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The process of simultaneous excitation and ionization is investigated for He-like uranitfth) (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 Insutighell states
of the projectile, are identified by the coincident observation of U Lyman-series radiation®anhdods. 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.

PACS numbds): 34.50.Fa

I. INTRODUCTION quite often goes beyond a perturbative apprdddh-22.
In contrast to charge exchange processes, there are almost
In recent years, a substantial amount of experimental datao experimental data available for electron excitation of
has been collected for a variety of fundamental processesigh-Z ions in relativistic ion-atom collisions. Recently, the
occurring in relativistic or ultra-relativistic collisions of first study of this type has been reported for the case of
high-Z ions with atomgfor a review see, e.g., Refil] and  K-shell electron excitation of H- and He-like BZ=83) ions
[2]). These studies encompass such processes as radiat(&3,24]. It has been shown that even at moderately relativis-
(REQ) and nonradiativéNRC) electron captur¢3—6], elec-  tic energies B=uv ;. /c=0.46 wherev ,,,; is the projectile
tron capture from pair productidi—9], as well as target and velocity, andc is the speed of light ground state excitation
projectile ionization[8—14]. Progress in the experimental has to be described in terms of the coherent sum of magnetic
field has been accompanied by a more refined theoreticand electric amplitudes of the complete interaction potential.
description incorporating a fully relativistic treatment, which In that case, the inclusion of magnetic term leads to destruc-
tive interference resulting in a reduction of the total excita-
tion cross sections, as compared to the quasi-relativistic ap-
*Electronic address: T.Ludziejewski@gsi.de proach, in which the electric and magnetic parts of the
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interaction potential are added incoherently.

Previous studies of the dynamics of relativistic ion-atom Gef(i)
collisions focussed on single-electron processes. In this pa-
per we report on an investigation of the simultaneGuss, U 90° H 132°
occurring in a single-ion-atom collisigrexcitation and ion- \ /
ization of He-like uranium at relativistic collision velocities i
(8=0.59). Many-electron processes have been studied ex-
tensively, both experimentally and theoretically, mainly for ﬂ . +—
nonrelativistic systems due to the fundamental question of jss: gas-jet 223 MeV/u U™
the role of electron-correlation in the dynamics of the ion- target
atom collisions(for a review see, e.g., Reff25], and refer- FIG. 1. Simplified diagram of the experimental arrangement at

ences t_hergbm Also the process of si_multaneous excitation the internal gas-jet target of the ESR.
and ionization has been addressed in that corj&ét28§.
Our study provides a complement to the experimental data . . .
for the domain of strong Coulomb fields and for energies,SUperSOnIC gas-jet target was swﬂch_e_d on. Argon, krypton,
where relativistic effects play an important role. and xenon targets with areal densities betweeh Hhd

In the experiment 223.2 MeW/U%* ions colliding with 10" particles/cri were used in the measurements. The final

gaseous Ar, Kr, and Xe targets were used. The identificatioR€am energy equal to 223.2 MeV/u was defined by the volt-
of excitation-ionization events are greatly facilitated in the@ge of the electron cooler. The cooler, operating continu-
case of He-like projectile, since electron capture cannot lea@usly during the accumulation and measurement phase, com-
to ground state x-ray emission due to the initially occupiedpensated for small beam energy losses due to the interaction
K-shell, and no x-ray emission due to the deexcitation ofwith target atoms and rest gas, and provided excellent quality
spectator electrons is possible. Excitation-ionization croseams with typical diamete®=2-3 mm, a momentum
sections could be, in this case, determined directly from thepreadsp/p<10*, and the corresponding transverse emit-
uranium Ly«-series radiation measured in coincidence withtance of the order of 024 mm mrad.

projectiles having lost one electron {J ions). The experi- A schematic arrangement of the detector setup at the tar-
mental data are compared to the relativistic calculationget area of the ESR storage ring is shown in Fig. 1. X-rays
based on the perturbation theory and the independent particignitted from the beam-target interaction zone were mea-
model (IPM). Two issues are addressed in the discussionsyred by three thick planar G detectors placed at obser-
Flrs_t, we examine the relevar!ce _of a fuI_Iy r_elat|V|st|C pertur-y ation angles of 48°, 90°, and 132° with respect to the
bative description of the projectile excitation accompanied,o,m direction. The detectors placed at 48° and 132° were

by ionization. Second, we investigate the validity of the in'separated from the ultra-high-vacuum system of the ESR
dependent particle model for the description of this procesg_)torage ring by 100um-thick beryllium windows, while a

for a highly charged higlz system. Apart from providing . . . N
these applicability criteria, our data allow us to establish a)5(_0r K m:hrlc:( staflri\rlﬁsrs s:eter: W"l;dO\rNt\iNisinutshedv;;c?Ow. \II:Vor
scaling law for excitation plus ionization cross sections with ay energies of Interest, the absorptio N ows was

the target atomic number. negligible. In order to keep the Doppler broadgnipg of the

