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K-shell excitation studied for H- and He-like bismuth ions in collisions with lowZ target atoms
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The formation of excited projectile states via Coulomb excitation is investigated for hydrogenlike and
heliumlike bismuth projectilesZ=83) in relativistic ion-atom collisions. The excitation process was unam-
biguously identified by observing the radiative decay of the excited levels to the vexahell in coincidence
with ions that did not undergo charge exchange in the reaction target. In particular, owing to the large
fine-structure splitting of Bi, the excitation cross sections to the varlos$ell sublevels are determined
separately. The results are compared with detailed relativistic calculations, showing that both the relativistic
character of the bound-state wave functions and the magnetic interaction are of considerable importance for the
K-shell excitation process in high4ons such as Bi. The experimental data confirm the result of the complete
relativistic calculations, namely, that the magnetic part of theraid-Wiechert interaction leads to a signifi-
cant reduction of th&-shell excitation cross sectiof51050-29478)00801-4

PACS numbd(s): 34.50.Fa, 34.16:x

I. INTRODUCTION at high collision energief6,7]. For highly charged, medium-
Z ions, the experimental information about this process is
Besides electron-capture processes Coulomb excitation rather scarce. Here, experimental investigations have been
the most important production process of characteristic proreported for ions such as H- and He-like Fe and Kr, where
jectile photons in swift encounters of highions with target  special emphasis was given to saturation effects for increas-
atoms. In contrast to the electron-capture processes, whidhg nuclear charge of the targf8—11. For highZ ions,
were studied in great detail at relativistic collision conditionssuch studies allow one to investigate the importance of the
[1,2], no experimental data for collisionally induced projec- relativistic bound-state wave functions for the dynamics in
tile excitation of highZ ions are available. In contrast, this relativistic ion-atom collisions and to elucidate, in particular,
process has been the subject of extensive experimental invehe effects caused by the magnetic part of thénaie-
tigations for light and purely nonrelativistic systems such aswiechert interactior{12,13. Until now, information about
p—H, where 5— 2p transitions were studied in great detail these effects was experimentally accessible only by the study
[3-5]. Moreover, by utilizing 0° Auger spectroscopy, state of projectile ionization cross sections, which turned out to be
selective K-shell excitation studies have also been per-rather insensitive to relativistic effecf$4,15.
formed, e.g., for Li-like Né* colliding with gaseous targets The formation of excited states via Coulomb excitation
can be studied uniquely for one- and two-electron high-
ions by the observation of the radiative decay of the excited
*Electronic address: t.stoehlker@gsi.de levels to the ground-state. Owing to the large fine-structure
"Present address: Lawrence Berkeley National Laboratory, 1 Cysplitting in such ions the cross sections for ground state ex-
clotron Road, Berkeley, CA 94720. Electronic address:citation into the various.-shell sublevels can be unambigu-
dorin_ionescu@macmail.lbl.gov ously determined[16]. In particular, due to the fast

1050-2947/98/52)/84510)/$15.00 57 845 © 1998 The American Physical Society



846 TH. STCHLKER et al. 57

a) 2p,, b) ’ [1s,,2p,., P, . considers the cohetent sum of the magnetic and the electric
T [1s,,2p,,.°P, amplitudes of the Lieard-Wiechert potential. The paper is
E1 ;' ; structured as follows: In Sec. Il, a relativistic treatment of the
E1 ; M2 Coulomb excitation mechanism will be outlined. Thereafter,
2s, 2p,, [18,,25,),'Sy ’,‘ (15,20, P, in Sec. lll, the experimental method will be described. The

measured x-ray spectra and the applied data analysis are dis-
cussed in Sec. IV. In Sec. V, the subshell-differential experi-
mental and theoretical results are compared and discussed in
detail. Finally, in Sec. VI, a short summary is given and
possible further improvements of the experimental technique
are outlined.
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Il. THEORY

‘,, A. H-like ions
it

1 1's Fpr the calcu!atipn of trgnsition probabilities gnd.of cross
Ve Tvee To sections for excitation of higl- one-electron projectiles in-
cident on light target atoms we adopt the impact parameter
picture. The nuclear charge numbers of the projectile and the

[1s

FIG. 1. Level scheme of the first excited levels in H-like and

high-Z He-like ions. In addition the multipolarities of the deexcita- 4z ivelv. At relativisti locities i
tion photons are given. The Ly, andK a, transitions are depicted target areZ, andZy, respectively. At relativistic velocities it

by the dashed arrows, whereas the &y-and K «, transitions are is a very. good approximaj[ion to a§sume that the projectile
shown by full arrows. moves with constant velocity at an impact paramétatong

a classical straight-line trajectofil]. In the following we
- o choose the origin of the coordinate system to be the center of
281218y, M1 transition, excitation to thes3j; level can  the neavy projectile ion. In this frame the target ion moves
be observed for hig- H-like ions, whereas for low- or parajlel to thez axis with constant velocity- v, and thex-z
mediumZ systems the &, level predominately decays via plane is the scattering plane. The space and time coordinates
two-photon emission (21) [17,18. In Fig. 1, the simplified  of the electron in the projectile and in the target rest frame
level schemes of the first excited states in H-like |©ﬁ@ are denoted byr(t) and (r’,t’), respective'y_ In first order

