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The 23P1 − 23P0 fine-structure splitting has been and still
is a subject of experimental and theoretical interest in atomic
physics. While in low-Z systems for neutral helium and Li+

very accurate calculations have been carried out in the 70´s, for
helium-like high-Z ions new methods were needed to determine
this fine structure splitting. Meanwhile, different theoretical ap-
proaches exist [1, 2, 3] and one aim of the experiment is to test
which approach can give the correct values for the fine struc-
ture. For the high-Z region, only few measurements are avail-
able so far [4, 5]. Although this fine structure splitting is not
directly measurable presently, it has been shown that this split-
ting can be determined indirectly by measuring the hyperfine-
quenched lifetime of the23P0 state [6]. Due to the hyperfine in-
teraction, the metastable23P0 state couples to the prompt23P1
state and the coupling strength depends on the23P1−23P0 fine-
structure splitting. Thereby, the lifetime of the pure23P0 state
is reduced and the fine-structure splitting can be determined.

The basic method to measure the lifetime of the hyperfine
quenched23P0 state is beam foil spectroscopy. This rather
simple method is illustrated in Figure 1, where the setup of
the experiment performed at Cave A in August 2000 is shown.
A hydrogen-like gold beam with an energy of 194.8 MeV/u
(β = 0.5621) passes through a target foil (1.5 mg/cm2 Ni) and
hereby produces excited helium-like ions by electron capture.
The radiation of the subsequent decay of the excited states is
detected downstream of the foil by two Ge(i) detectors, located
on opposite sides of the beam. The position of one detector is
fixed while the other detector is moveable. By varying the dis-
tance between the target foil and the moveable detector and by
measuring the ratio of counts of the23P0 − 11S0−transition
in the moveable detector relative to the fixed detector, a decay
curve can be traced out. Measuring the ratio allows normaliza-
tion to the ion population in the excited state of interest and has
the additional advantage that most systematic errors are elimi-
nated.

In contrast to the old experiment performed in 1994 [7], now
for the first time, it was possible to measure the x-rays in co-
incidence with the down-charged helium-like ions, because re-
cently a charge state spectrometer consisting of a quadropole
doublet and a bending magnet has been installed in Cave A.
An experiment to determine projectile ionization cross setcions,
performed one year ago, has served as a comissioning test and
has shown the ability of the spectrometer to separate the dif-
ferent charge states [8]. In order to benefit from the charge
state separation one also needs a position sensitve particle de-
tector. Therefore a newly developed 32-fold strip diamond de-
tector with a detection area of 60*40 mm2 has been installed
after the bending magnet. The advantages of this new type of
particle detector are its time resolution below 50 ps and espe-
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Figure 1: Experimental setup in Cave A.
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Figure 2: A raw and a coincidence spectrum obtained with the
moveable Ge(i) detector.

cially its single-particle count-rate capability of up to 108 ions/s
[9].

Figure 2 now shows two sample energy spectra of the move-
able x-ray detector. The upper spectrum shows a raw energy
spectrum without coincidence condition while the lower one
shows an energy spectrum obtained in coincidence with helium-
like ions. The advantage of the coincidence technique is obvi-
ous.

The results of a prelimimary analysis of the obtained data
can be seen in Figure 3. Decay curves at two different posi-
tions of the fixed detector resulting in different normalisations
have been traced out, covering almost three decay lengths. In
addition, to have a comparison with the old experiment also
a decay curve without concidence requirement has been mea-
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Figure 3: Measured decay curves of the 23P0 state. The up-
per and the lower decay curves have been obtained for different
normalizations detecting the x-rays in coincidence with He-like
ions, while the decay curve in the middle has been obtained
only detecting single x-rays.

23P0 Theory Experiment
[3] [2] this work [7]

τ [ps] 24.66 23.66 23.9±0.5 32±4

Table 1: Comparison of the lifetime τ of the 23P0 state between
experiment and theory. Our experimental value is the weighted
mean of all three decay curves.

sured, but only for one normalisation position. The error bars
of the measured ratios are due to the statistical uncertainty at a
1σ confidence level. In order to extract the decay length l out
of the decay curves, the data points have been fitted to a single
exponential. With the extracted decay length l, the value for the
speed of light c and the velocity of the ions β one can determine
the lifetime in the laboratory frame:

τLab =
1

lβc

This has to be transformed into the emitter frame, resulting in

τc.m. =
τLab

γ

for the lifetime of the 23P0 state. The determined lifetimes of
the different decay curves are also printed in Figure 3.

The given errors for the lifetimes are associated with the fit-
ting procedure and are assumed to be the sole major contribu-
tion to the total experimental error. As one value overlaps with
another value within the error bars, we took the weighted mean
of all three values as a final result for the lifetime. The experi-
mental results and the theoretical expectations are summarized
in Table 1. Our final value agrees very well within the theoreti-
cal predictions. The results are only preliminary as the evalua-
tion of the fine-structure splitting is still in progress.

One reason for the disagreement between the old and the new
experiment may be the fact that the beam quality in the old ex-
periment was very poor. As a consequence, the signal to back-

ground ratio was to low to get a reasonable result for the life-
time. In the new experiment the signal to background ratio has
been enhanced roughly by a factor of four due to the improved
beam quality. And now, even from detecting single x-rays one
obtains a value for the lifetime, which agrees very well with
the values that one obtains if one is using the coincidence tech-
nique.

Nevertheless, the reached accuracy of 2% looks promising
concerning the planned experiment to measure the unqenched
lifetime of the 23P0 state in helium-like 238U in the nuclear
ground state from which the n=2 Lamb shift can be determined.
Here the aim is to study the QED effects for the 2s-levels in a
high-Z system with high accuracy.
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QED is very well tested in the case of light atoms. How-
ever, a test in the strong-field domain of highly charged
heavy atoms with strongly pronounced higher order effects
in α · Z is still missing.
Sophisticated experiments have been devised to test

QED in the high-Z region by the accurate determination
of the ground-state Lambshift in hydrogenlike ions which
recently has been calculated with an accuracy of the or-
der of 10−5 of the ground-state binding energy of typi-
cally ( 60 − 130 ) keV [1]. The experiments are aimed to
measure the Ly-α energies with comparable accuracy and
therefore require instruments with high spectral resolution
in the hard x-ray region. The absorption-edge technique
fulfills this condition as has been demonstrated by a pre-
liminary experiment [2, 3]. The experimental uncertain-
ties of that “one-detector experiment” introduced by the
Doppler-effect can be reduced by a measurement at several
ion velocities β, x-ray observation angles Θ and absorbers.
The Doppler shift continuously depends on the ion ve-

locity β and the angle of observation Θ while the energies
of the K-edges discretely vary with the atomic number of
the absorber. Since only a few fixed angles of observation
at the gasjet target of the ESR are accessible, the num-
ber of suitable combinations of β, Θ and absorbers for a
measurement on a certain ion is strictly limited.
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Figure 1: Experimental setup for the absorption-edge tech-
nique. Three position-sensitive drift chambers measure -
in coincidence with downcharged ions - the intensity vari-
ations resulting from the shift of x-ray energies of H-like
Au78+ which are due to the angle-dependent Doppler-
effect over the absorption edges of heavy absorbers.

In the case of hydrogenlike gold such a combination
could be found for β = 0.253 and 0.4196, Θ = 90◦,
120◦ and 145◦, and Sm, Tb, Ho, Tm, Lu and Ta as ab-
sorbers. The setup of an experiment performed in August
2000 is shown in Fig. 1. In this experiment, three position-
sensitive drift-chambers [3, 4] were used for the measure-
ment of the intensity variation of the Ly-α2 line across
the K-edges of the absorbers due to the angle-dependent
Doppler shift. The line with the sharp peak at the right in
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Figure 2: Measured and simulated intensity variation of
the Ly-α2 line along the Lu absorption edge at 90◦ emit-
ted by H-like Au ions at β = 0.4196. The sharp peak re-
sults from the inner geometry of the drift chambers. The
calculation corresponds to an extended source.

Fig. 2 shows the experimental result for β = 0.4196 and
Θ = 90◦ with Lu as absorber. Plotted is the observed in-
tensity along the horizontal coordinate in the central plane
of the detector, integrated over height and depth. The
peak results from geometrical effects of the detector.
In order to analyse the experimental data, a program has

been written which simulates the intensity variation of the
detected photons. Here, the energies, widths and steps of
the K-edges are fixed and the only free parameters are the
observation angle Θ, the size of the emitting volume and
the photon energy in the rest frame.
The line without sharp peaks in Fig. 2 shows prelim-

inary results of the simulations for a 2 mm in diameter
and 5 mm long emitting volume assuming Θ = 90◦ and
the theoretical energy of the Ly-α2 transition [1] in com-
parison with the experimental data. Since the width of
the observed absorption edge is sensitive to the spatial
distribution of the emitting volume, it turns out that the
extended source is close to the chosen values. The final
results will be obtained from a combined fit of the simula-
tions to the experimental data for all K-edges observed.
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Radiative electron capture (REC) is the most
important channel for charge exchange in collisions of
highly charged ions with light target atoms. As, in
addition, the process is the time reversal of
photoionization, its investigation opened new
possibilities for advanced studies of radiation-matter
interaction [1]. In particular, angular distribution of
REC photons is a very sensitive probe of relativistic
effects in strong fields of heavy ions. Here, magnetic
spin-flip transitions were observed, for the first time, in
fast collisions of bare U-ions [2] with low Z-ions.
Even, at very low projectile velocities, corresponding
to photoionization close to the threshold, the presence
of these transitions was confirmed as well [3].

We report the experimental study of the angular
distributions of photons for REC into the K-shell of H-
like and into the L-shell of H-, He- and Li-like uranium
ions. The main goal was to observe the role of
spectator electrons in the heavy projectile in order to
reveal possible electron-electron correlations.

The experiment was performed at the ESR
storage ring at GSI-Darmstadt. The U91+- , U90+- and
U89+-ions at an energy of 216 MeV/u colliding with N2-
target were used. X-rays emitted from the active target
area were detected simultaneously at 13°, 35°, 60°,
90°, 120° and 150° with respect to the beam axis. At all
the angles Ge(i) detectors equipped with x-ray
collimator slits (except for 13°) were used. The
collimator dimensions allowed us to resolve the
splitting of the Kα transitions into the Kα1 and Kα2

components. At 13°, a Ge(i) detector with four
independent segments, each furnished with an
individual readout, was installed on a moveable
support. After passing through the target the beam was
charge state analysed in the next dipole magnet. Down-
and up-charged U-ions were registered (for the study of
capture and ionisation processes) with position-
sensitive particle detectors located in the inner and
outer part of the storage ring. In the following,
preliminary results concerning electron capture are
presented and discussed only.

Fig.1 shows a typical x-ray spectrum observed at
90° for U91+-ions associated with capture of one
electron. The broad structures arise from REC into the
projectile K-, L- and M-shells. The line-widths are
dominated by the Compton profile of the target
electrons. Electron capture into excited states (L, M
and higher shells) leads, via cascades, to the

characteristic Kα- and Kβ -transitions, clearly seen in
the spectra.

All the x-ray spectra were first energy calibrated
and corrected for random events and for detection
efficiency. Then, the yields of K- and L-REC photons
were determined via special fits to the experimental
spectra. Simultaneously, the intensities of Kα2-lines
(U91+ → N2) were extracted. Assuming, that the Kα2-
line (similar to the Lyα2-line) is isotropic in the emitter
system, all the angular distributions (U91+, U90+, U89+ →
N2) for K- and L-REC were normalised relative to its
intensity pattern in the laboratory frame.

Fig.1 X-ray spectrum associated with one-electron capture
(corrected for random events and detection efficiency)
observed at an observation angle of 90°.