The paper is organized as follows: in Sec. Il the experi-in€s small enough to resolve ky and Lyw, radiation of
mental arrangement is discussed, Sec. IIl gives a brief oveth€ Projectile, the solid angle subtended by the detectors had
view of the theoretical methods used for the description of©® be confined. For this purpose, a slotted copper and lead
simultaneous excitation and ionization. The applied method@ssembly with 5 mm wide opening was mounted directly in
of data analysis is discussed in Sec. IV. In Sec. V we shoviront of the detectors placed at 48° and 90 °.
the experimental cross sections for the simultaneous excita- After passing through the target, the beam was charge
tion and ionization of & ions and compare them to the State separated at the first magnetic bend of the ring. Frac-
theory. We conclude with a summary in Sec. VI. tions of LP** and U°* ions were directed into the particle
detectors located in the inner and outer part of the ring. The
detectors usedNE110 plastic scintillator countersegis-
tered down-chargedLi-like), and up-chargedH-like) ura-

The experiment was carried out at the SIS-E@Ravy  nium ions with efficiency very close to 100%.
lon Synchrotron-Experimental Storage Rirfgcility at the Signals were processed employing standard data taking
Gesselschaft fuSchwerionenforschung in Darmstadt. Ura- techniques based on CAMAC and NIM electronics. The data
nium ions with energies of approximately 223 MeV/u werecollection was carried out in successive accumulation-
delivered by the SIS accelerator. After passing through aneasurement cycles until a required statistical significance
copper stripper foil, each beam pulse was magnetically angbetter than 15% for two-electron procegsess achieved.
lyzed, and a fraction of 8" ions were injected into the ESR Two data acquisition modes were maintained; coincidence
storage ring. The stored beam was cooled by the electromode, and single modd&no coincidence with particle
cooler device operating at 121.670 kV and 100-150 mAcounter$. The latter allows for the detailed study of the
The beam stacking was continued until approximatel§ 10 single-excitation process for He-like uranium. This will be
uranium ions were accumulated in the ring. Subsequently, done in a forthcoming paper.

II. EXPERIMENTAL PROCEDURE
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Projectile Ke, Ly- e radiation ratio changes markedly with target atomic number.

For He-like systems where thelj— 1s transitions fol- The lower part of Fig. 2 shows the corresponding spectra
lowing electron capture processes are forbidden by the Padifcorded in coincidence with projectile ionization. Since in
exclusion principle, the observation of ground-state X_ra);hat'case thg X-ray transmons occur in H-like ions, po'smons
transitions constitutes the direct signature of a ground-statef 21 —1s (j=1/2,3/2) lines appear markedly shifted in en-
excitation. Likewise, the simultaneous ionization and excita€'9Y With respect to single excitation. Moreover, a significant
tion into nlj states can be identified through the observatiorfh@nge in the ratio of relative intensities ofdy:Ly a, lines
of ground state x-ray emission in coincidence with up-(ionization plus excitationwith respect toKa,:Kay (exci-
chargedH-like) projectiles. It is important to note here, that tation can be seen. To understand this striking difference
in the standard experiments with solid targets, a measurén€ has to consider different decay modes-#vels in H-
ment of two-electron processes is not feasible due to th&"d lHe-hke heavy ions. For He-like systems the population
prohibitively high probabilities of excitation and ionization ©f 2"Sp state does not lead to the emissionkai photons.
occurring in two successive collisions. In contrast, for gagnstead, this level decays by two-phot¢BE1) emission
targets with typical areal densities of 20particles/cr the  [35]- Therefore, only excitation into*®; (and a small ad-
probability for such a two-step excitation-ionization processTixture of spin-flip populated 25, , 2°P statesleads to the
is negligible. Moreover, due to the large fine-structure split-Production of K, x-rays. In contrast, for high-Z H-like
ting for H-like U the transitions from states with total angu- ions, the 3, state decays by a promf}1) transition feed-
lar momentumj =1/2 are well separated from those with ing the Lya, line. Furthermore, the change of relative
=3/2. Therefore, the cross sections for simultaneous ionizak @2:Ka; and Lya,:Lya; ratios is enhanced by the impact
tion and excitation into the different total angular momentumpParameter characteristics of the two-electron and the single
states of then=2 shell can be directly determined from the €lectron processes. This will be discussed in the following
observed yields of Ly, and Lya, radiation of the projectile. ~S€ction.