1(@] and in highZ He-like systemgFig. 1(b)] are depicted perturbation theory, the transition amplitude for excitation of
along with the multipolarity of the deexcitation photons. In 3 projectile electron may be written B

the figure, the dashed arrows refer to the dyytransitions in
the H-like ions K a4 transitions in He-like ionswhereas the ,
full arrows mark the Lye, transitions in the one-electron Afi(b):i?’aZTf dte'(EffEi)tf d®r i (r)
systems Ka, transitions in He-like ions For the assign-
ment of the levels in the He-like system, both th® and the
JJ couplmg .sc_hemes are used in the f|gure.' the t_hat W.'th'r\]/vhere a=1/137 is the fine-structure constanB=v/c,
a nonrelativistic approach for Coulomb excitation in H-like 12 o ) o )
systems, the €, level can only be formed by the electric ¥=(1—8%) 7% anda, is the Dirac matrix in the direc-
monopole part of the excitation field whereas fhdevels ~ ton. Here and in the following we use natural units
(2py and Psp;) can be populated by electric dipole excita- (#=m=c=1). Consequently, the total energiEsandE;
tion. Moreover, with increasing nuclear charge, the structur®f the initial and final states, respectively, are measured in
of the He-like ions approaches that of H-like systefsee units ofmczz_511 keV. The Lorentz transf_ormatlon of_ the_
Fig. 1), i.e., electron-electron correlation effects are smallfarget potential from the target rest frame into the projectile
with respect to the Coulomb interaction between the elect€St frame yields the Lieard-Wiechert potential
trons and the charge of the nucleus. Hence, for igHe-
like ions the excitation cross sections should be almost un-
affected by the presence of the second electron. However, it
is essential to consider the correct angular-momentum cou-
pling scheme of the two electrons. For example, monopol
excitation to theL shell of He-like ions can only populate the
[1S1/2:2S1/2]3-01 13, level. Therefore, this does not lead to
the emission of & « photon, since this level can only decay
by the simultaneous emission of two photon&(2decay.

In this paper, we report both experimental and theoretic

1-Ba,
r!

Pi(r),
(1)

w_ CYZT

Svhere the electron-target distance, as seen in the projectile
system, is denoted by = \(x—b)?+y?+ y?(z—vt)?.

Since for highZ atoms or ions it is mandatory to use
relativistic wave functions, we employ in the present work
a?xact Coulomb-Dirac wave functions for the description of
initial (¢;) and final @) states. In the rest frame of the

investigations of th&-shell Coulomb excitation process for projectile system these are defined by eigenfunctions of the
high-Z projectiles in relativistic collisions with lov target projectile Hamiltonian, i.e.,

atoms. Our study shows that a complete relativistic descrip*
tion of the Coulomb interaction is required to describe the Q
details of the excitation process in highions. In particular, o (r)=< 91 X2 ) 3)
the magnetic interaction becomes important only when one Ml i (M X— i, (Q))°
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with real radial functionsg,(r) and f.(r). The angle- T T
dependent functiong,,({2) are spherical spinors as defined
in [1,19]. The Dirac angular momentum quantum number 0.015
k==*(j+1/2) is the eigenvalue of the operatét= vy,
(?? L+ 1) andu is the magnetic quantum number. Owing to .
the spherically symmetric projectile potential, we have to N

. . 0.010
deal with a radial quantum numbey a total angular momen- >~
tum quantum numbejr, a magnetic quantum numbgr, and Ke)
parity. Introducing the minimum momentum transfer o
do=(Ef—E;)/v, the integration over the time dependence in °
Eq. (1) is performed with the help of the relation 0.005

dt—e'(BimEt=—gldozK (—\/(x—b)2+ 2, @
f o v %y Y
. . . 0.000
whereK, denotes the modified Bessel function. With these
ingredients, the cross segtion for th_e ex'ci_tgtion of a projectile impact parameter, b (fm)
electron between any pair of specified initial and final states,
| andf, respectively, is given by the expression FIG. 2. Weighted excitation probabilities(b)b/z2 for
. Bi%2*[1s,,,(1/2)]+ Z; collisions at 119 MeV/u laboratory energy
o :ZWJ dbbP;;(b) as functions of the impact parameter. Only the leading probabilities
0 into specific final states,l;(u;) are plotted.