In Fig.2, the measured differential cross section
for REC into the K-shell of 216 MeV/u U91+-ions
(present experiment) and 310 MeV/u U92+-ions [2] are
plotted as a function of the laboratory observation
angle and compared with predictions (for U92+ → N2)
based on rigorous relativistic calculations [4]. (The
data obtained in the present experiment for 120° are
still under evaluation and are therefore not displayed.)
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All the experimental and theoretical cross sections
were normalised to an arbitrary value at 90°. Fig.2
shows that the shape of the angular distribution is
almost unchanged when comparing the results for bare
and H-like U-ions. The experimental data are in
accordance with a fully relativistic theoretical
description (solid line). The REC emission pattern
deviates considerably from symmetry around 90°
(compare dashed-line displaying a sin2θlab distribution).
Nonvanishing cross sections close to 0° point to the
occurrence of magnetic (spin-flip) transitions for REC
into high-Z projectiles.

Fig.2 K-REC differential cross sections for 216 MeV/u U91+

→ N2 (circles) and for 310 MeV/u U92+ → N2 (triangles);
dashed-line – sin2θlab distribution, solid-line – relativistic
predictions for bare U-ions [4].

The differential cross sections for L-REC into
U91+-, U90+- and U89+-ions are presented in Fig.3a, 3b,
3c, respectively, along with theoretical calculations for
the different subshells [4]. Similar to the K-REC, the
photons observed at 0° and 180° angles present a clear
signature of magnetic transitions. A basic feature of all
the angular distributions displayed in Fig.3 is the
asymmetry between the forward and the backward
photon emission. The main contribution for H-like
(Fig.3a) and He-like U-ions (Fig.3b) arises from the
capture into the 2s-shell (dotted-line in Fig.3a) which
has a pronounced maximum at the forward direction.
Contributions from the 2p-shells (dashed-line: 2p1/2,
dashed-dotted line: 2p3/2 ) reach their maximum at
backward angles and do not compensate this forward
peaking. In the case of U89+ → N2 system (Fig.3c) the
emission pattern is shifted into backward direction due
to the partially blocked contribution from the 2s-shell.
Here, again the experimental data agree well with

theoretical predictions taking into account only one
electron present initially in the 2s-shell of U89+

(compare dashed-line in Fig. 3c. for one initial 2s
vacancy and the full line for two initial 2s vacancies).
In summary, we measured the angular distributions of
K- and L-REC into H-, He-, and Li-like U-ions at an
energy of 216 MeV/u. They are found to be
asymmetric and more pronounced at forward
directions. The emission pattern for K-REC stays
unchanged for bare and H-like U-ions. One electron
present in the L-shell of the projectile (U89+) shifts the
photon emission into backward direction. The
experimental data provide an excellent agreement with
rigorous relativistic predictions.

Fig.3 Differential cross sections for capture into the L-shell
of U91+ (a) , U90+ (b) , U89+(c) . (a) dotted-line: capture into
the 2s1/2-shell, dashed-line: 2p1/2-shell, dot-dashed-line: 2p3/2-
shell; (c) dashed-line – see text. All solid lines refer to the
summed contributions for completely empty 2s1/2-, 2p1/2-, and
2p3/2 -subshells (relativistic predictions [4]).
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In relativistic collisions involving high-Z projectiles and
heavy target atoms, non-radiative electron capture (NRC)
is a very important charge exchange process [1], a process
mediated by three-body interaction. In general, a precise
theoretical treatment of this process is very difficult to
achieve since the Coulomb field of the fast moving projec-
tile leads to distortions of the atomic target wave functions
even at infinite distances. For high-Z ions and relativistic
energies the experimental information about NRC is re-
stricted to total cross sections which are quite insensitive
to the details of this process. An experiment aiming at a
study of state-selective electron capture was conducted at
the gas-jet area of the ESR, by utilizing the spectroscopy
of projectile x-ray transitions following electron capture
into excited projectile states. This method benefits in
particular from the large fine structure splitting present
in such heavy ion systems. In the experiment, the Balmer
radiation produced by electron capture in collisions of 223
MeV/u U90+ ions on N2, Ar, Kr, and Xe targets have been
measured in coincidence with the down-charged uranium
ions (here Balmer transition refers to the transitions from
higher levels to n=2 states). The recorded x-ray spectra
are shown in figure 1. As the target varies from light to
heavy atoms, the relative intensities of the Balmer lines ex-
hibit a significant change. This feature already indicates a
strong influence of the target charge on the relative popu-
lation of the various (n, l, j) projectile sublevels by electron
capture.

The intensity pattern of the multitude of well-resolved
Balmer transitions was used to obtain the j-selective cross
section data as a function of target ZT . For this goal a
spectrum analysis and simulation code has been devel-
oped where electron cascades originating from states up
to n=40 are considered. The latter was accomplished by
using the individual decay rates and transition energies
of all states involved. In the spectra simulation, both
the NRC and the radiative electron capture (REC) were
taken into account. The CDW theory was used to cal-
culate the NRC cross sections. To obtain experimental
information on the j-sensitive population for electron cap-
ture, a fit to the measured spectra was carried out by set-
ting the relative cross sections as fitting parameters. From
this procedure, the information on relative populations to
the different j-sublevels has been deduced [2]. For N2,
where the cross sections for REC are a factor of 10 larger
than for NRC, good agreement with theory is obtained.
Here, the captured electrons mainly populate the s and
p states where the s1/2 levels are more favored which is
in agreement with REC theory and the j-substate distri-
bution behaves non-statistically. For the heavier targets
(Ar, Kr, and Xe), NRC is the most important capture
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Figure 1: Balmer spectra measured in 223 MeV/u U90+

impinging on N2, Ar, Kr, and Xe targets. For the case of
Xe, also characteristic target transitions (Kα,Kβ,Kγ) are
observed.

process. This process leads to a n, l, j-distribution which
differs markedly from the one observed in the case of the
N2-target (REC). Here, our data analysis shows that NRC
seems to favor the population of states with angular mo-
mentum l=1 which appears to be only in rough agreement
with the CDW approach applied. The discrepancies be-
tween our data and the latter approach are in particular
evident with respect to the j-dependency. For CDW a
statistical j-distribution had to be assumed since we are
dealing with a non-relativistic theory. For the case of high-
Z projectiles, however, this assumption is questionable (see
e.g Ichihara[3]). The systematic deviations between the ex-
perimental data and the theoretical calculations for the j-
subshell cross sections indicate that a relativistic approach
is needed for an appropriate description of NRC in the
high-Z domain.
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In contrast to ionization, the experimental information
about Coulomb excitation of one- and few-electron pro-
jectiles occurring in relativistic atomic collisions is very
scarce. The lack of data must be attributed to the exper-
imental difficulties which arise from the fact that excita-
tion is not accompanied by projectile charge exchange. As
a consequence, this process can only be studied in single
pass experiments by measuring the photon production in
coincidence with primary beams of low intensity. Indeed,
this technique was applied in the first experimental study
of projectile K-shell excitation for high-Z ions [1, 2]. Al-
though this experimental study already elucidated the sen-
sitive dependence of the excitation process on the details
of the relativistic bound state wave-functions in the theo-
retical description, the experimental results suffered from
counting statistics. Very recently, an alternative experi-
mental approach has been introduced at the storage ring
ESR. Here, the formation of excited states in Au78+ in rel-
ativistic collisions with an Ar target by Coulomb excitation
has been studied by detecting the projectile x-ray emission
in anti-coincidence with charge exchange [3]. By using this
technique we now started to extent our earlier investiga-
tions to a more detailed angular differential study for the
collision systems U91+, U90+ → N2 at 217 MeV/u. For
x-ray detection, observation angles in the range between
≈ 10o and 150o were used at the atomic physics photon
detection chamber of the internal target of the ESR (for
details see Ref. [4]).

In the experiment, the projectile x-ray emission was
measured in coincidence with down-charged ions as well as
in a single mode, i.e. without any coincidence requirement.
As a representative example we depict in Fig. 1 x-ray spec-
tra recorded for U91+→N2 collisions at the forward angle
of close to 10◦. In the spectra, the transitions arising from
electron capture (Kα transitions in He-like uranium) and
these from excitation (Lyα transitions in H-like uranium)
can clearly be distinguished by both the transition ener-
gies as well as by the coincidence requirement. Indeed, no
Kα transitions are observed in the anti-coincidence spec-
trum. This also proves that the MWPC detector used for
particle detection operates with a detection efficiency very
close to 100%.

In the following we concentrate on the formation of
magnetic-sublevels by Coulomb excitation as well as by
electron capture. Information about this topic can be ob-
tained from the study of the angular distribution of the
photons associated with these processes. For the particu-
lar case of E1 transitions, the photon angular correlation
has the form:
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Figure 1: X-ray spectra recorded for 217 MeV/u U91+→N2

collisions at the forward angle of close to 10 deg (a: to-
tal emission spectrum without coincidence requirement; b:
photons in coincidence with electron capture; c: photons
in anti-coincidence with electron capture).

W (θ) = A0 +A2P2(cos θ) ∝ 1 + β20(1− 3
2
sin2 θ). (1)

Here θ is the angle between the de-excitation photon
and the axis defined by the projectile motion (projectile
frame) while P2 is the second-order Legendre polynomial.
The angular correlation is completely determined by the
anisotropy coefficient β20. In general, W (θ) is symmet-
ric about 90◦ in the projectile frame and isotropic if the
intermediate state has jn = 1

2 as it is the case for the
Lyα2 (2p1/2 → 1s1/2) transition. For the particular case
of the 2p3/2 transition, however, one may also determine
β20 from the alignment A2 of the state which is defined as

A2 =
σ(3

2 ,± 3
2 )− σ(3

2 ,± 1
2 )

σ(3
2 ,± 3

2 ) + σ(3
2 ,± 1

2 )
=

1
α

β20, (2)

where σ(j = 3
2 , µ) is the population of the magnetic sub-

state with µ = ± 1
2 ,± 3

2 . For the 2p3/2 → 1s1/2 tran-
sition, α = 1

2 . Quite similar expressions can be found
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Figure 2: The intensities of Kα2- (up-triangles), Kα1-
(solid circles), Lyα1-transitions (down-triangles) normal-
ized to the Lyα2 line as function of observation angle. The
experimental data were recorded for U91+→N2 collisions
at the energy of 217 MeV/u. The full lines refer to the
corresponding mean values and the shaded areas give the
associated uncertainties.

for the case of the E1 decay of the [1s1/2, 2p1/2]3P1 and
the [1s1/2, 2p3/2]1P1 states in the He-like systems. Here,
however, magnetic sublevels with the quantum numbers of
µJ=1 = 0,±1 must be considered.
In our current experiment we strongly profited from the

fact that the Lyα2 transition arising from the decay of the
2s1/2,2p1/2 levels is known to be precisely isotropic. Con-
sequently, it provides an ideal tool to measure a possible
anisotropy of the close spaced Lyα1 or Kα transitions. In
Fig. 2 the preliminary results for the emission pattern of
the Lyα1 and the Kα transitions are shown, normalized to
the Lyα2 intensity. In all cases no alignment is observed
and the magnetic sublevels are therefore populated statis-
tically. In the case of the Lyα1 transition (2p3/2 →1s1/2)
induced by excitation this finding seems to be in agreement
with theoretical predictions [5]. However, the isotropy of
the Kα1 emission [1s1/2, 2p3/2]1P1,

3 P2, which is caused by
electron capture, is in contradiction to former observations
and theoretical predictions for capture into bare uranium
where a strong alignment of the 2p3/2 state was observed
[6]. This surprising result may point to the importance of
electron-electron interaction for the emission characteris-
tic of excited levels in high-Z He-like ions. But we have
also to emphasize that the decay of two levels (E1 decay
for 1P1, M2 decay for 3P2) contribute to the Kα1 transi-
tion which cannot get resolved in our experiment. Since
both transitions exhibit different angular distributions this
may wipe out a distinctive anisotropy of the Kα1 emission.
Currently this topic is subject of detailed theoretical inves-
tigations.
Also for K-shell excitation we observed a markedly dif-

ference between the H- and the He-like species. In Fig. 3,
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Figure 3: Kα1/Kα2 intensity ratio (solid circles) as ob-
served for K-shell excitation of He-like uranium in colli-
sions with N2 at 217 MeV/u. The solid line refers to a least
square fit of Eq. (1) to the experimental data including all
required relativistic transformations. For comparison the
corresponding intensity ratio (solid squares) as measured
for capture into H-like uranium is shown.