In Fig. 2, x-ray spectra recorded for 223.2 MeV/u initially
He-like U°®* ions impinging upon Ar, Kr, and Xe gas targets IIl. THEORETICAL DESCRIPTION OF EXCITATION
are plotted. To illustrate the differences between single exci- PLUS IONIZATION PROCESSES
tation and simultaneous excitation plus ionization both exci-
tation modes are shown. The upper plots show data taken at Our theoretical description of simultaneous excitation and
an observation angle equal to 48 ° without coincidence conionization of the He-like system relies on two assumptions.
ditions. The prominent, well resolveila, and Koy emis-  First, the process is described within the framework of an
sion lines due to ground-state electron excitation into théndependent particle approximation, which postulates that
L-shell projectile states can be seen. It is interesting to notthe change of state of one electron does not affect the other
that for the case of single excitation, thev, /K« intensity ~ one. In other words, we assume that the process of simulta-
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neous excitation plus ionization is not correlated. Furthertivistic hydrogenic-like wave-functions for the description of
describing single-electron processes, we assume that tliee bound state of the projectile electron. A theoretical bind-
inter-nuclear motion can be treated classically, that is, thaing energy of H-like uraniuni31], and the continuum elec-
the collision can be characterized by an impact paranteter tron states with angular momentun=0<4 were used. Al-
The motivation for this approach is that the generally manythough in the SCA calculations the correct relativistic Dirac
body problem we deal with, can be reduced to a singlebound-state and continuum-state wave-functions are used,
electron problem. More specifically, in this approach thethis model neglects the magnetic part of the full interaction
probability pi"* for a simultaneous ionization and excita- potential, and assumes nonrelativistic collision kinematics.
tion of the ground-state electrons into the fimd| state of The latter, is accounted for in our calculations adopting a
the projectile, can be expressed as(ancorrelatefiproduct  collision energy for which the projectile velocity matches

of single-electron probabilities: that given by the relativistic expression.
. ‘ The magnetic contribution to the total ionization ampli-
p'rﬂ?'ex“(b)%2p'°”(b)p§>|‘jc(b). (1) tude arises if one considers a relativistic collision where the

_ perturbing spherically-symmetrical Coulombic potential is
Here,p™"(b) is the single-electron ionization probability for Lorentz transformed to the reference frame of the ionized
collision with impact parameteb, pyji(b) is the single- atom. This transformation leads to the extension of the po-
electron excitation probability into the state characterized byential in the transverse direction and shrinkage in the longi-
guantum numberalj. tudinal direction, yielding the Ligard-Wiechert potential

Expressior(1) assumes that the bound projectile electrond2]. The corrections to the cross sections accounting for the
are ejected simultaneously and are subject to the same bintagnetic interactiorithe so-called transverse and spin-flip
ing energy. The total cross section for simultaneous excitacontribution has been calculated by Anh¢B2] within the
tion and ionization into th@lj state of the projectile is then dipole-approximation. Since within this picture, the magnetic
given by part of the interaction amplitude is added incoherently, this

correction leads to an increase of the total ionization cross
ion-ex * ion-ex sections with increasing values. For our moderaj@ value
oy = jo 2mb pyiy (b)) db. @ the magneti¢transverse plus spin fljpart of the ionization
cross section accounts only fer5% of the total ionization

With the help of Eqs(1) and(2), the scaling of the cross Cross section. Moreover due to the geometrical properties of
section for the excitation plus ionization process with targeth€ Lorentz transformation of the interaction potential these
atomic number can be derived. As we use first-order pertur€Orrections are most important at large impact parameters
bation theory to calculate the single-electron probabilities fof 15.33. It should be noted, that the model proposed by An-
excitation and ionization processes, and both scale witholtetal.[32], where electric and magnetic contributions are
Z% (Z- is the target atomic numb)erai,ﬂ’j"excshould be pro- ac_ided mcohe_rently, ge_nerally yields falrly_ good agreement
portional toZ#. It is worth noting however, that within the W!th the existing .experlmenyal cross section .dEF‘a‘l"]' .
first order perturbation theory the probabilitip€'(b) and with one interesting exception at ultrarelativistic energies
p®Yb) are not mutually exclusive [i.e., p"°"(b) [9]-
+3;Priib) + p¥es£ 1, wherep®@®is the probability that o
the electron does not change the staaed therefore Eq(1) B. Excitation probabiliies
is in this framework only an approximation. Since the theoretical approach used for the description of