=8m$f dbb|(f|(1- Ba,)e'%?
0 Concerning the excitation to thep2,(*+1/2) states, we

Yo 2 find that the partial cross section for the transition with

—V(x=b)*+y? : (5)  us=p;—1 is about 50% higher than for the transition with

Y M= ;. A similar result was found in nonperturbative cal-

wherev2=aZ- /v is the target Sommerfeld parameter. Hereculations of excitation cross sections based on the two-center

we introduced the impact-parameter-dependent transitiofoUpled-channel formalisii20]. In order to achieve a better

probability Py;(b) =|Af(b)|2. Inspection of expressiofs)  understanding of this behavior, we investigate the influence

shows that the range of the effective interaction, contributingf the magnetic part of the Lierd-Wiechert interaction, i.e.,

to excitation, is 14, along the beam direction, i.e., parallel to the term proportional to ther, matrix in Eq. (5), on the

the z axis, buty/qq pgrpendicular to it. This behavior is partial cross sections.

characteristic for the Ligard-Wiechert interaction. Equation In Fig. 3 we analyze the contributions associated with the

(5) along with the projectile eigenfunction8) (substituted  gifferent magnetic quantum numbers of thp,3 state in a

for the initial and final statgconstitute our starting point for g;82+ . 7 collision at 119 MeV/u. The ratio of the transi-

the exact ngmerlcal evalu_at|on of excitation probabilities a”dtion probability for u;=u;—1 to the corresponding prob-

corresponding cross sections.

X Ko

i)

) X o 2 ability for u¢=pu; is displayed as a function of the impact
In Fig. 2 we present weighted probabilitib®(b)/Zz for 5 ameter. The dashed curve is obtained with the inclusion
excitation of a 5,,(1/2) electron of the bismuth projectile ¢ \he complete Lisard-Wiechert interaction and the solid

L?]cmliené_on a ptr)oté)_lr_lt_at ;1,{9 Mew_lfj. Iafl_borlat;)ry kenergy. Onlycurve is calculated by considering solely the electric part of
€ leading probabilities into specific final states;(u,) are the electron-target interaction. It is evident that the inclusion

depicted. It shoulq be po_lnted out that due to the pgr_tL_eratlv f the magnetic interaction leads to a strong increase of the
treatment of the interaction, the calculated probabilities an o o .
relative importance of the transition wig; = u;—1 as com-

the cross sectior[€q. (5)] depend quadratically on the target o .
nuclear charge. The probability associated with the transitioﬁ?ared .to the case with= i over the entire range of rel- .
18,,(1/2)—2pa(3/2), which is very close to the dashed- evant impact parameters. This demonstrates that magnetic

dotted curve in this figure, i.e., the transitiors,k(1/2) inte.ra.lctions of relativistip origin play an important role at the
—2py(—1/2), is not drawn. We note that the main contri- coII|S|(_)n energies considered. One_ _has to_ note that at very
bution to the excitation cross section stems from the transiSMall impact parameters only transitions with equal magnetic
tion 1s;,,(1/2)—2s,,(1/2). While the maximum value of duantum numbersy;= ;) provide important contributions,
this weighted probability is located at an impact parameter ofince the collision system is approximately cylindrically
\c=2386 fm, the other curves depicted attain their maximumsymmetric. In particular, for central collisiond€0), the
values at much larger impact parameters. In addition, on#ultipole decomposition of the Lird-Wiechert interaction
can see that the excitation probabilities to the higher statglsl3] contains only angular momentum transfer with=0.
extend to much larger impact parameters than for the transBince the addition rule for magnetic quantum numbers
tion to the %,,,(1/2) state. This behavior is related to the M= u;— u; is similar to the rule encountered in nonrelativ-
radial extension of the bound-state eigenfunctions. istic collisions, it follows that only transitions witl ;= u;



848 TH. STCHLKER et al. 57

Bi®*" + p at 119 MeV/u TABLE |. Total cross sections for excitatiofin barn to the
, . L-subshell levels calculated for H-like Bi ions colliding with pro-

................................................... tons at the energy of 82 MeV/op par} and 119 MeV/u(bottom
par, respectively. In the calculation the electron is excited from the
1.5¢ 7 1s ground state with magnetic quantum numbegr= +1/2. The

results in parentheses include solely the electric part of the electron-

target interaction whereas the numbers given in square brackets
refer to the result obtained from the incoherent sum of the magnetic
and electric amplitude.

2.0

)

full interaction

H,'1)/P(Hf

05k without magnetic interaction

82 MeV/U /.Lf:“l‘l/z ,uf:—l/Z /.Lf:+3/2 ,LLf:—S/Z 2

Py,

0.0k ‘ . 251 0.958 0.006 0.964
0 1000 2000 3000 2p1s 0.384 0.452 0.836

impact parameter b (fm) 2p3pn 0.747 0.110 0.449 0004 1.31

. - . 119 MeV/u =+1/2 =—-1/2 =+3/2 =-3/2 3
FIG. 3. The ratio of the probability for the transition M M il M

181(1/2)—2py(1/2) (us=p;) to the corresponding probability 2s,,, 0.825 0.006 0.831
for the transition %,;,,(1/2)—2py(—1/2) (ui=ui—1) in a BE>* (1.010  (0.000 (1.010
[1s1%(1/2)]+Zy collision at 119 MeV/u laboratory energy as a oy, 0.356 0.549 0.905
function of the impact parameter. The dashed curve is obtained with (0.680 (0.449 (1.129
the inclusion of the complete Liard-Wiechert interaction and the

solid curve is calculated by considering solely the electric part of2p5, 0.729 0.137 0.561 0.005 1.432
the electron-target interaction. (1.173 (0.180 (0.540 (0.0 (1.893