the Kα1/Kα2 intensity ratio, as measured for K-shell ex-
citation of He-like uranium in 217 MeV/u U91+→N2 col-
lisions, is plotted as a function of the observation angle.
For comparison the corresponding intensity ratio (solid
squares) as measured for capture into H-like uranium is
shown in addition. In contrast to electron capture, the
data for excitation exhibit a pronounced deviation from a
constant intensity ratio. Note, that for the case of K-shell
excitation of high-Z He-like ions, only the [1s1/2, 2p3/2]1P1

contributes to the Kα1 transition whereas the Kα2 inten-
sity arises from the decay of the [1s1/2, 2p1/2]3P1 level
only. In both cases an alignment of the different sub-
levels is possible. At present, it has not been clarified
which of both states causes the observed anisotropic in-
tensity ratio. However, at the current state of data anal-
ysis there are strong indications of a positive alignment
of the [1s1/2, 2p1/2]3P1 level. This means that the mag-
netic sublevels with µ = ±1 are preferably populated in
the collision.
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Until now, atomic physics experiments at the ESR stor-
age ring focused on initially bare and hydrogen-like ions.
However, there is an increasing demand to extend the
range of possible structure and collision studies to heavy
high-Z multi-electron systems such as helium-, lithium-, or
beryllium-like ions. To accomplish the storage of intense
heavy few-electron systems even at the highest beam en-
ergies possible at the ESR, thin carbon stripper foils are
now available in the beam transfer line between SIS and
ESR. In contrast to the commonly used copper stripper
targets, carbon foils guarantee a strong yield enhancement
for heavy multi-electron ions (see. Fig. 1). Very recently,
this new possibility for atomic physics experiments has
been exploited by injecting intense SIS beams of lithium-
like uranium into the ESR at an energy of 217 MeV/u.
In this experiment, projectile x-ray emission arising from
collisions with a N2 target was measured by intrinsic ger-
manium detectors in coincidence with down-charged or
up-charged ions, i.e. ions having captured (U88+) or lost
(U90+) one-electron in the collision. For a detailed descrip-
tion of this set-up we refer to Ref. [1]. In the following we
concentrate on the process of K-shell ionization. In Fig. 2
the x-ray spectrum observed at an forward angle of ≈ 10o

in coincidence with electron-loss is depicted. The spec-
trum is entirely governed by an intense single L→K (Kα2)
transition and a broad continuum distribution. Since we
are dealing with He-like uranium produced by K-shell va-
cancy production of the Li-like species, the broad contin-
uum can be explained by the two-photon decay (2E1) of
the [1s1/2, 2s1/2]1S0 level. Consequently, the single Kα
transition observed arises exclusively from the M1 decay
of the [1s1/2, 2s1/2]3S1 state. To the best of our knowl-
edge, no other process occurring in ion-atom collisions is
known with such a high state selectivity. This also means
that the 2s-electron stays passive during a collision leading
to K-shell ionization because no decay from the neighour-
ing excited p-states is observed (see level scheme inserted
in Fig. 2). This unexpected and surprising finding is cur-
rently subject of theoretical studies.
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Figure 1: Calculated charge state evolution as function
of target thickness for uranium ions traversing through a
carbon foil at an energy of 300 MeV/u. For the calculation
the programGLOBAL has been used [2]. The arrows mark
the target thickness of the stripper targets installed.
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Figure 2: X-ray spectrum measured in coincidence with
electron loss for U89+ →N2 collisions at 217 MeV/u. In the
upper part, the level scheme of He-like uranium illustrates
the origin of the observed photon emission.
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Structure and dynamics for the heaviest atomic systems differ
significantly from those of lighter ions due to the extremely
strong central fields at the high atomic numbers Z. In particular
relativistic effects are essential. There, for instance, the
electron-electron interaction is governed beyond the Coulomb
forces by the current or magnetic interactions (Breit term)
which may change the corresponding Auger emission
drastically [1]. Collisions of highly-charged heavy ions with
quasi-free electrons from light target atoms provide a unique
tool to investigate the electron-electron interaction in the
relativistic domain via resonant capture and excitation. This
resonant transfer and excitation (RTE) is the time reversal of
the Auger process and leads first to a doubly excited state. For
high-Z ions the intermediate doubly excited state stabilizes by
x-ray emission due to the high radiative rates, cf. [2] [3].
The electron-electron interaction can by studied in an
unperturbed manner for incoming H-like ions interacting with
one target electron. Therefore, we have investigated this pure
case at the ESR gas target for the heaviest possible system, for
H-like U91+ projectiles colliding with hydrogen. For hydrogen
as gas target the momentum distribution of the quasi-free
electron determining the RTE resonance width (Compton
profile) is the smallest possible. Fig. 1 shows the three KLjLj’

resonances (top) where one electron is captured into a Lj level
and the K electron is excited resonantly to a Lj’ level – with j, j’
= 1/2, 3/2 – and the following radiative decay modes (bottom).
Satellite and hypersatellite x-ray lines (one and two initial K
vacancies) can be separated by the Ge(i) x-ray detectors used.

Fig.1: KLjLj’ RTE resonances and their radiative decays for
incoming H-like U91+ ions.

Fig. 2: X-ray spectra observed at 1500 for U91+ - H collisions.

We have determined the x-ray emission pattern induced by U91+

- H collisions using six different observation angles (from ≈ 120

to 1500) for the three RTE resonance maxima and for one off-
resonance ion energy, cf. Fig. 2. For the off-resonance data at
102 MeV/u ion energy we find in the x-ray spectrum the Lj -
REC lines with j = 3/2 and 1/2 (at ≈ 85 and 89 keV) and the
subsequent Kα2 and Kα1 cascade lines (at ≈ 96 and 100 keV).
With higher ion energies the REC lines shift correspondingly to
higher x-ray energies. At the KL1/2L1/2 resonance – group 1 at
116.6 MeV/u in Fig. 2 – the L1/2-REC line coincides with the
Kα2

H hypersatellite line caused totally by RTE (at ≈ 97 keV).
At 124.9 MeV/u, the KL1/2L3/2 -RTE resonance (group 2), both
Lj-REC lines coincides with both the Kαi

H hypersatellites each.
Finally, for the KL3/2L3/2 resonance at 133.1 MeV/u (group 3)
the L3/2 -REC line (at ≈ 102 keV) coincides with the Kα1

H

hypersatellite line; the L1/2 -REC line (at ≈ 106 keV) is here
already beyond the region of interest.
The data are presently being evaluated in order to extract both
total rate coefficients for the electron-electron interaction at
strong fields and to get the angular distributions of the x-ray
emission. From the emission patterns the j dependent level
population of the doubly excited intermediate states can be
deduced giving detailed insight into the electron-electron
interaction mechanism in the relativistic domain. Calculations
for this system are presently being performed by the theory
group in Giessen, cf. [4].
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In the ongoing work on photorecombination (PR)
measurements at the electron cooler of the ESR new re-
sults have been obtained during the last year. PR is the
capture of a free electron under emission of one or more
photons. It is usually described as two different pro-
cesses, radiative recombination (RR) and dielectronic
recombination (DR).
The interest in RR, which is the direct path of PR (time-
inverse photoeffect), is mainly driven by the puzzling
”rate enhancement phenomenon” at very low relative
energies between electrons and ions. On the other hand
in resonant DR, the free electron is captured radiation-
less by the ion (inverse to autoionisation), and a doubly
excited compound system is formed. If the interme-
diate state decays under emission of a photon DR is
completed. Therefore, investigations of DR provide in-
sight into the atomic structure of the very heavy highly
charged ions under study at the GSI.

RR measurements of U92+

For relative energies between electrons and ions above
0.01-0.1 eV up to very high energies the measured rate
coefficient for RR can be described by the dipole ap-
proximation within a non-relativistic treatment. How-
ever, at very low energies recombination rates exceed
the predictions by factors of 1.6 for light ions and up
to a factor of 5.2 for heavier bare species. For multi-
charged complex ions even higher enhancement factors
have been found, which could partly be explained by
low energy DR-resonances. Of course, for bare ions re-
combination can not proceed via DR. As a measure for
the enhancement an excess rate ∆α = αexp − αtheo is
defined. While the enhancement turns out not to be
influenced by the electron target density, ∆α is found
to scale with the temperatures of the electron beam
like T

−1/2
⊥ and T

−1/2
|| . The dependence of the rate en-

hancement on the strength of the magnetic field used to
guide the electron beam inside the cooler is even more
puzzling than the enhancement itself: An increase of
the enhancement with increasing magnetic field is com-
monly found at all storage rings. In addition, for very
heavy ions at high ion energies, and hence at high elec-
tron energies, nearly periodic oscillations of the RR rate
coefficient in dependence of the magnetic field strength
have been observed at the ESR [1, 2]. So far, for very
heavy bare ions (Z > 18) detailed investigations of the
enhancement have only been performed with Bi83+ [2].
Recently, measurements with 297.1 MeV/u U92+ ions
have been carried out at the ESR. The recombined ions
have been detected with a position sensitive counter.
This additional diagnostics allows one to monitor the
ion beam properties during the measurement. It turned
out that the size of the ion beam changes in the hor-
izontal (x-) direction while for the size in the vertical
direction no changes under variation of the guiding field
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Figure 1: Dependence of the scaled excess rate kT 0.5
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|| ·∆α at 0 eV on the nuclear charge Z. The mea-

surements have been performed at different storage rings
(TSR, CRYRING, ESR). The excess rates have not been
normalized to the same magnetic field strength. The
dashed line is a Z2.8 scaling according to [3]. The full
line is the new Z2.6 scaling with inclusion of the Bi83+
and U92+ data.

could be observed. This decrease of ion beam quality is
in accordance with previous findings at the ESR, where
the transversal temperature T⊥ has been found to vary
with magnetic field strength [2]. Hence, the oscillations
in the recombination rate seem to be closely connected
with changes of the ion beam properties in the transver-
sal direction, which are introduced by small variations of
the guiding field. However, the reason for this peculiar
behaviour is not known yet. Apart from the oscillations
an overall increase of the rate enhancement with increas-
ing magnetic field is found.
For less heavy bare ions (Z < 18) a Z2.8 scaling of the
scaled excess rate kT 0.5

⊥ kT 0.5
|| ∆α has been reported [3].

When the two measurements for Bi83+ and U92+ are in-
cluded this behaviour slightly changes to a Z2.6 scaling.