Since in the present work excitation plus ionization hasthe excitation process has been described in detail elsewhere
been investigated for a relatively wide range of target atomi¢23], only a brief summary will be given here. For the de-
numbers, this scaling can be verified experimentally. In Secsscription of electron excitation a fully relativistic calculations
lIIA and 11l B a brief overview of the theoretical approach considering a completéLiénard-Wiecheit interaction po-
used to describe the single electron probabilii@%b), and  tential has been used. In the impact parameter picture, as in
pqb) is given. the case of ionization, the cross section for excitation is

given by
A. lonization probabilities

The description of simultaneous excitation and ionization Ufizzwfo |Afl?b db. ©)
within the IPA framework requires an impact parameter for-
mulation of individual single-electron proces$sse Eqs(1)
and(2)]. For the description of impact parameter dependen
ionization we adopted a semi-classical-approximat®GA)
originally developed by Bang and Hansteg20]. In the

Within first-order perturbation theory, the transition am-
blitude in a strictly relativistic formalism has the forff]

2
SCA, the ionization probabilitp’®"(b) is determined within %(b):isze f dtei(Ef_Ei)t/ﬁf Erel(n)
first-order perturbation theory assuming that the perturbation h
potential can be derived according to the classical inter- 1
nuclear trajectory. Calculatipns were performed with the X(l—ﬁaz)—cpi(F) (4
SCA code of Trautmann and Rel[30], which exploits rela- r’
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Here,E;, ¢;, andE; ¢¢ are the energies and the initial and L=< " " " '

final eigenstates, respectively, amag is the Dirac matrix 10 ‘/ TR, excitation 1
component in the direction of projectiie movement. The 10° el 1
space coordinate’ is calculated within the Lorentz gauge o 10* LTl i
assuming that the projectile is moving along the classicaly 1g*® \\ “\\\1
trajectory with an impact parametbrcharacterizing the col- o 10°}F —-— ionization ~ "1

lision. For the description of initial and final electron states Q excit. 2s, ,
the Coulomb-Dirac wave-functions are used. In the transition S|~ excit2p,
matrix element of Eq(4), the two contributions to the tran- 10°F ----- excit. 2p;,
sition amplitude arise from the scalar and the vector parts ol 10°
the Lienard-Wiechert potential and add up coherently. The
importance of the magnetic part of the interaction potential 10°
has been recently pointed out for the case of ground-statt )
excitation of H- and He-like bismuth ions in relativistic col- ¥ 10
lisions with low-Z solid targetd23]. It was found that even Q'10'8
for moderateB values the electric and magnetic parts of the §
Liénard-Wiechert interaction interfere leading to a reduction Q-qq*
of the absolute magnitude of total cross sections as compare Q
to calculations where only the electric part is considered. 10
This feature of the excitation cross sections, rigorously cal- 1

v

excitation + ionization
7’

ioniz. + exc. 2s,,
=== ioniz. + exc. 2p,,
----- ioniz. + exc. 2p,,

-10

culated according to Ed4) is distinctly different from that ‘\ 3
proposed by Anholet al. for ionization[32], where no in- 0.2F . . - = : - =
terference effects are present. 0,0f---m-pem T TS =
o -02} .

c. p - . . L < 04} 1

. Probabilities of simultaneous excitation and ionization 06 ]

in the IPA framework 08}/ C) Alignment parameter A, 1

_ Figure 3 sgmmariz_es the results of calcula_\tions describe_( '1’00 1000 2000 3000 4000 5000 6000 7000
in the preceding sections. Since our theoretical approach i
based on first order perturbation theory implying tHeszal-

ing law for the probabilities of individual single-electron  FiG. 3. Calculated probabilities for excitation, excitation-
processes, the reduced valuep(b)/Z3 are shown. The ionization, and the alignment parametés, plotted versus collision
curves representing calculated probabilities of individualimpact parametefa) Reduced probabilitieb p™{(b)/Z2 for single

impact parameter [fm]

single-electron processes for 223.2 MeVAUprojectiles  excitation of H-like U** into the 2,, (—), 2py, ( — ——),
are depicted in Fig.(@). In the case of excitation, only prob- and 2o, (--- - ), and ionization probability bp*"(b)/
abilities for the population of the 2,,, 2p1,, and s, ZH(———-——-). (b)) Reduced probabilities bp°'(b)
states summed over the final magnetic sub-states are pr&p®{b)/Zz for simultaneous ionization and excitation into the
sented. Also shown, is the probability fishell ionization 2512 (—=), 2Py (— — —), and g (- ). (c) Degree of

of U calculated within the SCA framework neglecting the alignment of the P, state.

contribution of the magnetic terms to the ionization probabil-

ity. We note that the single-excitation mode leads to an altation and ionization can be regarded as equivalent to the
most equal population gfsubstates oh=2 shell[ o] impact parameter differential measurement in the sense, that
=1/2)=1.05 barns, ¢®{j=3/2)=0.88 barn$. Besides, they probe the individual single-electron processes Hor
we find that excitation probability into thes2state reaches close to the origin. This in turn is manifested by a strong
its maximum at much smaller impact parameters than thatelative enhancement of excitation plus ionization populating
for the 2p states. This is connected to the relativistic radialthe 2s state, i.e., the enhancement of the monopole excitation
contraction ofs orbitals occurring for high-Z ions. mode. Indeed, the calculated cross section ratiG8{]