[1.224 [0.183 [0.540 [0.005 [1.957

are possible and that the displayed ratio approaches 0 for

b=0. With increasing impact parameters, transitions with

mi# ni become more and more probable, since the cylindri-

cal symmetry is broken. In fact, the calculation incorporating

the complete relativistic interaction showsig. 3) that for B. He-like ions

b=500 fm the excitation probability for¢= w;—1 is larger . i . )

than for the transition withu; = x; . It should be pointed out  Compared to the H-like species, the theoretical descrip-

that for relativistic velocities all angular momenta tion of the excitation process for He-like systems is compli-

(L=0,...») of the effective interaction may contribute cated by the correlated wave functions, which are needed for

[12]. This behavior is distinctly different from the nonrela- & complete description of the bound electron states. For high-

tivistic case, where the triangle rulg—j;|<L<|j;+j;| is  Z ions, the electron-electron interaction is weak compared to

strictly fulfilled. the electron-nucleus interaction. Here, the most important
The absolute cross-section calculations were performetklativistic effects are taken into account by using Dirac H-

for H-like Bi ions colliding with protons at energies of 82 like wave functions. The description of highHe-like ions

and 119 MeV/u, by assuming that the electron is excitedas a system of two independent electrons should therefore be

from the 1s ground state with magnetic quantum numberan appropriate approach as long as the proper angular-

wi=+1/2 (see values given in the tablé~or the particular momentum coupling scheme for the excited electron states is

case of 119 MeV/u, the the,oretical results obtained with th@sed(see Fig. L Note that this assumption has already been

inClUSion Of the Complete errd'WieChert interaction are proven to provide a reasonable description of Kaeshell

compared in Table | with calculations considering solely thegycitation process even for an intermediate He-Eksystem
electric part of the electron-target interaction. Fortthehell g ,ch a5 F&** and Kr*** [8-10.

sublevels the inclusion of the magnetic part of the interaction
leads to a strongeductionof the absolute cross-section val- t
ues(17.7% for B, 19.8% for Dy;,, and 24.4% for Byy,) 151/2,2P1/2]3=01, [1S1/2:2P312]5=1 2 levels are considered as
pointing to a destructive interference between the amplltude% drogenlike 2. 2 5 ites. respectively. The re-
for the electric and magnetic parts of the interaction. More- Y of OJEMKE Suj2, 212, 2Pyjz STAIES, TESPECUVEl. 1he

over, for the particular case of excitation to thes2 state at sulting population Cross - sections _ for  the .|nd|V|duaI
119 MeV/u we added the electric and magnetic amplitude -subshell levels are multiplied by a factor of twc_) in ord_e_r to
incoherently(see values in the square brackets in the fable 2ccount for the presence of two-shell electrons in the ini-

a commonly used theoretical approach. It is interesting tdial §tate._For complgteness, we add that the excitation Cross
note that although the interference effect is very pronounceg€ctions in the He-like system are not corrected for their
for the case of the coherent sum, the magnetic interactioflightly different binding energies with respect to the H-like
appears to be completely unimportant if the amplitudes arépecies. By applying the H¢—E;)? scaling law, valid for
added incoherently. These findings underline that only #Xxcitation and ionization, and by using exact binding ener-
complete consideration of the Lienard-Wiechert potential al-gies for the levels in the H- and He-like ions, these correc-
lows the investigation of the role of the magnetic interactiontions can be estimated to be less than 4% for excitation into
in relativistic ion-atom collisions. all L-subshell levels.

In order to adopt the calculations performed for H-like Bi
o the He-like system, the [151/,2515];-01,
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IIl. EXPERIMENTAL ARRANGEMENT 500

The experiment was conducted at the fragment separator Bi"'" => C; 82 MeV/u

(FRS at the heavy ion accelerator facility at GSI-Darmstadt. 400+ (no charge exchange) T
For the experiment, bismuth ions with a charge state af 67

were accelerated in the heavy-ion synchrotron SIS to final % 300+ ]
energies of 82 and 119 MeV/u, respectively. The beam was S

extracted from SIS towards the FRS by using a slow extrac- 8 200+ ]

tion mode(spill length of aboti2 s and repetition rate of 1
spill per 6 9. Using Al stripper foils, installed at the entrance 100
of the FRS, the projectile charge state off8{He-like) at 82

