since, due to the large width o
Compton profile for Ar, Kr, and Xe targets, theL-REC par-
tially overlaps with the tails of REC intoM -, and higher
levels, the latter capture modes were also considered in
fits. The different total angular momentum states of the p
jectile with principal quantum number up ton55 were taken
into account~see dotted lines in Fig. 4!. The dashed line in
Fig. 4 shows the fittedL-REC line profile used for normal
ization purposes.

For all targets considered, the absolute normalization
cross sections was based on theL-REC intensity observed a
132 °. The normalization of photon yields observed at 4
and 90 ° was based on the precisely known geometry of
detector setup. The overall uncertainty of the normalizat
procedure is smaller than 10% in the case of the Ar targ

FIG. 4. Radiative electron capture spectrum recorded at 132
coincidence with U891 ions. Data were corrected for x-ray detectio
efficiency and for random coincidences. Also shown is the resul
the least-square fit of the theoretical REC profile. The solid l
represents the overall fit result, dotted lines show the contributio
the individual projectile levels, dashed line depicts the contribut
of the L-REC used for the absolute normalization of simultaneo
excitation and ionization cross sections.
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For the Xe target, overall uncertainty reaches 20% due
counting statistics and the uncertainty of the model.

B. Cascade corrections

While the ground-state Coulomb excitation leads pref
ably to the population ofn52 states@23#, a small fraction of
electrons can be promoted to states with principal quan
numbern.2. The de-excitation of the latter may in turn fee
then52 states. Therefore, to compare the experimental d
with theory, the observed line intensities have to be correc
for this effect. For this purpose, the cascade decay of exc
states was modeled using theoretical cross sections for e
tation into the individual projectile substates withn<4, and
adopting the decay branching ratios obtained from MC
codeGRASP@39#. This model has been proved to be succes
in predicting the single excitation of H-like systems~see,
e.g.,@23# and @24#!, where excellent agreement is found b
tween calculations and the x-ray spectra, in which transiti
up to the K-series limit are observed. In case of th
excitation-ionization, calculations showed that the casc
decay into then52 states contribute about 24% and 5%
the Lya1 and Lya2 production cross sections, respectivel

V. RESULTS AND DISCUSSION

A. Angle differential cross sections

In Fig. 5, a comparison of experimental and theoreti
cross sections for simultaneous ionization and excitation
the n52 states of He-like uranium ions is presented a
function of observation angle.

To show the angular characteristics of the emitted rad
tion in the absence of Lorentz transformation effects,
differential cross sections are corrected for the relativis
solid angle transformation. The error bars shown in the
ure represent both the statistical uncertainties of the m
sured Lya1 and Lya2 lines, as well as uncertainty of th
normalization procedure applied to determine the abso
cross section values.

The theoretical differential cross sections for ionizati
and excitation into then52 levels with total angular mo
mentumj 51/2 andj 53/2 are represented in Fig. 5 by sol
and dashed lines, respectively. The curves were calcul
according to Eq.~6! adopting the theoretical values of exc
tation cross sections into the individualj substates ofn52
shell and using the calculated alignment parameterA20. For
the Ar target the measured and calculated differential cr
sections for simultaneous excitation and ionization are
good agreement. In particular, the predicted angular cha
teristics of the emitted radiation, and the dominance of
excitation into thej 51/2 states, is well reproduced expe
mentally. For heavier targets the experimental data are g
erally smaller than calculated.

B. Total excitation-ionization cross sections

Figure 6 shows the total cross sections for simultane
ionization and excitation of the two ground state electrons
He-like uranium plotted versus target atomic number. T
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experimental values were obtained from a least-squares fi
Eq. ~6! to the angle differential data, assuming one adjusta
parameters tot. The results are compared to the relativis
IPA calculations~see Sec. III! of the simultaneous ionization
and excitation into the individualj-sub-states of the projec
tile L shell.

From the comparison given in Figs. 5 and 6 a good over-
all agreement can be stated for the Ar target. It should
noted, that for the description of individual single electr
processes a theoretical approach based on the relativistic
malism was used. More specifically, the ionization proc
was treated in a semirelativistic way, i.e., the correct el
tronic wave functions were used, but the magnetic part of
interaction potential was neglected. This approach seem
be rather well justified, since the existing experimental d
show that theK-shell ionization is rather insensitive to th
relativistic corrections@13,12#, for b!1. Unlike for ioniza-
tion, the fully relativistic approach has been found to be
sential for the case of projectile excitation@23,24#. In par-
ticular, it has been demonstrated for the ground st
excitation of H-and He-like Bi ions, that the inclusion of th
magnetic interaction leads to a strong increase of the rela
amplitude of the transitions withm f5m i21, over the entire
range of impact parameters@23#. Good agreement betwee

FIG. 5. Angle differential cross sections~projectile frame! for
simultaneous ionization and excitation of 223.2 MeV/u U901 ions
in collisions with Ar, Kr, and Xe gas targets. The solid circles a
open squares represent experimental data for simultaneous io
tion and excitation into the projectileL-shell states with total angu
lar momentumj 51/2 andj 53/2, respectively. The theoretical pre
dictions are given by solid (j 51/2) and dashed (j 53/2) lines.
6-7
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the experimental data and the calculations for the Ar tar
supports the conclusion of the earlier work.