In Fig. 3(b) reduced cross sections for simultaneous exci= 1/2)/c**{j =3/2) are considerably different for single ex-
tation plus ionization versus impact parameter calculated acitation and excitation accompanied Igshell ionization,
cording to Eq.(1) are shown. Due to its multiplicative na- and are equal to 1.19 and 2.36, respectively. This indicates
ture, the impact parameter dependence of excitation pluthat the measurement of the relativiéa,:Ka; and
ionization exhibits a prominent suppression of probabilitiesLy-«,:Ly-«; line ratios, which are easy to resolve experi-
at large impact parameters as compared to the single-electranentally for highZ ions, can be used as a sensitive tool to
processes. For example, the probability of simultaneous ionstudy the details of different Coulomb excitation modes.
ization and excitation into the state occurs at a mean  To investigate further the impact parameter characteristics
impact parameteb=350 fm, while the single excitation of excitation and of excitation plus ionization processes, we
into this state occurs at a mean impact parameier plot in Fig. 3c) the degree of alignment of thepg;, state.
=550 fm and excitation into the 53/2 state atb  The depicted differential alignment parametdgp,(b) de-
=1500 fm. Hence, the cross sections for simultaneous excfined as

052706-5



T. LUDZIEJEWSKI et al. PHYSICAL REVIEW A 61 052706

F I ' I ' I ' I B
P2p3/2| ] = 312(0) — P2p312i e = 112 0) [ gy + ]
Ay b)=—22 || p3/2pul=1 (5) i L EC 223MeV/u U — Ar

exc exc !
P2p3/2 u =32 0) + P2p3r2 )= 12 D) I o ...+ N +MREC

reflects the relative weights of the population of the magnetic 100
substatesy) of the 2pg, level by the excitation process. As
can be seen in the figure, for small impact parameters th
calculated A,¢(b) attains large negative values while for
more distant collisions thed,o(b) is small and positive.
Consequently, for the case of single excitation the integration2
over impact parametdryields almost no net total alignment
(ASs°=—0.034). For simultaneous ionization and excita-
tion, whereb is confined to small values, the degree of align- ! o R
ment is equal to4 5°"°"= —0.337 indicating a nonstatistical 60 80 100 120
population of magnetic sub-states of thp;2 level.
Experimentally, an alignment can be revealed by studying
the angular distributiorfor polarization of the de-excitation FIG. 4. Radiative electron capture spectrum recorded at 132 ° in
photons. According to Ref34] the angular distribution of coincidence with &* ions. Data were corrected for x-ray detection
x-rays can be expressed with the help of the alignment paefficiency and for random coincidences. Also shown is the result of
rameterA,, as: the least-square fit of the theoretical REC profile. The solid line
represents the overall fit result, dotted lines show the contribution of
do o 1 the individual projectile levels, dashed line depicts the contribution
a0 :E 1+ EaA20[3 CO§(®)_ 1] bisr, (6) of the L-REC used for the absolute normalization of simultaneous
excitation and ionization cross sections.