MeV/u and of 82~ (H-like) at 82 MeV/u and 119 MeV/u

tip point

=
2
N

-— bremsstrahlung

were produced. These charge states were selected and fo- °
cused on thin solid targets using the first two stages of the - (b)
FRS(carbon, aluminum, and nickel foils with thicknesses of 400 Bi" =>C; 82 MeV/u .
550, 490, and 130ug/cn?, respectively. After passing (electron capture)
through the target, the beam was magnetically analyzed and 300+
directed onto three plastic scintillator counters. These al- g
lowed us to register separately ions with primary charge state S 2004
(middle one and those having captured or lost one electron. 8
For the detection of characteristic projectile x rays, the target 100-
area was viewed by two fivefold, 5-mm-thick, planar germa-
nium detectors mounted perpendicularly to the beam direc-
tion. One detector was mounted close to the target, with a 01 .
10 20 40 60 80100 200

solid angle of about 1% of #A. For the other detector, the
beam-to-detector distance was chosen such that the observed energy (keV)
Doppler broadening was smaller than theshell fine-
structure splitting. Both detectors were separated from the FIG. 4. Sample x-ray spectra recorded for initially He-lik&'Bi
high-vacuum system of the beam line by pfa-thick stain-  ions colliding with carbon atoms. The two spectra were taken by the
less steel windows. The signal rise time of these detectorggentral segment of the distant Gedetector in coincidence with the
about 50 ns, determined the time resolution for the x-ray—primary charge state of 81 (a) and with the ions having captured
particle coincidences. The coincidence technique was apene electron(b). Both spectra are corrected for the Doppler shift
plied in order to distinguish x-ray events associated withand for the x-ray detection efficiency whereas the spectra are not
projectiles leaving the target with the primary charge statecorrected for photon absorption in the stainless steel x-ray windows.
and those having captured one electron. This allowed us to . ) . o )
separate projectile x-ray emission produced by Coulomb exPact electron moving with the primary projectile velocity.
citation from that induced by electron capture into the pro-FOr 82 MeV/u it corresponds to about 45 keV. Note that due
jectile. For a detailed description of the setup used we refef0 Photon absorption in the x-ray window used, the spectral
to Refs.[2,15)]. shape of the bremsstrahlung appears to be deformed and, in
particular, the bremsstrahlung intensity is strongly reduced at
energies below 50 keV. Above the threshold of the brems-
strahlung, the x-ray spectrufirig. 4a)] is governed by the
Figure 4 shows sample x-ray spectra recorded for initiallyground-state projectile transitions, i.e., Ky, K3, Ky, etc.
He-like Bi®'" ions colliding with carbon atoms at a beam radiation. Since at such low projectile energies these transi-
energy of 82 MeV/u. The two spectra were taken using thdions are energetically well separated from the bremsstrah-
central segment of the distant Gedetector in coincidence lung continuum, almost no background is visible above 50
with ions of the primary charge state of 81(without charge  keV.
exchangg [Fig. 4@] and with ions having captured one  In contrast to the spectrum shown in Figay the x-ray
electron[Fig. 4(b)]. Both spectra are corrected for the Dop- Spectrum associated with capture of one target electron into
pler shift and for the x-ray detection efficiency, whereas thehe H-like projectiles is strongly influenced by radiative elec-
spectra are not corrected for photon absorption in the stairtfon capture into the vacansXrojectile shell, a process that
less steel x-ray windows. In addition, random coincidencesan be considered as the time reversed photoionization
have been subtracted. The spectrum measured in coincideniédl,22. The most prominent line appears at about 140 keV
with the primary charge stafeo projectile charge exchange, and is attributed to the transition of gquasi-free-target elec-
Fig. 4] is dominated by continuous x-ray radiation appear-trons into the projectilé shell (K REC). In the following
ing at low energies, which is attributed to primary brems-we concentrate on the x-ray energy regime relevant for the
strahlung. In this process, a target electron is transferred intground state transitions in H- and He-like bismuth. In Fig. 5,
the projectile continuum with simultaneous emission of ax-ray spectra are given that were recorded for 82 MeV/u
photon. The intensity of the x-ray continuum decrease$i®*" —C (Bi®* —C) collisions by the central segment of
strongly with increasing photon energy and the high-energyhe distant detectofFig. 5a): excitation of H-like BE?*;
end point of this continuum is located approximately at en-Fig. 5b): excitation of He-like BF'*; Fig. 5(c): electron
ergies corresponding to the kinetic enery,y, of an im-  capture from the target atom into H-like B forming ex-

IV. X-RAY SPECTRA AND DATA ANALYSIS
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] Bi* =>2Z; .
82 MeV/u

Counts

c [barn]
p

4 10°F E

=
S 201 KB I 10' — '.
101 . 1.61
o ;
] = 1.21 |
01 . : : — e 0.6] é & ®
Ko, ' i
150+ c) 7 0.41
o K0c1 3 10 50
© 100 .
S target atomic number, Z_
O
O 501 K - FIG. 6. L-subshell resolved-shell excitation cross sections
B (upper part obtained for H-like bismuth ions at 82 MeV/u in col-
lisions with the C, Al, and N{Ly-a; (open pointy Ly-a, (solid
01— . ; . - squarep total Ly-a (solid triangle$]. The data are compared with
75 80 85 90 95 the results of the relativistic cross-section calculatitastted line:
energy (keV) Ly-a4; dashed line: Lyas,; solid line: total Lyw). In the bottom

part the theoreticdfull lines) and the experimentafull points) Ly-
FIG. 5. Lyman andK x-ray energy regime measured by the a; to Ly-«, intensity ratios are compared. The error bars refer to
central segment of the distant detector for excitation of H-lik@Bi  the statistical uncertainty only.
(a), for excitation of He-like Bf'" (b), and for capture into H-like