Determination of 2s1/2 − 2p1/2 energy splitting of
Li-like heavy-ions by means of DR

Li-like ions are the simplest ions in which ∆n = 0 exci-
tations (2s1/2 → 2p1/2 and 2s1/2 → 2p3/2) are possible
from the ground-state, thus providing 1s22p1/2,3/2n�j-
DR-resonances in the low-energy domain. For a com-
prehensive theoretical description of the measured DR
features of the heavy ions under investigation (Au76+,
Pb79+, Bi80+ and U89+) a fully relativistic treatment is
needed. In addition, radiative (QED) corrections scale
approximately with Z4 and therefore become increas-
ingly important. The same is true for corrections caused
by the finite size of the atomic nucleus and by relativis-



- 98 -

- 98 -

13 14 15 16 17 18 19

0.0

0.5

1.0

1.5

2.0

2.5

3.0 Pb78+(1s22p
1/2

20 �
 j
 )

j >
 5

/2

j =
 5

/2

j =
 3

/2

j =
 1

/2

R
e

co
m

b
in

a
tio

n
 r

a
te

  
[ 

1
0

-9
 c

m
3
 s

-1
 ]

Relative energy [ eV ]

 Experiment
 DR-Theory incl. j=11/2
 DR-Theory incl. j=21/2
 DR-Theory incl. j=31/2

Figure 2: Measured Pb79+ recombination rate coeffi-
cient compared with our fully relativistic theoretical cal-
culation (full line). The theory has been shifted by -0.65
eV (see text) .

tic effects. Up to now for DR in Li-like very heavy ions
there are no strict QED calculations which allow for a
direct comparison with the experiment and hence a test-
ing of QED in strong fields. On the other hand a large
number of QED calculations for the 2s− 2p splitting in
Li-like ions are available, mainly triggered by the accu-
rate measurements of Schweppe et al. for U89+ [4]. We
have developed a novel method which allows to extract
excitation energies of the projectile ions from the DR
resonance positions of the doubly excited recombined
ion. For every excitation channel of the dielectronic cap-
ture an infinite number of dielectronic resonances con-
verging to the associated series limit may be observed.
The main idea is to extrapolate the energies of individ-
ual Rydberg resonances to the associated series limit.
For increasing values of n and there especially for high
angular momenta j the mutual influence of core and
Rydberg electrons can be neglected and the excitation
energy E∞ can be described by

E∞(Z) = ERes(Z, n, j) + EB(Z, n, j), (1)

where ERes(Z, n, j) is the resonance energy and
EB(Z, n, j) the binding energy of the Rydberg electron,
e.g. in a H-like approximation (Dirac energies). There-
with, one deals with a multitude of resonances the en-
ergy dependence of which is well known. Beside the
series limit as one fitting parameter, additonal free pa-
rameters can be introduced to improve the energy cali-
bration.
In particular, for very heavy Li-like ions all 1s22p1/2n�j

resonance manifolds with n ≥ 20 can be found within
the energy range (0-400 eV) which is accessible by our
present experimental set-up. Individual Rydberg states
up to n ≈ 45 have been observed. For Rydberg states
with n = 20 − 25 detailed information about the fine-
structure and resonance strengths could be obtained (see
Fig. 2). As can be seen from the figure a very good
agreement between the experiment and fully relativis-
tic calculation (GRASP code) is found as long as the
shapes and the resonance strengths of the DR-resonances
are concerned. This agreement is even more striking as
the experimental rate coefficient has been measured on
an absolute scale, and hence theory and experiment are
not normalized with respect to each other. It should be
noted that the inclusion of very high angular momen-
tum components (jmax � 23/2) is needed. On the other
hand it is known that uncertainties in absolute energies

produced by the GRASP code are ≈ 1 eV or even more,
which are mainly caused by the approximations used to
include QED in the MCDF code. But the additional
theory-based knowledge about the shape and the fine-
structure of the doubly excited Rydberg states can be
used to improve the accuracy of the extrapolation sig-
nificantly.
With the method described above the following val-
ues for the 2s1/2 − 2p1/2 splitting have been obtained:
E∞(Au76+) = 216.11(20) eV, E∞(Pb79+) = 230.62(20)
eV and E∞(U89+) = 280.56(20) eV. These results are
sensitive to QED contributions of the order α2. A fur-
ther reduction of the error by a factor of ≈ 5 can be
expected in the near future as the main source of er-
rors is the available knowledge of the velocity distribu-
tion of the cooler electrons. This distribution can be
probed with high accuracy with an ion of lower nuclear
charge Z. In contrast to the very heavy ions, isolated
resonances with small natural linewidth (”δ-like”) are
expected, so that a measured spectrum reflects the ve-
locity distribution of the target electrons. Details can
be found in [5].

Scaling behaviour of DR Rydberg states

As mentioned above, one strength of DR investiga-
tions utilizing storage ring coolers is the measurement
of absolute rate coefficients. This allowed us to deter-
mine the scaling behaviour of the resonance strength
S =

∫
σ(E)dE of the Rydberg series of Pb79+ (Fig. 3).

For the doubly excited Rydberg states a E−1n−3 scal-
ing can be expected as SRes ∝ Aa ·ω, the autoionisation
rate Aa ∝ n−3 and the flourescence yield ω ≈ const.
for sufficiently high n. A comparison (Fig. 3) between
experimental resonance strengths for the DR of Pb79+,
reveals a n−3 scaling law and DR/MCDF calculations
for n = 20− 25 confirm these predictions.
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Figure 3: E−1n−3 scaling of the DR resonance strength
SRes of Pb78+(1s22p1/2n�j)-resonances (DR of Pb79+).
The full circles are experimental data, the full line is a
scaling according to E ·Sn = E ·Sn=20 ·203/n3. The grey
squares are DR/MCDF calculations (GRASP). Theory
has been multiplied by a factor 1.1 in order to take states
into account with j > 23/2.
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The interaction of both, highly charged ions and intense
lasers fields, with matter or atoms attract increasing interest
because of fundamental questions to be addressed and because
of the long term perspectives of  potential applications. Such
applications cover a wide range from inertial fusion driven by
heavy ion or intense laser beams to new techniques in material
science and medical treatments. These developments rely on a
profound knowledge about the interaction of radiation with
single atoms and about the dynamical correlation of electrons in
ultra-short and strong fields. In this context ionization of atoms
in intense fields plays a key role because the coupling between
radiation and matter is mediated by the electrons.

Theoretically, in particular the regime of large perturbations
is of interest, where the radiation field strongly modifies the
atomic states, where it interacts simultaneously with several
electrons and where non-linear effects prevail. This puts severe
constraints on theoretical descriptions revealing substantial
problems in the treatment of the correlated motion of mutually
interacting particles under the action of a time dependent force.
In spite of these difficulties, successful theoretical approaches
have been developed so far for single ionization of atoms by
charged heavy-ion impact as well as by intense laser pulses.
But, the extension to more complicated situations like e.g.
double or multiple ionization has been identified as a key
challenge for many-body Coulomb theories.

Experimentally, the recent developments of advanced
many-particle coincidence techniques to study atomic
fragmentation allow to identify simultaneously the momenta of
all reaction products emerging from a single collision with high
resolution. These so called reaction microscopes consist of
recoil-ion momentum spectrometers combined with an electron
analyzer with 4π efficiency and high momentum resolution.
They enable experiments on single and multiple ionization
reactions of atoms and molecules with unprecedented
completeness and momentum resolution (for a review see [1]).
Such kinematically complete experiments provide benchmark
data for theories and allow for the first time the separation of
different mechanisms involved in the ionization process.

In this report we discuss three topics concerning the
fragmentation of atoms in the strong fields generated by fast
passing highly-charged ions and intense low-frequency laser
pulses. The experiments have been performed at the UNILAC
of GSI and at the high power laser facility of the Max-Born-
Institute in Berlin.

Ultimate Tests of Single Ionization Theories at Strong
Perturbations

In a kinematically complete experiment the emission of low
energy electrons (Ee < 150 eV) in single ionization of He-atoms
induced by 3.6 MeV/u Au53+ ion impact has been studied.
Using a reaction-microscope [1] the momenta of the recoiling
target-ions and of the ejected electrons have been measured in

coincidence. In a previous work the electron energy and
angular distribution was studied irrespective of the projectile
scattering [2]. These double differential electron emission cross
sections have been shown to be in very good agreement with
continuum distorted wave eikonal initial state (CDW-EIS)
calculations. Because of the large perturbation of the projectile
ion with q/v = 4.4 (the projectile charge to velocity ratio in
atomic units is a measure of the perturbation strength.
Perturbation theory usually can be applied for q/v < 1.), a
strong postcollision effect has been observed even at very low
electron energies. The receding projectile drags the electrons
into the forward direction. As a next step in testing theory in
more detail, we investigated the electron emission
characteristics as a function of the momentum transferred from
the projectile to the target atom. In almost all cases the
longitudinal momentum transfer (i.e. the component along the
beam direction) is very small compared to the transverse
direction. This quantity is deduced from the measured vector
momenta of the electron and the recoiling target ion using
momentum conservation. In this way projectile scattering
angles as small as 20 nrad became accessible, enabling for the
complete determination of the three particle dynamics in singly
ionizing heavy-ion atom collisions.

Figure 1: The projectile momentum transfer in the transverse
direction for given electron energies in single ionization of He
by 3.6MeV/u Au53+ impact. A transverse momentum transfer of
pp� = 1 a.u. corresponds to a scattering angle of 250 nrad.
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In fig. 1 the distribution of the transverse momentum
transfer is shown for fixed ejected electron energies. Low
energy electron emission is dominated by small transverse
momentum transfers indicating that mainly dipol-transitions
from the initially bound to the continuum state contribute [3].
In this so called soft collision regime the fast passing projectile
acts much like a source of virtual photons which get absorbed
by the target atom revealing similarities with photoionization
[4]. With increasing electron energy more violent encounters
contribute. Then, the momentum transfer exhibits a peak at a
value which is equal to the momentum of the ejected electron
(arrows in fig. 1) clearly demonstrating the transition to the
binary-encounter regime: the target electron is knocked out in a
binary collision with the projectile.

In addition, triple differential cross sections (TDCS) for
these highly non-perturbative collisions have been measured.
There the angular distribution of the ejected electron in the
plane defined by the incoming and the scattered projectile (i.e.
in coplanar geometry) is plotted for a given electron energy and
for fixed momentum transfer. Such TDCS data are known to be
very sensitive on the collision dynamics and they can be
considered as the ultimate test of single ionization theories in
the non-perturbative regime.

Electron-Electron Interaction in Projectile Ionization:
A New Way to Explore (e,2e) on Ions ?

Measurements of differential cross sections for ionization of
ions in collisions with high-energy electrons are extremely
difficult to perform by applying conventional crossed beams
techniques. In essence, due to the low luminosity, such
experiments have not been possible up to now, not even in
storage rings. If feasible, they would allow for instance high
precision momentum spectroscopy of bound states in few-
electron heavy-ions.

On the other hand, in a fast collision of a non-bare
projectile-ion with a target atom the projectile can be ionized
via an interaction with one of the target electrons (electron-
electron (e-e) interaction). In those collisions both, the active
target electron and the projectile electron, get ionized [5]. This
process is equivalent to electron impact ionization of the
projectile if the initially bound target electron can be treated as
a quasi free electron. In such a scenario, using a dense atomic
beam, one would circumvent the above mentioned low
luminosity problem of conventional crossed beams
experiments. But, there is a second mechanism contributing to
projectile ionization: Interaction of the electron with the target
nucleus (nucleus-electron (n-e) interaction). Thus, electron
impact ionization of ions may be studied in very detail, if the
many-particle dynamics is completely controlled
experimentally.

Such a measurement has been performed at the UNILAC of
GSI studying ionization of 3.6 MeV/u C2+ projectiles in
collisions with He atoms. In the experiment the final state
momentum vectors of all particles emerging from the collision
have been mapped. In the following we will demonstrate that a
separation of the two competing mechanisms contributing to
projectile ionization is indeed possible, because different
mechanisms populate kinematically different regions in the
final state. If a (n-e) interaction takes place the target nucleus

has to deliver the momentum transfer required to ionize the
projectile. Thus, one expects a recoiling He1+ target ion with
large momentum, whereas the target electron acts as a
spectator. In contrast, in a (e-e) interaction the target electron
plays the active role and the He-nucleus takes part as a
spectator [6]. Therefore the two processes ((n-e) and (e-e)) can
be separated event by event by putting a condition on the values
of the momenta of the target electron pele and the He1+ ion pion.
Selecting only those events, for which pele > pion is fulfilled,
implies that mainly the (e-e) interaction is left in the resulting
subset of the experimental data. The validity of this approach is
demonstrated in the fig. 2. There, the momentum distributions
of the projectile electron, the target electron and the He1+ recoil-
ion are projected onto the collision plane. This plane is defined
by the incoming projectile momentum and the momentum
transfer. As expected for (e-e) interaction, the ionized projectile
electrons and the target electrons are preferentially emitted into
opposite directions. The target ion behaves as a spectator and
therefore exhibits no angular correlation with the emitted
electrons.

Figure 2: The momentum distributions of the projectile electron
(in the projectile frame), the target electron and the He1+

recoil-ion projected onto the collision plane.