where« is the anisotropy parametéequal to 1/2 and 0O for
j=3/2—]=1/2 andj = 1/2— ] =1/2 transitions, respectively REC photons. The cross sections for the REC process, can
[34]), © is the azimuthal angle of photon emissiGn the  be obtained from the new generation of fully relativistic cal-
emitter frame, and o' is the total cross section for popula- cylations with a high accuracisee, e.g., Ref§17,18 and
tion of the j-substate. Hence, the considerably large align{37]). Following Ref.[36], we adopt this method also here,
ment values predicted for the case of simultaneous ionizatiomaking use of the fact that the cooled ion beams and gas
and excitation into the {23, state, should be reflected in the targets used, guarantee that REC is observed in the excep-
experiment by an anisotropic angular distribution of thetionally clean experimental conditions.
Lya; radiation. The number of REC photons was determined from a
least-square fit of the theoretical line profile to the experi-
IV. DATA ANALYSIS mental data. Figure 4 shows a sample REC spectrum regis-
tered for uranium on an argon target in coincidence with a
particle detector counting®®" ions. Since in our case, the
The single and coincidence spectra plotted in Fig. 2 repshell of the projectile is occupied, only REC leading to the
resent the data corrected for a variation of detection effiM, and higher projectile shells, can be observed. Therefore,
ciency as a function of the photon energy; the coincidencdor the absolute cross-section normalization the most abun-
spectra were additionally corrected for random eventsdant REC into thd shell was chosen. The line profiles used
Therefore, apart from the normalization factor the line inten-in the fit were constructed exploiting the tabulated Compton
sities directly reflect the cross sections for e ,, Kg, profiles for target atom38], and using the binding energies
and Lya; , production due to the single excitation, and exci-for Li-like uranium calculated with the multi-configuration
tation plus ionization processes, respectively. Dirac-Fock codesrRAsP[39]. Since, due to the large width of
The most direct and conventionally used way of absolute€Compton profile for Ar, Kr, and Xe targets, theREC par-
cross section normalization is based upon the precise knowtially overlaps with the tails of REC intM-, and higher
edge of the target thickness and the beam current. At thkevels, the latter capture modes were also considered in the
specific conditions of the internal gas-jet target at the ESHits. The different total angular momentum states of the pro-
storage ring, where this experiment was conducted, such fagectile with principal quantum number up =5 were taken
tors as the imperfect beam overlap with the gas-jet volumeinto account(see dotted lines in Fig.)4The dashed line in
the limited knowledge of the beam current and uncertainty of-ig. 4 shows the fitted.-REC line profile used for normal-
the effective gas target density, restrict the accuracy of thiszation purposes.
method to values not better than approximately 50%. An For all targets considered, the absolute normalization of
alternative procedure has been proposed by us red@@l]ly  cross sections was based on th®EC intensity observed at
where these systematic uncertainties are to a large extefi82 °. The normalization of photon yields observed at 48 °
eliminated. In this approach, cross sections for arbitranand 90 ° was based on the precisely known geometry of the
x-ray production mechanism are determined by normalizingletector setup. The overall uncertainty of the normalization
the photon yields to the simultaneously measured number gfrocedure is smaller than 10% in the case of the Ar target.

mber of cou

10 |

energy [keV]

tot

A. Normalization of the cross sections
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For the Xe target, overall uncertainty reaches 20% due to 1.2 y T y T y T
counting statistics and the uncertainty of the model. 10| Ar ]
08| ; ; .
B. Cascade corrections 06 - L i -
While the ground-state Coulomb excitation leads prefer- 04k % ]
ably to the population of =2 state§23], a small fraction of ) P — é ................................. h
electrons can be promoted to states with principal quantum S “F . . . . : % L]
numbem>2. The de-excitation of the latter may in turn feed % 01'2 — . — , —
then=2 states. Therefore, to compare the experimental data F 1L Kr h
with theory, the observed line intensities have to be corrected .g 10 E -
for this effect. For this purpose, the cascade decay of excited 8 sl § § ]
states was modeled using theoretical cross sections for exci- = g § ]
tation into the individual projectile substates witk=4, and 2 AT % --------------------------------------------------- J
adopting the decay branching ratios obtained from MCDF g oL @ @ 3
codeGRASP[39]. This model has been proved to be succesful £ o[ L L ) .
in predicting the single excitation of H-like systenisee, S [ ' ' ' ' v
e.g.,[23] and[24]), where excellent agreement is found be- ‘g 60 Xe |
tween calculations and the x-ray spectra, in which transitions g X ]
up to the K-series limit are observed. In case of the S a0 i 4
excitation-ionization, calculations showed that the cascade & § § -
decay into then=2 states contribute about 24% and 5% to L .
the Lya; and Lya, production cross sections, respectively. [ 5| . . ] . A, ]

0 . :

40 60 80 100 120 140

V. RESULTS AND DISCUSSION .
observation angle [deg]

A. Angle differential cross sections
FIG. 5. Angle differential cross sectiorjprojectile frame for

In Fig. 5, a comparison of experimental and theoreticalyiyitaneous ionization and excitation of 223.2 MeVA?Uions
cross sections for simultaneous ionization and excitation intg, ¢qjlisions with Ar, Kr, and Xe gas targets. The solid circles and
the n=2 states of He-like uranium ions is presented as &pen squares represent experimental data for simultaneous ioniza-
function of observation angle. o ) ~ tion and excitation into the projectile-shell states with total angu-

To show the angular characteristics of the emitted radiatar momenturrj = 1/2 andj = 3/2, respectively. The theoretical pre-

tion in the absence of Lorentz transformation effects, thefictions are given by solidj& 1/2) and dashedj & 3/2) lines.
differential cross sections are corrected for the relativistic

solid angle transformation. The error bars shown in the fig- . . .
- S experimental values were obtained from a least-squares fit of
ure represent both the statistical uncertainties of the me

sured Lyr; and Ly, lines, as well as uncertainty of the 6|§q.(6) to the angle differential data, assuming one adjustable

ot o
normalization procedure applied to determine the absolut F?Lamtletelrat' : ;he reSsuItsm;':lr?trc]:om_parﬁd to the' re!at|¥|st|c
cross section values. calculationgsee Sec. I)l of the simultaneous ionization