Bi®" leading to ground-state transitions in He-like8i (). Al getectors were used. In the first step the true and random
the spectra were recorded for the carbon target at a beam energy)g_fray spectra for each individual segment were obtained by
82 MeV/u. setting appropriate time windows on the time spectra associ-
. . . 1+ o ated with x-ray—particle coincidences. After subtraction of
cited levels in He-like B"). The most striking feature of o 1andom spectra from the true coincident x-ray spectra the
the spectra is the observed difference in the relative intensi,q ,its were corrected for the x-ray detection efficiency. Sub-
ties of the Ly« (Ka) dqublet. These intensities depend on sequently, the Ly andK« transitions observed by all the
the charge state of the ion used as well as on the populatiofyments were fitted by Gaussian distributions. In addition, a
mechanism of the excited-shell levels. The latter follows  jinear packground was considered within the applied least-
directly from a comparison of the E|gS(bQ gnd ‘,(C)' In both square fitting procedure. Finally, the line intensities were
cases the excited-subshell levels in He-like Bi are formed, 5malized to the total charge-exchange rate and corrected
in the first case by ground-state excitatiéfig. Sb)] and in o, the electronic dead time. Considering the uncertainties
the second case by electron capfiffig. 5(c)]. The observed e {9 the target thickness, photon and particle detecion ef-
difference in the Ka line intensity pattern illustrates con- ficiencies, and the stability of the beam geometry we esti-

vincingly that the population characteristics of excited state$y,5te that the overall systematic error amounts to 1ffa
are completely different for the two processes. Note that, th@atailed discussion we refer fa,15,24).

intensity pattern observed in Fig(d} is typical for electron

capture reactions taking place in fast collisions of hi#gh-

projectiles and lowZ targetq 23]. In the case of excitation in V. RESULTS AND DISCUSSION

H-like Bi®" the two Ly~ components exhibit an almost

equal intensity and the Ly lines are slightly shifted to

higher x-ray energies with respect to tKer transitions in In the upper parts of Fig. 6 and Fig. 7 the subshell

He-like Bi [compare Fig. &) and Fig. %b)]. resolved cross sections flr x-ray emission associated with
For data evaluation, the spectra of all segments of botlprojectile excitation are displayed. They were measured for

A. K—L-shell excitation cross sections for H-like projectiles
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104 . T - Also the cascade contributions due to excitation into Nhe
' ] shell were taken into account by calculating the individual
Bi*" => Z A excitation cross sections into tid subshells and by using
119 MeV/u s the corresponding/ —L transition rates obtained from the
GRASP code[25]. From the latter it turned out that at both
di) energies and for all excited levels, population by cascade
] feeding contributes about 9% to the total population cross
section. Excitation via target electron impdsb-called anti-
screening is not considered since the threshold for this pro-
/,D cess is close to 145 MeV/u, i.e. far above the beam energies
used in the experiment.
2 ] From the comparison between experimental data and the
d’r" ] theoretical predictions given in Fig. 6 and Fig. 7, an overall
] good agreement can be seen. In particular, the data confirm
] the validity of theZ? scaling law, which is strictly valid
] within first order perturbation theory. Whereas for 119
MeV/u an almost perfect agreement between experiment and
theory is found, only a fair agreement is seen for 82 MeV/u,
where the experimental data deviate by as much as about
50% (Al target from the theoretical predictions. Here, it is
important to note that the error bars given in the figure depict
0.8 ; i the statistical uncertainties only. For the case of the H-like
projectiles at 82 MeV/u, however, an additional source of
0.4l T error must be taken into account, i.e., the uncertainty intro-
duced by the subtraction of a considerable amount of random
coincidences. These are caused mainly by the large electron
target atomic number, Z_ capture cross sections from the target into the projectile,
which yield aK « intensity that is almost two orders of mag-
FIG. 7. L-subshell resolveK-shell excitation cross sections nitude stronger than for Coulomb excitation. We estimate the
(upper parx obtained for H-like bismuth ions at 119 MeV/u in sjze of this uncertainty to be of the order of 20% which is
collisions with the C, Al, and NiLy-a, (open points Ly-a; (solid  gypacted to affect the absolute cross-section values. The lat-
squarey total Ly-a (solid triangle$]. The data are compared with ter can be seen by comparison of the theoretitidl lines)
the results of the relativistic cross-section calculatitdwtted line: . . . .
Ly-a4; dashed line: Lya,; solid line: total Ly«). In the bottom a}nd experlmen'tadfull points) Ly-a, to ITy-az |nten§|ty ra-
part the theoreticafull lines) and the experimentafull points) Ly- tios presented.ln the bottom parts of Fig. 6 and Flg 7. Here,
a, to Ly-a, intensity ratios are compared. The error bars refer tofOF bOth energies, agreement was found that verified that the
the statistical uncertainty only. measured relative subshell cross sections are almost unaf-
fected by systematic uncertainties. In addition, these ratios
confirm the calculated relative cross sections for excitation