The experimental data are in very good agreement with
classical trajectory Monte-Carlo (CTMC) calculations.
According to these theoretical results more asymmetric
collision partners with respect to the binding energies of the
active electrons are required to fulfill the equivalence to
electron impact ionization. Such experiments are in preparation
and will be performed in near future in the storage ring ESR at
GSI using one-electron heavy-ions and light or even excited
targets as a dense electron target. Then, as a long term
perspective, fully differential cross sections for electron impact
ionization of few-electron heavy-ions will become accessible.

Double Ionization of Neon by Intense Laser Pulses

It is almost 20 years ago, that unexpected large yields for
the creation of doubly charged ions were observed when atoms
are exposed to intense laser fields [7]. This enhancement,
termed non-sequential ionization, which can amount to several
orders of magnitude, is a consequence of the electron-electron
correlation, but the underlying mechanism remained unclear
over many years (for a review see [8]). Among many others a
classical rescattering model was proposed by Corkum [9] to
explain double ionization. In this model the first ionized
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electron is driven by the electric field of the laser pulse and
thrown back to its parent ion knocking out a second electron in
an (e,2e)-like collision. Many experimental findings, and in
particular recent ion momentum measurements [10,11], favor
the rescattering model. But, to ultimately unravel the many-
particle dynamics of double ionization in intense laser fields a
complete determination of the final state is required, i.e. the
determination of the momentum vectors of all atomic
fragments. Up to now, such a measurement was beyond
experimental capabilities.

We succeeded in performing a first kinematically complete
experiment on double ionization of Ne by ultra-short (25 fs)
laser pulses (λ = 800 nm) at an intensity of 1015 W/cm2. The
created ion and up to two electrons were detected in
coincidence using a reaction microscope. In the experiment the
momentum vectors of all three particles (electrons and ion) and
the charge state of the ion were determined.

Figure 3: The electron energy distributions for emission along
(ϑ = 0o ) and perpendicular (ϑ = 90o ) to the light polarization
axis in double ionization of Ne by 1015 W/cm2 laser pulses.

In contrast to single ionization, which is dominated by the
emission of low energy electrons (Ee < 20 eV), for double
ionization high energetic electrons with energies of more than
120 eV have been observed (fig. 3). In both cases electrons are
preferentially emitted along the light polarization axis (i.e.
along the electric field direction of the laser field). In fact, after
being released from the atom the electrons perform a quiver
motion in the external laser field. They are driven by the
ponderomotive force mediated by the electric field in the light
pulse. The final kinetic drift energy of the ionized electron after
the end of the laser pulse depends on the phase of the
oscillating electric field at which the electron was set free. This

energy, which can be as large as 2.UP (UP is the mean quiver
energy), maximizes if the electron is born at a time when the
electric field goes through zero. In the rescattering model for
double ionization the (e,2e)-like collision with the returning
electron occurs very close to such a zero crossing. Hence,
electron energies up to 2.UP are expected in agreement with our
experimental finding. Even though the electron motion is
dominated by the ponderomotive force the signature of the
(e,2e) collision dynamics is still preserved in the final state. In
particular the analysis of correlated two electron spectra, which
are not discussed here, yield more detailed information about
the fragmentation in strong laser fields.

For the future, experimental studies of electron correlation
in strong laser fields will be feasible using a large variety of
targets, like e.g. atoms, clusters and molecules. On this road in
particular a kinematically complete experiment on helium, the
most simple two electron system, remains as an experimental
challenge.

This work was supported by the Gesellschaft für
Schwerionenforschung, the Max-Born-Institute, the Leibniz-
program and the SFB 276 project B8 of the Deutsche
Forschungsgemeinschaft DFG, and BMBF.
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Three body fragmentation of CO2 in collisions with 5.9 MeV/u Xe18+

and Xe43+ ions

B. Siegmann, I. Küster, U. Brinkmann, U. Werner, H.O. Lutz, University of Bielefeld
R. Mann, GSI Darmstadt

The multiple ionization and fragmentation of CO2 by fast
Xe18+ and Xe43+ ions was studied utilizing a position- and
time-sensitive multi-particle detector which allows the co-
incident measurement of the momenta of correlated frag-
ment ions. The experiment has been performed using the
highly charged ion beam of the UNILAC at the GSI Darm-
stadt. The slow fragment ions and electrons generated in
the collision process are separated by a weak electric field.
Electrons were detected by a channeltron at one side of the
interaction region; positive ions were accelerated towards
the time- and position-sensitive multi-particle detector at
the other side [1,2]. For each positive fragment ion the po-
sition and the time-of-flight relative to the electron signal
were recorded. Of special interest are the Coulomb explo-
sion processes where all fragments are positively charged.
For these reaction channels the coincident measurement of
the momenta of correlated fragment ions yields a kinemat-
ically complete image of the molecular break-up process,
and the kinetic energy release as well as angular corre-
lations can be derived for each individual event. In colli-
sions of fast highly charged Xe-ions with CO2 coincidences
with a total charge of at least 6 are clearly separated.
Among the various observed reaction channels the reac-
tions Cq++Op++Or+ fulfill the conditions for a kinemat-
ically complete description of the fragmentation process.
For these reactions the fragmentation dynamics may be
analyzed in terms of three independent parameters. A
practical choice of the characteristic variables consists of
the kinetic energy release and the angles χ and θv in ve-
locity space [3].

Fig. 1 shows the kinetic energy release spectrum and
the measured distribution of the angles χ and θv ob-
served in C++O++O+ fragmentation in collisions with
5.9MeV/u Xe18+ and Xe43+. All three characteristic pa-
rameters are independent of the projectile charge mea-
sured here. The maximum of the measured kinetic energy
distribution is in good agreement with the prediction of
the point charge Coulomb explosion model.

The angle χ, defined by the relative velocity of the O+-
ions "vOO and "vC , is an indicator whether the molecular
bonds break simultaneously or in a stepwise fashion [4].
The χ distribution shows a peak around 90 degrees which
is consistent with a simultaneous break up of the molec-
ular bonds. A break-up of the molecular bonds in a time
short on a time scale defined by rotational and vibrational
periods of the system leads to a strong angular correlation
between the corresponding velocities which shows up as a
narrow peak in the χ-distribution. In case of a two-step
process the correlation would be lost resulting in a uniform
χ-distribution.

The angle θv, defined by the two relative "vCO veloc-
ities, is closely connected with the O-C-O bond angle.
For Carbon-dioxide as a linear molecule the maximum
of the O-C-O bond angle would be expected around 180
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Figure 1: Kinetic energy release and angles χ and θv de-
rived from coincident C++O++O+ fragments in collisions
with 5.9MeV/u Xeq+. The energy release predicted by the
Coulomb explosion model (CE) and the most probable an-
gle θv expected for the bending mode v2 = 0 are marked
in the figure.

degrees. The θv-distribution observed in collisions with
fast highly charged ions is clearly shifted to smaller angles
with a broad maximum around 120 degrees. This can be
qualitatively understood taking into account the vibration
modes of CO2. Using a harmonic oscillator potential to
describe the bending-mode groundstate (ν2 = 0) leads to
a most probable “bond angle” of β ≈ 172.5 degree. In the
Coulomb explosion model this angle corresponds to an an-
gle θv ≈ 142◦ in velocity space which is in good qualitative
agreement with the experimental results.
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Experiments with Heavy Ions in Traps
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HITRAP: A Facility for Experiments with
Trapped Highly Charged Ions
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The GSI midterm project HITRAP is a planned ion
trap facility for capturing and cooling of highly charged
ions (HCI) produced at GSI in the heavy-ion complex of
the UNILAC-SIS accelerators and the ESR storage ring.
In this facility heavy highly-charged ions up to uranium
will be available as bare nuclei, hydrogen-like ions or few-
electron systems at low temperatures. The trap for receiv-
ing and studying these ions is designed for operation at
extremely high vacuum by cooling to cryogenic tempera-
tures. The stored highly charged ions can be investigated
in the trap itself or can be extracted from the trap at en-
ergies up to about 30 keV/q.
The basic components constituting the HITRAP facility

are outlined in Fig. 1. Highly charged ions are accelerated
in the heavy-ion synchrotron SIS, stripped in a foil to the
desired charge state and injected into the Experimental
Storage Ring (ESR). For bare or hydrogen-like ions, ener-
gies of a few hundred MeV/u are required. In the ESR
the ions will be decelerated to an energy of 3 MeV/u. It
is planned to demonstrate this low-energy operation mode
of the ESR during 2001. They will then be extracted in a
fast-extraction mode as short ion bunches.

ESR

SIS
UNILAC

HITRAP FACILITY
post-

decelerator
cooling

trap

precision
trap

mev(T = 4K) eV/u keV/u

MeV/u

NOVEL
INSTRUMENTATION

FOR

nuclear spectroscopy

laser spectroscopy

surface-ion interaction spectr.

spectroscopy

atom-ion interaction spectr.

mass spectrometry

Figure 1: Schematic of the GSI accelerator complex and
the planned HITRAP facility. Highly charged ions are ex-
tracted from the ESR storage ring at 3 MeV/u, decelerated
in a post-decelerator to some keV/u, and then transferred
into a Penning trap system.

The extracted ion bunches will be post-decelerated to
a final energy of the order of 30 keV/q in a radiofre-
quency quadrupole structure (RFQ) or a linear interdig-
ital H-mode (IH) drift tube structure. Recently, a RFQ
decelerator has been successfully commissioned at the An-
tiproton Decelerator (AD) at CERN to allow antiprotons
to be decelerated from an energy of 5.3MeV down to be-
low 100keV. After post-deceleration the ions will be cap-

tured into a first Penning trap (Fig. 1) and cooled to a
temperature of T = 4K with a combination of electron or
positron cooling and resistive cooling. The cooled highly
charged ions can be extracted and transferred to physics
experiments. The HITRAP facility will provide about 106

charges per second, i.e. about 104 ions/s in the case of
U92+.
The HITRAP physics programme includes collision

studies with highly charged ions at well-defined low en-
ergies (eV/u), laser spectroscopy of hyperfine structure
transitions in HCI, X-ray spectroscopy on HCI, and high-
accuracy measurements to determine the magnetic mo-
ment anomaly (or g-factor) of the electron bound in
hydrogen-like heavy ions and the atomic binding energies
of few-electron systems.
For the determination of the g-factor of the bound elec-

tron in highly charged ions as a stringent test of Quantum
Electrodynamics (QED) [1] a precision Penning trap has
been developed in a joint effort of the University of Mainz
and GSI. The g-factor of the bound electron is determined
from the Larmor precession frequency ωL of its magnetic
moment in the magnetic field B, ωL = g(e/2me)B, and
the cyclotron frequency of the hydrogen-like ion, ωc =
(Q/M)B.

g = 2 · ωL

ωc
· Q/M

e/me
. (1)

Our measurement of the g-factor of the electron
in hydrogen-like carbon (12C5+) yielded a value of
gexp

e (C5+) = 2.001 041 596(5), in excellent agreement
with the theoretical value of gth

e (C5+) = 2.001 041 591(7)
[2]. Further improvement of the theoretical [3] as well
as the experimental accuracy will make it possible to
determine the atomic mass of the electron with an un-
precedented precision of a few parts in 10−10. In 2000
we performed a g-factor measurement on hydrogen-like
oxygen (16O7+). The preliminary experimental value of
gexp

e (O7+) = 2.000047017(8) is in excellent agreement with
the theoretical prediction of gth

e (O7+) = 2.000 047 022(5).
This is our second high-accuracy test of bound-state QED.
At the HITRAP facility, the g-factor measurements will
be performed up to the heaviest hydrogen-like ions, where
the product of proton number and fine-structure constant
(Zα) approaches unity. This will provide a crucial test of
QED calculations in extreme electromagnetic fields.