It is worthwhile to recall here the difference of the impa
parameter dependence between the single-electron proc
and simultaneous excitation and ionization discussed in S
III C. In the first case, an effective range of impact para
eters is determined by the size of the electron orbital, in
second case, only small impact parameters contribute sig
cantly to the total cross sections. For such near central c
sions, the perturbation generated by the target nucleu
largest. Hence, the measurement of two-electron proce
tests more stringently the applicability of the perturbati
theory than does the measurement of single electron cr
sections. Our results for heavy~Kr and Xe! targets show tha
the process of simultaneous excitation and ionization can
be described perturbatively to within the accuracy of be
than 50%.

To investigate further the features of the excitatio
ionization process, in Fig. 7 we plot the cross-section ra
sexc-ion( j 51/2)/sexc-ion( j 53/2) ~triangles! versus target
nuclear charge. This presentation of the data allows u
eliminate systematic errors due to the uncertainty of the
solute cross section normalization.

As pointed out in Sec. III C the population patterns of t
projectile j 2sub-states markedly differ for single excitatio
and simultaneous ionization and excitation. For t
excitation-ionization process the monople (1s→2s) excita-
tion mode is strongly favored with respect to the dipole o
(1s→2p), as compared to the single excitation~see dashed
line in Fig. 7!. This is a consequence of the impact parame
characteristics of these two processes. The predicted rel

FIG. 6. The total cross sections for simultaneous ionization
excitation of U901 ions in collisions with Ar, Kr, and Xe gas target
at an incident energy of 223.2 MeV/u. The experimental data
given separately for excitation into thej 51/2 ~full circles! and j
53/2 ~squares! L-shell states of the U911. The solid and dashed
lines depict the theoretical predictions.
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enhancement of ionization and excitation intoj 51/2 states is
well reproduced experimentally, for the case of the Ar a
Kr targets. For the Xe target the ratiosexc-ion( j
51/2)/sexc-ion( j 53/2) is considerably larger than calculate
This is likely connected to the failure of the first-order pe
turbation theory for this energy-target atomic number
gime. Additional evidence for the breakdown of first ord
perturbation theory for heavy targets can be found in Fig
In the plot, a variation of the relative intensity of Lya1 and
Lya2 lines with the target nuclear charge can be observed
is interesting to note that this effect is present in the case
single excitation~Fig. 2, upper plot! as well.

C. Electron-electron interaction

When dealing with many-electron processes, generally
interaction between them has to be taken into account. In
process of simultaneous excitation and ionization, where
nal electron states differ, an overall transition amplitude c
potentially be sensitive to the ground state electron-elec
interaction. In this context, helium-like uranium is a partic
larly interesting system, since here the ground state elect
electron interaction is the largest among all stable eleme
while simultaneously both electrons experience the stron
Coulombic field of the nucleus. Therefore, as an archety
two-electron high-Z ion, it offers the simplest possible te
ing ground for the studies of electron-electron interact
effects in ion-atom collisions.

The multi-electron processes in relativistic ion-atom c
lisions have been investigated up to date only for the cas
multiple electron ionization and multiple capture@40#. In that
case the IPA has been shown to be rather successful in
dicting the total cross sections. The good agreement foun
the present work for the Ar target, where the validity of fir
order perturbation theory is unquestionable, also gives
indication of the existence of correlation in simultaneo
ionization and excitation of the He-like uranium syste
However, to critically judge whether correlation effects a
of importance for excitation-ionization process, statistica
more significant experimental data are needed.

d

re

FIG. 7. The theoretical~solid line! and experimental (n) cross
section ratios for the population ofj 51/2 and j 53/2 by the
excitation-ionization process. For illustration, the predicted cr
section ratios for single excitationsexc( j 51/2)/sexc( j 53/2) are
given ~dashed line!.
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VI. SUMMARY

In this paper we report on the investigation of the tw
electron ~excitation plus ionization! process occurring in
relativistic collisions of very heavy highly charged ions wi
gaseous matter. The measurements were performed for
like uranium allowing us to study of two-electron process
in the absence of spectator electrons. In the experim
Lyman-series radiation of 223.2 MeV/u initially He-like ura
nium ions impinging upon gaseous targets has been m
sured at various observation angles in coincidence with p
jectiles that gained one charge state. The gas-targets u
ensured that the probability of excitation and ionization
two consecutive collisions is negligible. Hence, the simu
neous excitation plus ionization could be unambiguou
identified by the requirement of coincident observation of
projectile Lya emission and projectile ionization. The x-ra
yields were used to deduce the cross sections for simu
neous ionization and excitation into thej 51/2 and j 53/2
levels of the projectileL shell. Measurements have been p
formed for Ar, Kr, and Xe targets providing the informatio
about the population yields of the excited states as a func
of the strength of the perturbing potential.

The applied experimental technique along with the no
method of the absolute cross section normalization, provi
the first and reliable data for the excitation-ionization p
cesses in the domain of relativistic collisions and high
two-electron systems. In the discussion, we underline
r
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sensitivity of the measured cross sections to the propertie
the excitation probabilities at small impact parameters. S
impact parameter selective data are difficult to access exp
mentally by the direct measurement.

The angle-differential and total cross sections for sim
taneous excitation and ionization have been compared
relativistic calculations of the excitation and ionization d
rived on the basis of the independent particle approxima
and first order perturbation theory. Our experimental data
provided a good test of the validity of these models a
supported these approximations for Ar target. The data
the Kr and Xe targets point to the inadequacy of first ord
perturbation theory for the description of simultaneous ex
tation and ionization.
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