82 MeV/u (Fig. 6 and at 119 MeV/uFig. 7). In the figures into the j =1/2 sublevels with respgc_t tp excitation into the
the cross-section data for Ly (open pointsand for Ly, 293,2 level. In contrast to a nonrelgﬂwsﬂc approach, the pre-
(solid squaresare given separately versus the nuclear chargdicted 23,2/2py; cross-section ratigccompare values given
of the target. Also the total Ly production cross sections " the tableé does not reflect the statistical weight of the
are depictedsolid triangle$. These were deduced indepen- 1Vels. _
dently by the second x-ray detector mounted close to the !N the following, we concentrate on the role of the mag-
beam line(see Sec. Il The experimental data are comparednetic interaction for the excitation or ionization process in
with the theoretical calculation&ee Sec. Il and also theo- relativistic ion-atom collisions. As discussed in detail in Sec.
retical cross section values given in the talméthe Ly-a; I, the consideration of the magnetic parts of the interaction
(dotted ling, the Ly-w, (dashed ling and the total Lye  leads to a strong reduction of the absolute cross section val-
production cross sections followirig-shell excitation. With  ues pointing to a destructive interference between the ampli-
respect to the @5, state we note that an alignment of this tudes for the electric and magnetic part of the interaction. In
level is predicted by the calculations. It leads to an anisofact, these theoretical findings seem to be confirmed by the
tropic angular distribution of the Ly radiation, which re- experimental data. Since the measured dsy{production
sults in a 2% larger differential cross section compared to agross section is caused by excitation to only one level
isotropic emission pattern at 90° observation angle. For com¢2ps,), we compare in Fig. 8 the reduced cross-section val-
pletness, we corrected the experimental data for this effectues (a/Z%) measured at 119 MeV/u with theoretical predic-
For the theoretical Lyx, cross section, excitation to the tions obtained witi(solid line) and without(dashed lingthe
2p4, level was considered whereas the cross sections for thmagnetic part of the Ligard-Wiechert interaction. As can be
production of Ly, transitions were calculated by taking seen from the figure, the experimental data favor the result of
into account excitation to thes?, and to the P4, state. the complete calculation. This shows that the inclusion of the

10T

o [barn]

-
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T
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H-like bismuth ions in collisions with C, Al, and Ni targets at
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FIG. 8. Reduced Lyr; cross-section valuess{Z2) measured 100+ E
at 119 MeV/u in comparison with the theoretical predictions ob- ]
tained with(full line) and without(dashed lingthe magnetic part of v 7.
the Lienard-Wiechert interaction. L7
full Lienard-Wiechert interaction leads to a strong cross-
section reduction. This is in contrast to a commonly used 10— .
assumption that the magnetic part of the interaction must
lead to a cross-section enhancemdm]. 20;
o 15 _ ° ‘
B. K—L-shell excitation cross-sections for He-like projectiles = ° - ‘
= L |
In the upper part of Fig. 9, th&-subshell differential 0 -
K-shell excitation cross sections that were obtained for He- 05 :
like bismuth ions at an energy of 82 MeV/u in collisions with 3 10 50
C, Al, and Ni targets are displayed. The production cross target atomic number, Z,

sections forK &, (solid squaresand forK«, (open circley hell | hell o )
radiation, measured with the distant x-ray detector, are given F!G- 9. L-subshell resolved-shell excitation cross sections
separately versus the nuclear charge of the target. In ado?ﬁbtagezlfor :l'e';l'_'keT:'sm”th 'O”St_at 8d2 tMel\é/u in CO”'S'Or_‘St with
tion, also the totaK a production cross sections are given in ¢ C: Al and Ni. The cross-section data e, (open points
the figure (up-triangles as measured by the detector Ka, (solid squares and the totalKa cross sectiongsolid tri-

. . ngles are compared with the results of the relativistic calculations;
mounted close to the beam line. Again, the data sets for botﬁOtted line:K a, production cross section, dashed liex, pro-
detectors are consistent within their statistical errors. Th ; oL : o 20
i in the fi dotted line: duct . Quction cross section, full line: totéla production cross section. In
INes In t_ e figure(dotte _|ne.Ka2 pro PCt'O” cr_oss section; the bottom part the theoreticgolid line) and experimentaffull
dashed lineK a4 production cross section, full line: totkla

. . g points Ka; to Ka, intensity ratios are compared. In addition, the
production cross sectiomefer to the results of the theoretical i, to Ka, intensity ratio obtained from théP,/*P, mixing

approach used for the description of the He-like ions, whichyoefficient, derived from theraspcode, is depicted by the dashed

is described in Sec. Il. We emphasize that as a consequengge.