High Accuracy Mass Determination of un-
stable Nuclei with the Penning Trap Mass
Spectrometer ISOLTRAP

F. Ames2, G. Audi10, D. Beck3, K. Blaum3, G. Bollen7,
J. Dilling3, O. Engels9, F. Herfurth3,9, A. Kellerbauer2,
H.-J. Kluge3, D. Lunney10, R.B. Moore8, M. Oinonen2,
C. Scheidenberger3, S. Schwarz5, G. Sikler3, E. Sauvan2,
J. Szerypo4 and C. Weber3
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The Penning trap mass spectrometer ISOLTRAP is in-
stalled at ISOLDE/CERN. It provides mass measurements
of short-lived nuclides with very high accuracy. Accurate
experimental mass values serve for testing nuclear models,
help to increase their predictive power for nuclides far from
stability and can reveal nuclear structure. Additionally,
some mass values represent important input parameters
for Standard Model tests and astrophysical calculations.
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Figure 2: Experimental setup of the ISOLTRAP spectro-
meter. The inset shows the cyclotron resonance curve for
74Rb. Plotted is the time of flight (TOF) of the ions from
the trap to the ion detector as a function of the applied
radiofrequency with the theoretical line shape fitted. This
spectrum contains roughly one fourth of all 74Rb data ob-
tained during a recent run.

The ISOLTRAP Penning trap mass spectrometer
(Fig. 2) consists of three main parts: a) a linear gas-filled
radiofrequency quadrupole (RFQ) trap for retardation, ac-
cumulation, cooling and bunched ejection at low energy [4],
b) a gas-filled cylindrical Penning trap for further cooling
and isobaric separation [5], and c) an ultra-high vacuum
hyperbolic Penning trap for isomeric separation and the
mass measurement [6]. The mass measurement is per-
formed via the determination of the cyclotron frequency
ωc = q/m ·B of the ion with mass m and charge q revolv-
ing in the magnetic field of strength B. The accuracy of
the measured mass values is typically δm/m = 1 · 10−7.
Six radioactive beam times were carried out in 2000. In

the first beam time, an uranium carbide target was used in
conjunction with the resonant ionisation laser ion source
(RILIS) to measure the mass of neutron-rich tin isotopes.

The isotopes 128,129,130,132Sn were investigated. Particu-
larly, the mass of the doubly magic 132Sn is of interest for
astrophysical calculations along the r-process path.
The second beam time was dedicated to neutron-

deficient Sr isotopes. The mass of 76Sr and 77Sr could be
measured by determining the mass of SrF2 molecules. 76Sr
is a possible waiting point on the astrophysical rp-process
path.
One major project in 2000 was the measurement of the

Q-value of the superallowed β-decay of 74Rb. Two beam
times were performed to measure the mass of 74Rb (Fig. 2)
and its daugther nucleus 74Kr. 74Rb is the shortest-lived
nuclide ever investigated in a Penning trap (T1/2 = 65ms).
The accuracy of its mass value is governed by statistics and
resolving power, which are limited by production rate and
half-life. The relative accuracy reached for the mass of
74Rb is about 3.4 · 10−7 (i.e. ≈ 25keV). The measurement
of 74Kr was performed with an unprecedented relative ac-
curacy of only 3 · 10−8. Additionally, the masses of the
krypton isotopes with A = 73 and 75 were measured.
One beam time was performed using a molten lead

target to complete the picture of binding energies for
the neutron-deficient mercury isotopes. The isotopes
179,180,181Hg were measured for the first time closing the
gap in the binding energy sytematics.
The last beam time in 2000 was used to measure the

mass of 34Ar produced in a CaO target. This value is
needed with very high accuracy in the context of the
FT-value systematics for superallowed Fermi β decays.
ISOLTRAP succeeded in measuring this mass with an un-
certainty below 1 keV.
Future mass measurements will be performed in astro-

physically interesting regions like the neutron-rich Cd and
Sn isotopes, the neutron-deficient Y isotopes and around
the rp-process waiting points 68Se and 72Kr. Additionally,
the measurements in the context of fundamental tests will
be continued measuring 32Ar. Future technical develop-
ments focus on the improvement of the overall efficiency
by improving the detector setup as well as different parts
of the ion transfer.

Status of the SHIPTRAP project: A cap-
ture and storage facility for heavy radionu-
clides from SHIP

G. Marx3, D. Ackermann3, J. Dilling3, F.P. Heßberger3,
S. Hoffmann3, H.-J. Kluge3, R. Mann3, G. Münzenberg3,
Z. Qamhieh3, W. Quint3, D. Rodŕıguez3, M. Schädel3,
J. Schönfelder3, G. Sikler3, C. Toader3 and C. Weber3

The ion trap facility SHIPTRAP is being set up to de-
liver very clean and cool beams of singly-charged recoil
ions produced at SHIP at GSI [7]. SHIPTRAP consists
of a gas cell for stopping and thermalizing high-energy re-
coil ions from SHIP, an rf ion guide for extraction of the
ions from the gas cell, a linear rf trap for accumulation
and bunching of the ions, and a Penning trap for isobaric
purification. The recent development for the SHIPTRAP
stopping chamber and the extraction system is described
in a separate section later in this report.
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The Buncher
The ion bunching system is a 1m long Radio Frequency
Quadrupole (RFQ) immersed in a low-pressure buffer gas.
The four rods have a diameter of 9mm at a distance be-
tween two opposite rods of 7.86mm. The rods are divided
into 34 segments. With proper choice of applied voltages,
one creates a potential slope with a harmonic potential well
at the end of the quadrupole structure. When the ions lose
energy in collisions with the buffer gas, they accumulate
in this trap and can be extracted as a short bunch of cool
ions. The radial motion in the RFQ is described by the
Mathieu equations, where the solutions are characterized
by the two dimensionless parameters a and q, but only
q = 2eVrf

mω2
rf

r2
0
depends on the rf-amplitude. Presently we

use the RFQ in a rf-only mode with no additional bias
(a = 0). The ion motion is stable only in a certain range
of q, for other values the amplitudes of the motion grow
infinitely. For a certain rf amplitude V all ions of different
masses whose q is below the stability limit of q = 0.908
pass through the buncher.
In first tests (no axial trapping) in the rf-only mode with

a calibrated ion source a transmission of about 95% was
achieved. Figure 3 shows a transmission plot for Ar+ ions.
The driving field frequency was set to νrf = 600kHz.

Figure 3: Transmission plot in rf-only mode for Ar+ ions.

The basic task of the buncher at SHIPTRAP is to cool
the ions from the stopping chamber and to collect them.
Since the buncher will therefore be operated under buffer
gas it is necessary to investigate the influence of gas on
the ion motion. The average effect of ion collisions with
buffer gas molecules can be approximated by a frictional
drag force. This leads to the usual form of the Mathieu
equation but with an added velocity dependent term. Fig-
ure 4 shows three measured transmission curves at differ-
ent pressures. One can see a tendency that the right edge
of the stability diagram is shifted to higher q-values. Due
to the damping of the ion motion one can apply higher
quadrupole field strength until the ion motion becomes
unstable. The information how much the stability region
is increased under buffer gas operation is important since
one tries to use the limited mass resolution of the RFQ

Figure 4: Influence of buffer gas on the transmission curve

in rf-only mode to suppress contamination of lighter ion
species.

The Penning Trap System
Two Penning traps will be installed at SHIPTRAP, which
are both housed in one superconducting magnet. The first
Penning trap, a 207.5mm long cylindrical trap with 32mm
open diameter, captures the ions from the buncher, cools
and isobarically purifies them. The design is based on the
one used for this purpose at the ISOLTRAP facility at
ISOLDE [6]. In such a system the contaminating isotopes
are very effectively suppressed due to the high mass re-
solving power of the cooling process. The second Penning
trap, also cylindrical but shorter and with higher homo-
geneity in the electric and magnetic fields, will serve for
precision mass measurements. The traps have been con-
structed, built and assembled in 2000. They are now ready
for the first tests.

Summary
After an intense simulation and construction phase all
components are set up and under test. SHIPTRAP will
start operation in autumn 2001. The experimental pro-
gramme which is envisaged by the SHIPTRAP user com-
munity promises to give new insights into the nuclear,
atomic and chemical properties of the elements heavier
than einsteinium.

The gas cell and extraction RFQ for SHIP-
TRAP

L. Beck9, O. Engels9, D. Habs9, J. Neumayr9,
V. Varentsov9, F. Voit9 and A. Wilfart9

Set-up
The prototype of the gas cell for SHIPTRAP follows the
concept of extracting the ions via the gas flow and guiding
electrostatic fields. These two mechanisms can be simu-
lated separately in first order due to the special feature of
a high transmission grid in front of the nozzle. This grid
prevents a loss of ions in the defocusing field inside the
nozzle and improves the focusing inside the cell due to a
spherical shape. The extraction RFQ separates the ions
from the neutral gas. The prototype gas cell has a length
and a diameter of 100 mm. The guiding field inside the
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cell is created by three electrodes and a spherical grid cov-
ering the supersonic nozzle with an inner diameter of 0.6
mm. The subsonic part of the nozzle has a conical shape to
achieve gas velocities high enough to drag the ions through
the nozzle [8].
The design of the extraction RFQ and the electronics

profits from the work done at ISOLTRAP and GSI in the
past three years [4]. Compared to the structures used there
the extraction RFQ of SHIPTRAP is a short structure
with 12 segments and a total length of 120 mm. The di-
ameter of the rods is 11 mm with an aperture (diameter)
of 10 mm. The ions are mass selective detected in a QMS
followed by a MSP (Micro Sphere Plate) [9]. The test
set-up is shown schematically in Fig. 5.
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Figure 5: Test set-up for the SHIPTRAP gas cell. It con-
sists of three electrodes (E1, E2, E3) and a nozzle covered
by a high transmission grid, the extraction RFQ as a differ-
ential pumping section and the QMS and Detection section
for a mass selective ion detection.

Simulations
The simulations covered the following topics: stopping of
the ions in the gas (SRIM); drag of the ions via the electri-
cal field in the cell towards a supersonic nozzle (SIMION);
drag of the ions through the nozzle via the gas flow (VAR-
JET, solving the full system of time dependent Navier-
Stokes equations [10]).
First stopping simulations indicate that, whatever gas

is used, a majority (50 to 90%) of most radionuclides of
interest could be stopped within a spheroid of 40 mm di-
ameter and 70 mm length (for 232Th at 100 keV/u in He
at 50 mbar). To these values one has to add the horizontal
and vertical SHIP-beam dimensions of 50 mm and 30 mm.
These simulations imply the minimum dimensions for the
innermost electrode of the final gas cell for SHIPTRAP.

Measurements
First measurements with laser ionized Ni and Er in the gas
cell were performed to optimize the voltages in the cell and
the RFQ. Based on this the extraction times in dependence
of the gas pressure and the voltage inside the cell were
studied. A voltage difference of 10 V was applied between
the first and last segment of the extraction RFQ together
with an rf-voltage of 200Vpp at 1.2 MHz to guide the ions
to the mass selective ion detection system. Figure 6 shows
the measured time of flight (TOF) of Ni and Er ions at
different pressures and voltages in the cell.
Furthermore, the measurements showed a clear depen-

dence of the ion focusing towards the nozzle and the grid
in front of the nozzle. The grid allows to achieve faster
extraction times due to higher voltages applicable in the
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Figure 6: Measurement of the TOF of Ni and Er ions
in dependence of gas pressure and voltage inside the cell
(electrode E2).

cell. These higher voltages lead to a stronger defocusing
of the ions. However, this drawback can be compensated
by the better focusing properties of the grid.
An improved gas cell, based on these experiences is un-

der construction. The new cell will allow higher voltages
in the cell and is designed to stop and extract 90% of the
ion cloud.