The theoretical differential cross sections for ionizationand excitation into the individugtsub-states of the projec-

and excitation into then=2 levels with total angular mo- tiIeFL Shet:]]. . . in Fios. 5 d
mentumj =1/2 andj = 3/2 are represented in Fig. 5 by solid rom the comparison given in Fgs. a good over-

and dashed lines, respectively. The curves were calculateEHI agreement can be stgtgd for the .A.r targgt. It should be
according to Eq(6) adopting the theoretical values of exci- noted, that for the description of individual single electron
tation cross sections into the individuabubstates oh=2 processes a theoretical approach based on the relativistic for-
shell and using the calculated alignment paramey. For malism was used. More specifically, the ionization process

the Ar target the measured and calculated differential cros rgr?i(:rv?/z\tve:flljlSisgg]\;\:glrztlxlssetg \tgvl?tyt'hger.r;athr?efigrri\?: gfkfﬁé
sections for simultaneous excitation and ionization are in ! 9 P

good agreement. In particular, the predicted angular chara nteraction potential was neglected. This approach seems to

teristics of the emitted radiation, and the dominance of th e rather well justifiec_i, s_incg th? existing_ exper_ir_nental data
excitation into thej = 1/2 states, is well reproduced experi- show that theK-shell ionization is rather insensitive to the

mentally. For heavier targets the experimental data are gerﬁ?lgt'\tft'? ﬁorrrelcttli?/ri\itilalz,rfor 'ﬁ ﬁl' EJ n“rl:ef fo;(;otnlzs- i
erally smaller than calculated. on, the ully refalivistic approach has been found 1o be €s

sential for the case of projectile excitatipf3,24]. In par-
ticular, it has been demonstrated for the ground state
excitation of H-and He-like Bi ions, that the inclusion of the
Figure 6 shows the total cross sections for simultaneoumagnetic interaction leads to a strong increase of the relative
ionization and excitation of the two ground state electrons omplitude of the transitions witjp;= u;— 1, over the entire
He-like uranium plotted versus target atomic number. Theange of impact parametef3]. Good agreement between

B. Total excitation-ionization cross sections
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C T T T T T T T T T T T T T
[ Theory: 1 S 4k % i
[ —— =12 | =
e =312 < T A X 1
_ Y I N
100 Experiment: L g - 2
5 [ e jrz ] % :
= F O j=8r /0 1 obo 0 oo
S 0 1 10 20 30 40 50 60
5 i 1 target atomic number
©
10 2 3 FIG. 7. The theoreticalsolid line) and experimental4) cross
C ] section ratios for the population of=1/2 and j=3/2 by the
[ ] excitation-ionization process. For illustration, the predicted cross
- . section ratios for single excitation®qj =1/2)/c®1(j=3/2) are
5 4 given (dashed ling
1 L L L — S N .
10 20 30 40 50 60 enhancement of |on|zayon and excitation inte1/2 states is
\ b well reproduced experimentally, for the case of the Ar and
target atomic number Kr targets. For the Xe target the ratiar®“"j

_ exc-iory ; — ; H
FIG. 6. The total cross sections for simultaneous ionization and +/2)/o**1j=3/2) is considerably larger than calculated.
excitation of J°* ions in collisions with Ar, Kr, and Xe gas targets This is likely connected to the failure of the first-order per-

at an incident energy of 223.2 MeV/u. The experimental data ardurbation theory for this energy-target atomic number re-

given separately for excitation into thje=1/2 (full circles) and j gime. Additional evidence for the breakdown of first order
=3/2 (squares L-shell states of the ¥*. The solid and dashed perturbation theory for heavy targets can be found in Fig. 2.
lines depict the theoretical predictions. In the plot, a variation of the relative intensity of ky and

_ _ Ly, lines with the target nuclear charge can be observed. It
the experimental data and the calculations for the Ar targefs interesting to note that this effect is present in the case of

supports the conclusion of the earlier work. _ single excitation(Fig. 2, upper plotas well.
It is worthwhile to recall here the difference of the impact