of our procedure, theKa; production cross section is

equivalent to that for excitation for thep3,, state in H-like  calculation. For this purpose, the excitation cross sections
Bi whereas theKa, cross section corresponds to the crossinto the M-shell levels were computed and the transition
section for excitation to thef®, level in the H-like species. rates obtained from theraspcode[25] were used. Similar
Furthermore, we assumgvhich in the nonrelativistic limit to the H-like system, the population of the excitedevels
strictly holdg that the [1s:,2p35]l;-» and the via cascades contributes by about 9% to the total cross sec-
[151/2,2P12]3=0 levels cannot be populated by Coulomb ex-tion. We have to stress that the data for the He-like ions are
citation of the 'S, ground state. Population of the much more precise than the data obtained for H-like systems
[1S1/2,2P3p0]3=» level would alter the th& «; to Kear, inten-  at the same beam energy of 82 MeV/u. Due to the blo¢ked
sity ratio because this state has a 23% decay branch to tishell, electron capture cannot leadka emission, thus im-
[1s1/2,2512]3=1 level. We stress once more that excitation toproving significantly the accuracy of the measurement.

the 2s levels does not produdé«, photons since excitation We have to stress the very good agreement between our
to the 1S, level leads to £1 emission. Moreover, excitation experimental results and the calculations. In particular, this
to the 3S,; state requires a spin fligWe neglect double step agreement confirms our treatment of the excitation process in
processes such as ionization followed by capture, which makigh-Z He-like ions where th& «, andK a4 intensities are
occur in multiple collisions such as ionization followed by basically determined by the excitation cross sections for the
capture]18].) For the particular case ofsl-2s excitation, a  2py» and the 5, levels, respectively in the H-like species.
spin-flip transition is equivalent to a transition with This is shown in even more detail in the bottom part of Fig.
= m;— 1, which is calculated to be negligible at our beam9, where the measurdfia; to Kea, intensity ratio is plotted
energies(compare the values given in the tablélso the for different Z;. In the figure, the theoretical cross-section
population of the excitedl-shell sublevels via cascades pro- ratio is given by the solid line. We have also calculated the
duced by excitation into higher states was considered in th&«; to Ka, intensity ratio by using the’P,/*P; mixing
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coefficient derived from thesrAsp code, a method com- For the case of He-like Bi, our experimental findings un-
monly applied for the intermediat-range[8]. From the derline the basic assumption that only excitation to ghe
latter, aK @4 to K, intensity ratio of 2.1 is obtained, which states of the. shell is observed in the experiment. In par-

fails to describe our experimental data. ticular, the data are found to be in good agreement with the
assumption that in the case of Coulomb excitation, the high-
VI. SUMMARY Z He-like ions behave like one-electron systems, i.e., the

o o ] [1s42,2p12]3=1 and the[ 15,,5,2p3p0] ;=1 States can be treated
ProjectileK-shell excitation has been studied both experi-35 the D1, and the Dy, states, respectively. In order to
mentally and theoretically in encounters of heavy one- an@ayify this point and to investigate the relevance of electron-

two-electron bismuth ionsZ=83) with light solid targets. correlation effects for the process Bf-shell excitation or

By applying an x-ray—particle coincidence technique, excijonization, complete relativistic calculations with correlated
tation of theK-shell electrons into thi-shell sublevels was yo-electron wave functions are needed. Such calculations
observed via registration of Ly-andKa photons from H- oI also clarify the relative population of the states with
and He-like Bi ions assomate_:d V\_nth the primary charg_e stategitferent total angular momentund ([15122P12]3-01,

i.e., separated from the projectile pho_ton emission induce 1S12,2P3]1-15). At this time, these calculations are not
by electron-capture processes. Since such subshelly ilaple. ’

differential experiments are only sensitive to a very limited  ope of the limitations of the present experiment is that,
number of excitation mode(;m Fhe nonre]anwstm limit only  pecause of the dense targets used, we cannot completely ex-
monopole and dipole excitation contribute¢he data ob- jyde double-step processes suchhas-0 excitation or ion-
tained provide a more detailed test of atomic collision theory; ation followed by electron captufg]. Therefore, for future
than ionization cross-section data. The experimental res“"iﬁvestigations with H- and He-like high-systems, the gas-
were compared with theoretical predictions based on a fullyet target of the storage ring ESR with typical areal densities
relativistic first-order perturbation approach, which considergys 1+12 particles/cn? appears to be most appropriate. Here
the complete Lisard-Wiechert interaction. With respect t0 g, hje step processes are nearly excluded. Also, in such ex-
the absolute cross sections for excitation into the 'nd'V'd“aberiments it would be interesting to measure the angular dis-
L-subshell levels, an overall good agreement between expion of the decay radiation in order to determine the
periment and theory is found. This agreement confirms the ignment that provides more detailed information about the

theoretical result that even at our Ig8v-values magnetic  gycitation process than total cross-section measurements.
effects are already of considerable relevance. In particular,

they show that the magnetic part of the haed-Wiechert

pote'ntial leads to a stro_ng reductiqn of the absolute cross- ACKNOWLEDGMENTS
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