Optical Spectroscopy and Ion Chemistry of
Trans-Fermium Elements at SHIPTRAP

H. Backe6, A. Dretzke6, G. Kube6, W. Lauth6,
W. Ludolphs6, A. Morbach6 and M. Sewtz6

An ultra-sensitive laser spectroscopic method is being
developed for the investigation of the completely unknown
atomic structure of the elements No and Lr. First exper-
iments will be performed on No which will be produced
via the reaction 208Pb(48Ca,2n)254No. The reaction prod-
ucts, separated by SHIP, will be stopped in a buffer gas
cell in which Resonance Ionization Spectroscopy (RIS) is
performed with detection of the ionization process by the
α-decay of 254No. The technique is similar to that devel-
oped for RIS on fission isomers [11]. To determine the
stopping distribution of the 40 MeV No recoils, a 40 MeV
238U8+ beam from the tandem van-de-Graaff accelerator
at the MP-Tandem accelerator facility in Heidelberg was
implanted in a buffer gas cell. The range distribution and
the lateral straggling of the ions in the gas was measured
for different gas pressures. The normalized count rate of
the movable semiconductor detector is shown in Fig. 7 as
a function of the distance from the entrance foil.
The code SRIM2000 predicts a 30% shorter range which

might originate from assuming a too high effective charge
state of the ions during the slowing-down process. Similar
derivations between measurements and calculations have
been found for the straggling. These results have been
taken into account for the design of the buffer gas cell.
The cell has been constructed, and first vacuum and high
voltage tests have been carried out successfully [12].
Furthermore, we plan to study ion chemical reactions of

heavy elements such as 254No and 256Lr in a buffer gas cell
with well-defined admixtures, e.g. O2, H2O, CH4, CO2.
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Figure 7: Range distribution of the U ions in Ar at a gas
pressure of 250 mbar (×). The calculation (◦) is based on
the code SRIM2000 [13].

The reaction products will be identified mass selectively
by the Ion Guide Quadrupole Mass Separation (IGQMS)
technique [14, 15]. Presently, we are working on establish-
ing the method on chemically homologue elements.
In a first step, ion-molecule reactions will be studied

with a Fourier Transform Mass Spectrometer (FT/MS)
under well-defined experimental conditions [16]. In first
experiments erbium reactions with O2 have been investi-
gated. The ions are created by laser ablation from a solid
target using a pulsed CO2 laser, cooled by an argon buffer
gas push and stored in a FT-ICR cell at constant O2 gas
pressure. An ejection sweep cleans the cell from all ions
with the exception of erbium ions which react with oxy-
gen. The results are shown in Fig. 8. The ratio of Er+ to
ErO+ intensity, as obtained after various reaction times,
is shown in Fig. 9. From the exponential decay of the Er+

signal a reaction constant can be deduced.
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Figure 8: Er+ and ErO+ mass spectra at reaction time
T as indicated. The groups around mass number 167 and
183 belong to Er+ and ErO+, respectively.

In a second step the results from these FT-ICR exper-
iments which are obtained under clean experimental con-
ditions will be compared with results obtained in the inert
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Figure 9: Intensity ratio of Er+ to (Er++ ErO+) as func-
tion of the reaction time.

buffer gas cell to which the reaction gas is admixed. Ener-
getic erbium ions from a Tandem van-de-Graaff accelera-
tor will be implanted into the buffer gas cell. Ion-chemical
reactions will be investigated in ‘hot’ and ‘cold’ surround-
ings. ‘Hot’ surrounding is expected if erbium thermalizes
directly as an ion. If it thermalizes as an atom, which
subsequently is resonantly ionized by the laser, the sur-
rounding is ‘cold’.
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Mean-Field Instability of Trapped Ultracold Fermi Gases

R. Roth and H. Feldmeier (GSI)

The success in cooling a cloud of fermionic 40K atoms,
kept in a magnetic trap, to temperatures significantly below
the Fermi energy [1,2] opened a unique possibility to study
the properties of dilute degenerate Fermi gases experimentally.
One long-term goal is the observation of a BCS phase transition
in these systems. The mechanism to create Copper pairs relies
on an attractive interaction between the particles. At the same
time these attractive interactions can cause a mean-field col-
lapse of the metastable dilute Fermi gas towards high densities.
Obviously a necessary prerequisite to reach the BCS transition
is the stability of the normal Fermi gas.

We investigate the mean-field instability of the trapped Fermi
gas in the framework of density functional theory. The energy
density of the interacting multi-component Fermi gas is con-
structed in a mean-field picture using the Thomas-Fermi ap-
proximation. The interaction between the atoms is described
by the s- and p-wave terms of the Effective Contact Interac-
tion (ECI) [3,4], which depends on the s- and p-wave scattering
length, a0 and a1, resp., as well as on the s-wave effective vol-
ume b0. The ECI is constructed such that the exact two-body
energy spectrum is reproduced by the expectation values of the
ECI in mean-field type states.

The energy density of a single-component Fermi gas trapped
in an external potential U("x) reads

E1[κ("x)] =
U("x)
6π2

κ3("x) +
1

20π2m
κ5("x) +

a3
1

30π3m
κ8("x),

where κ("x) = 3
√
6π2ρ("x) denotes the local Fermi momentum

and a1 the p-wave scattering length. The first term originates
from the external potential, the second one from the kinetic en-
ergy, and the third term from the p-wave interaction. The s-
wave part of the interaction does not contribute in a system of
identical fermions due to the Pauli principle.

For attractive p-wave interactions, i.e., negative p-wave scat-
tering length a1 < 0, the highest power of κ("x) in the energy
density has a negative coefficient. This implies that there is a
maximum density up to which the system is stable. Beyond this
density the energy decreases for growing density and the system
collapses towards a high density configuration. For fixed parti-
cle number N we obtain the following local condition for the
stability of the single-component Fermi gas [3,4]

−a1κ("x) ≤ 3
√
3π/2.

If this stability condition is violated anywhere in the trap then
the system will collapse.

The energy density of a two-component Fermi gas, where we
assume equal local Fermi momenta κ("x) = κ1("x) = κ2("x) for
both components, reads

E2[κ("x)] =
U("x)
3π2

κ3("x) +
1

10π2m
κ5("x)

+
a0

9π3m
κ6("x) +

ã3
1

10π3m
κ8("x)

with ã3
1 = a3

1 + b0/3. In this case both, s- and p-wave inter-
actions contribute and influence the stability of the system. We
obtain the following stability condition for the two-component
Fermi gas [3,4]

−a0κ("x)− 2 [ã1κ("x)]3 ≤ π/2.

For practical purposes this stability condition can be rephrased
in terms of an upper limit in the number of particles N = N1 =
N2 assuming a parabolic trapping potential with mean oscilla-
tor length � = 1/

√
mω [3,4]. Figure 1 shows the logarithm

of the maximum particle number of each component as a func-
tion of the s- and p-wave scattering length in units of the mean
oscillator length.

Attractive s-wave as well as attractive p-wave interactions
can cause a mean-field collapse. If both components are attrac-
tive then their combined action decreases the maximum allowed
density or particle number for the stable configuration. If one
component is attractive and the other repulsive then the repul-
sive one stabilizes the system, i.e., increases Nmax. New phe-
nomena appear in the case of attractive s-wave and repulsive p-
wave interactions. If the p-wave scattering length exceeds about
1/3 of the s-wave scattering length (compare Fig. 1) the p-wave
repulsion prevents a collapse completely, i.e., Nmax → ∞. For
p-wave repulsions slightly too weak to cause this absolute sta-
bilization a novel high-density phase appears in the center of
the trap if Nmax is exceeded.

We conclude that p-wave interactions have an important in-
fluence on the stability and may thus be helpful on the way to
Cooper pairing in trapped ultracold Fermi gases.
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Fig. 1: Contour plot of the logarithm of the maximum particle number
Nmax in a two-component Fermi gas as function of the s- and p-wave
scattering lengths, a0/� and ã1/�, where � is the mean oscillator length
of the trap.
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Parity Violation effects in highly-charged ions

I. Bednyakov, G. Plunien, G. Soff, Technische Universität Dresden
L.N. Labzowsky, St. Petersburg State University,

A.V. Nefiodov, St.Petersburg Nuclear Physics Institute,

Parity-nonconserving (PNC) atomic effects originate
from the electroweak interaction of atomic electrons with
the nucleus via Z-boson exchange. Comparing experi-
mental results with theoretical predictions of the standard
model allows to search for ”new physics” beyond the stan-
dard model (e.g., a second Z-boson or new fermions) [1].
In the case of neutral atoms here is the discrepancy be-

tween theoretical and experimental results for PNC effects
in the case of neutral atoms that might be explained by
the uncertainties in the calculations caused by the inter-
electronic interactions, correlation effects etc.
In highly-charged ions (HCI), on the other hand, the

binding to the nucleus dominates by far the electron-
electron interaction. The spin-independent part of an ef-
fective weak interaction Hamiltonian mediated by a Z-
boson exchange is given by

ĤW(r) = − GF

2
√
2
QW ρN (r)γ5, (1)

where GF is the Fermi constant, ρN (r) is the nuclear den-
sity and γ5 is the Dirac matrix. Due to this effective Hamil-
tonian states with opposite parity will be admixed. The
transition amplitudes of a given atomic processes can be
expressed as:

A = A0 + iηA1, (2)

where A0 denotes the amplitude of the basic process and
A1 is the amplitude being related to parity violation.
Electroweak-radiative corrections were considered both

for neutral atoms (e.g. see Ref. [2] and also for hydrogen-
like ions [3]. The consideration of these radiative correc-
tions becomes necessary because they can contribute up
to 10% of the total magnitude of PNC effects.
For experiments, a promising situation occurs in He-

like ions due to the near-degeneracy of two levels with
opposite parities, 21S0 and 23P0 near Z = 64 (Gd 62+)
as well as close to Z = 92 (U90+). The situation has
been analized in Gd 62+ and Eu 61+. In particular we
propose a quenching-type experiment with an interference
of hyperfine- and weak-quenched transitions [4].
A typical situation for parity violation in atoms con-

cerns the M1 transition with an admixture of the E1
transition. The one-photon hyperfine-quenched transition
21S0 → 11S0, via emission of a magnetic photon (M1),
is due to the hyperfine mixing of the 21S0 and 23S1 lev-
els. The weak interaction of electrons opens another one-
photon decay channel 21S0 → 11S0, via the E1 emission
through the mixing of the 21S0 and 23P1 levels by the op-
erator ĤW . As a result, the total amplitude A in Eq. (2)
appears as a mixture of the basic M1 amplitude A0 ≡ As

and of the additional E1 amplitude A1 ≡ Ap. The cor-
responding transitions rates are Ws and Wp, respectively.
The weak mixing coefficient η is determined by

iη
0 = 〈23P0|ĤW |21S0〉 , (3)

where 
0 = E21S0 − E23P0 . The theoretical predictions

Nucl. Ws(s−1) Wp(s−1) η

151
63 Eu 0.68× 108 0.11× 1014 0.33× 10−6

155
64 Gd 0.58× 106 0.75× 1011 0.91× 10−6

for these quantities in europium and gadolinium are listed
in the Table. Due to the admixture of states of opposite
parity, in a polarized-beam experiment a small asymme-
try in the number of emitted photons per direction should
become visible, expressed by

dW (n) =
Ws

4π
[1 + ε (ζ · n)] dΩ (4)

where n indicates the direction of the photon emission
and ζ is the unit vector in direction of the polarization
of the ion. The coefficient of asymmetry is given by ε =
3λ0ηR/(I + 1) with R =

√
Wp/Ws. Here λ0 ≤ 1 denotes

the degree of polarization.
The total asymmetry effect turns out to be ε  0.37λ0×

10−3 for Gd 62+, which is unusually large for parity-
violation effects, but the lifetime of the 21S0 level is
about one order of magnitude smaller than the hyperfine-
quenched 23P0 lifetime. This implies a strong background
in experiments with Gd62+.
In Eu 61+ the weak asymmetry effect reduces to ε 

0.11λ0×10−3 , but the 21S0 level lives significantly longer
than the hyperfine-quenched 23P0 level.
Since photons being observed in this experiment origi-

nate from single-photon decays of the hyperfine- and weak-
quenched F = I state, the success of the experiment will
depend crucially on the production of a significant degree
of polarization for this state of the He-ion. This is a task
to be achieved experimentally in order to exploit the ad-
vantages of highly-charged ion investigations for parity-
violation effects.
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Divergence of Perturbation Theory and Resummation