parameter dependence between the single-electron processes
and simultaneous excitation and ionization discussed in Sec. C. Electron-electron interaction
[IIC. In the first case, an effective range of impact param-
eters is determined by the size of the electron orbital, in the When dealing with many-electron processes, generally an
second case, only small impact parameters contribute signifinteraction between them has to be taken into account. In the
cantly to the total cross sections. For such near central colliprocess of simultaneous excitation and ionization, where fi-
sions, the perturbation generated by the target nucleus isal electron states differ, an overall transition amplitude can
largest. Hence, the measurement of two-electron processgstentially be sensitive to the ground state electron-electron
tests more stringently the applicability of the perturbationinteraction. In this context, helium-like uranium is a particu-
theory than does the measurement of single electron croskarly interesting system, since here the ground state electron-
sections. Our results for heayifr and Xe targets show that electron interaction is the largest among all stable elements,
the process of simultaneous excitation and ionization cannathile simultaneously both electrons experience the strongest
be described perturbatively to within the accuracy of betteiCoulombic field of the nucleus. Therefore, as an archetypal
than 50%. two-electron high-Z ion, it offers the simplest possible test-
To investigate further the features of the excitation-ing ground for the studies of electron-electron interaction
ionization process, in Fig. 7 we plot the cross-section ratiogffects in ion-atom collisions.
&N j=1/2)/c%*¢"(j=3/2) (triangles versus target The multi-electron processes in relativistic ion-atom col-
nuclear charge. This presentation of the data allows us tiisions have been investigated up to date only for the case of
eliminate systematic errors due to the uncertainty of the abmultiple electron ionization and multiple capty#9]. In that
solute cross section normalization. case the IPA has been shown to be rather successful in pre-
As pointed out in Sec. 11l C the population patterns of thedicting the total cross sections. The good agreement found in
projectile j — sub-states markedly differ for single excitation the present work for the Ar target, where the validity of first
and simultaneous ionization and excitation. For theorder perturbation theory is unquestionable, also gives no
excitation-ionization process the monoples{22s) excita- indication of the existence of correlation in simultaneous
tion mode is strongly favored with respect to the dipole ondonization and excitation of the He-like uranium system.
(1s—2p), as compared to the single excitatitsee dashed However, to critically judge whether correlation effects are
line in Fig. 7). This is a consequence of the impact parameteof importance for excitation-ionization process, statistically
characteristics of these two processes. The predicted relativeore significant experimental data are needed.
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VI. SUMMARY sensitivity of the measured cross sections to the properties of
the excitation probabilities at small impact parameters. Such
impact parameter selective data are difficult to access experi-
mentally by the direct measurement.

In this paper we report on the investigation of the two-
electron (excitation plus ionization process occurring in
relativistic collisions of very heavy highly charged ions with The angle-differential and total cross sections for simul-
gaseous matter. The measurements were performed for HFa'

like uranium allowing us to study of two-electron processes. oo> excitation and onization have been compared with
9 y P r{elativistic calculations of the excitation and ionization de-

:_n r:]h;n_zgﬁggiz d?a{tisgeoﬁ‘tgtzo?: Ze:slgt\r/c;g‘?r'mligllthﬁeii);(peeﬂg?r}lved on the basis of the independent particle approximation
niyum ions iIMoiNging uUboN éseous targets ¥1as been mea_nd first order perturbation theory. Our experimental data has
pinging upon g 9 rovided a good test of the validity of these models and

seugtei}lgsatﬂ\]/;”ngnggsgg\éagﬁgrazglsﬁt'en (':I'?:gmdaesl?faer V!:Q E; éﬁlpported these approximations for Ar target. The data for
J 9 charg L gas-largels Usqly kr and xe targets point to the inadequacy of first order
ensured that the probability of excitation and ionization in

. . - o : perturbation theory for the description of simultaneous exci-
two consecutive collisions is negligible. Hence, the S|multa-t . P
o Lo ; ation and ionization.
neous excitation plus ionization could be unambiguously
identified by the requirement of coincident observation of the
projectile Ly emission and projectile ionization. The x-ray
yields were used to deduce the cross sections for simulta- We would like to thank Professor J. Eichler and A. Ichi-
neous ionization and excitation into the=1/2 andj=3/2  hara for providing us with the theoretical REC cross ses-
levels of the projectile shell. Measurements have been per-sions. The SCA program code was provided by Professor D.
formed for Ar, Kr, and Xe targets providing the information Trautmann. The work of two of u$¢Z.S. and A.W) was
about the population yields of the excited states as a functiosupported in part by the State Committee for Scientific Re-
of the strength of the perturbing potential. search KBN (Poland under Research Grant No.
The applied experimental technique along with the noveRP03B10910 and by GSI-Darmstadt. R.W.D. was supported
method of the absolute cross section normalization, providety GSI and the U.S. DOE Office of Basic Energy Sciences,
the first and reliable data for the excitation-ionization pro-Division of Chemical Science. P.R. was supported by GSI
cesses in the domain of relativistic collisions and high-Zand by the State Committee for Scientific Research KBN
two-electron systems. In the discussion, we underline th€Poland under Research Grant No. 2P03B 116 15.
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