Ulrich Jentschura and Gerhard Soff
Technische Universität Dresden, 01062 Dresden

Current determinations of fundamental constants [1] and
the comparison of theory and expriment in high-precision
experiments are based on perturbative expansions which
can at best be regarded as divergent, asymptotic series
in the coupling constant [2]. The first terms of the se-
ries decrease in absolute magnitude, before the factorial
growth of the perturbative coefficients overcompensates
the additional coupling factors of higher orders in per-
turbation theory, and the perturbation series ultimately
diverges. Dyson’s related argument [3] has given rise to
much discussion and confusion, until recent explicit 30–
loop calculations of perturbation series pertaining to φ3

and Yukawa theories have firmly established the factori-
ally divergent character of the perturbative expansion [4].
These considerations naturally lead to the question of how
complete, nonperturbative results can be obtained from
a finite number of perturbative coefficients, and how the
nonperturbative result is related to the partial sums of the
perturbation series.
We have investigated this problem [5] in connection

to the Euler-Heisenberg-Schwinger effective Lagrangian
which describes the quantum electrodynamic corrections
to Maxwell’s equations. The forward scattering amplitude
of the vacuum ground state is described by a factorially di-
vergent asymptotic series, SB ∝ const. × gB

∑∞
n=0 cn gn

B.
The expansion coefficients

cn =
(−1)n+1 4n |B2n+4|

(2n+ 4)(2n+ 3)(2n+ 2)
,

where B2n+4 is a Bernoulli number and gB is the coupling,
display an alternating sign pattern and grow factorially in
absolute magnitude. The process by which a finite, non-
perturbative result is ascribed to a divergent perturbation
series is known as resummation. The resummation to the
complete nonperturbative result for SB is accomplished by
employing the delta transformation,

δ(0)
n (β, s0) =

n∑
j=0

(−1)j

(
n

j

)
(β + j)n−1

(β + n)n−1

sj

aj+1

n∑
j=0

(−1)j

(
n

j

)
(β + j)n−1

(β + n)n−1

1

aj+1

,

where sn =
∑n

k=0 ak is the partial sum of the input se-
ries and aj = cj gj is the jth term in the perturbation
series; (a)m = Γ(a + m)/Γ(a) is a Pochhammer symbol.
It has been observed that the delta transformation can be
used under rather general assumptions for the extrapola-
tion of the perturbation series, i.e. the prediction of un-
known perturbative coefficients, and various applications
to phenomenologically important quantum field theoretic
perturbation series have been presented in [5, 6]. In many
cases, the delta transformation leads to better results than
Padé approximants which have been discussed abundantly
in the literature (see e.g. [7]).

A perturbation series often misses physically important
physical effects when interpreted “at face value”. For ex-
ample, the perturbative expansion describing the energy
shift of hydrogenic levels in an electric field (known as
the Stark effect) has purely real coefficients, whereas the
complete energy eigenvalue (more precisely, pseudoeigen-
value or resonance) also has an imaginary component. The
imaginary part of the resonance, which describes the auto-
ionization width, can be obtained from the purely real per-
turbation series by a transformation which can be char-
acterized as a generalized Borel summation [8, 9]. First,
the factorial growth of the perturbation series is divided
out by calculating the Borel transform, and the pertur-
bation series f(g) =

∑
n cngn is replaced by its Borel

transform B(g) =
∑

n cngn/n!. Then, the autoioniza-
tion width is obtained by integrating the Borel transform
in the complex plane along integration contours specified
in [9,10]. The same resummation procedure can be used to
obtain the quantum electrodynamic pair production am-
plitude for the case of an electric field background; the
pair-production amplitude is related to the imaginary part
of the effective action [10].
Recently, techniques have been investigated to acclerate

the convergence of resummation procedures in order to ob-
tain results even at large coupling, which are paradoxically
based on the weak-coupling perturbative expansions [11].
The extrapolation from the weak-coupling limit to the
regime of strongly coupled systems by analytic continu-
ation of the perturbation series via Borel or delta trans-
formations has wide applicability.
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The g factor of an electron bound in hydrogenlike ions - status of the
theoretical predictions

Thomas Beier, Gesellschaft für Schwerionenforschung, Darmstadt, Germany

For only few fundamental physical quantities experi-
ment [1] and theory [2] agree that well as for the g factor
of the free electron. It can therefore be considered as a
precision test of quantum electrodynamics (QED) for free
particles. To test QED also in the presence of strong elec-
tric fields, measurements on the g factor of an electron
bound in a hydrogenlike system are one possible way. In
12C5+, a value of g = 2.001 041 596(5) was measured [3]
which has to be compared to the theoretical prediction of
g = 2.001 041 591(7) [4]. This measurement is therefore
the most stringent comparison of QED theory and experi-
ment in any system heavier than hydrogen up to now. The
major uncertainty of the experimental value results from
the mass ratio me/m12C5+ , taken from [5], and an only
slight improvement in the theoretical precision would al-
low to determine the electron mass more accurately. Here,
the current limits to theory are presented and discussed.

The value given in [4] includes the g factor of the free
electron including all QED corrections to that value, and
in addition the corrections due to the binding to a heavy
nucleus:
1. the binding correction itself which can be characterized
as a transition from the spin quantum number to the total
angular-momentum quantum number that is the only ob-
servable in a central field. It describes the deviation of g
from the Dirac value of 2 for the free electron and is given
by gj = (2/3)[1 + 2

√
1− (Zα)2] for the 1s state. This

applies only to point-like nuclei. For extended nuclei, the
wave function of the electron is slightly modified.
2. The finite nuclear-size correction which takes into ac-
count the extension of the nucleus is about 4 × 10−10 for
carbon but amounts up to 1×10−3 for uranium where the
uncertainty of the nuclear radius itself affects the predic-
tion already on the 10−7 level.
3. The not-infinite nuclear mass causes the nucleus to
move itself when orbited by the electron. A correct rela-
tivistic treatment has to consider nuclear recoil to all or-
ders in the coupling constant Zα where Z is the charge of
the nucleus. The exact form of this correction is not yet
known and an existing expansion in Zα [6,7] yields reliable
results only for light systems. For carbon it amounts to
87.5× 10−9 with an estimated uncertainty of 1 % because
of the expansion. This uncertainty should be considered
to be 10 % of the value already for calcium. The com-
plete relativistic recoil correction was calculated only for
the Lamb shift up to now [8] and it seems to be much
more complex for the g factor and the hyperfine structure
splitting.
4. Another quantity connected with nuclear properties is
that of nuclear polarization, i.e, the virtual excitation of
nuclear degrees of freedom by exchange of at least two vir-
tual photons with the electron. For the g factor, no inves-
tigations were carried out up to now. The works of G. Plu-

nien and G. Soff [9] deal with the influence on the Lamb
shift in the approximation of Coulomb-photon exchange,
and only recently the problem of transverse-photon ex-
change which is crucial for magnetic interactions was con-
sidered at least for the Lamb shift case [10]. However, we
expect this effect to be even weaker than for the Lamb shift
because the typical matrix element for g factor measure-
ments is 〈r〉, compared to 〈1/r〉 for the Lamb shift, and
therefore the inner parts of the electronic wave function
that contribute most to the nuclear polarization are less
pronounced. It should be mentioned that this is not the
case for the hyperfine structure splitting where the typical
matrix element is given by 〈1/r2〉. In that case, however,
the effect is screened by other nuclear uncertainties (for a
recent overview see [11]).
5. The most interesting quantities related to the g factor
are the bound-state QED corrections. Those of first order
in (α/π) (i.e. one virtual photon line in the corresponding
Feynman diagram) are depicted in Fig. 1. They were eval-

a b

c d

e f

Fig. 1. Feynman diagrams representing the QED contributions

of order (α/π) to the g factor of a bound electron. The wavy

lines denote photons, which mediate the interaction with the

external magnetic field represented by a triangle. In each di-

agram there is also one virtual photon. The solid double line

indicates the electron and on the right side also virtual leptons

in the electron-positron loops. The diagrams on the left are

the self-energy-like corrections, those on the right the vacuum-

polarization-like corrections. For the free electron, only the

diagram similar to diagram a contributes.
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uated in detail to all orders in Zα in [4]. They contain also
the contribution to the g factor of the free electron of the
same order, given by α/π ≈ 2.323×10−3. For comparison,
the effect of binding in C5+ amounts only to 8.442×10−7.
In uranium the binding effect is 3× 10−3 and therefore in
particular heavy systems form an excellent base for inves-
tigations of bound-state QED.
The QED corrections of second order in (α/π) were never
investigated beyond the first term in the Zα expansion.
It can be shown for all orders of (α/π) that the lead-
ing term of the corresponding Zα expansion is given by
2×A(n)× (Zα)2/6 where A(n) is the expansion coefficient
for the nth power of (α/π) in the series for gfree/2 [12], i.e.,
A(1) = 1/2. The next term in the Zα expansion is at least
of the order (Zα)4, and therefore the Zα expansion allows
to estimate the bound-state (α/π)2 contributions with an
uncertainty of about 50 % for the case of carbon. This un-
certainty increases rapidly for increasing Z, and we expect
the error to be at least 100 % in the case of calcium al-
ready, where the leading term of the expansion for the first
order in (α/π) already deviates for about 70 % from the
non-perturbative value. The whole set of 50 diagrams for
the order (α/π)2 is shown in Fig. 2. For the order (α/π)3,
the number of diagrams exceeds 500. The 50 diagrams
shown in Fig. 2 can be obtained by fixing the magnetic
interaction to each point of the 10 diagams contributing
to the Lamb shift of order α2 in hydrogenlike atoms (e.g.,
[13]). The calculation is slightly more complex because
for each diagram the magnetic interaction and one addi-
tional electron propagator with the corresponding integra-
tion has to be considered. As there are problems already
for some of the Lamb-shift diagrams, an evaluation of the
set shown in Fig. 2 can not be expected without consid-
erable effort. In particular, the diagrams that contribute
most to the g factor in lighter systems are those with two
self-energy loops in the upper rows of Fig. 2, and unfor-
tunately exactly their counterpart, the so-called two-loop
self-energy graphs, cause the major problems in the recent
calculations for the Lamb shift (e.g., [14] and references
therein). The situation would be different in muonic atoms
where the vacuum-polarization contributions are strongly
enhanced compared to those from self-energy-like graphs.
An additional experiment on a muonic system therefore
could provide valuable additional information. However,
in muonic systems the nuclear polarization can expected
to be as large as the QED corrections of order (α/π).

All theoretical contributions to the g factor of the elec-
tron bound in hydrogenlike carbon are given in Table 1.
Together with the experimental value, this leads to an
independent new value for the electron mass [15], me =
5.485 799 092× 10−3 u. A detailed discussion about the
corresponding measurement and evaluation procedure is
to be found elsewhere in this report [16].

We want to thank S. G. Karshenboim, K. Pachucki,
V. M. Shabaev, and V. A. Yerokhin for valuable discus-
sions.
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Fig. 2. Diagrams contributing to order (α/π)2 to the g factor
of a bound electron. Only seven diagrams of this order have to
be considered for the g factor of a free electron, similar to these
of the first row.

Table 1. Known theoretical contributions to the g factor of
an electron bound in the ground state of 12C5+. All values
are given in units of 10−9. If no error is given, it is less than
0.5× 10−10. The error for the “total” value is a linear addition
of the three errors given in order not to underestimate any
systematic effect.

Contribution numerical value (in 10−9)

binding 1 998 721 354.2
fin. nuc. size 0.4
recoil 87.5(9)
free QED, order (α/π): 2 322 819.6
bound QED, order (α/π): 844.3(12)
free QED, (α/π)2 to (α/π)4 −3 515.1
bound QED, (α/π)2 (Zα)2 −1.1(5)

total: 2 001 041 589.8(26)
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Interelectronic-interaction effect on the radiative recombination of an
electron with a heavy He-like ion
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In energetic atomic collisions between highly charged
high-Z ions and low-Z target atoms, radiative electron
capture (REC) is one of the most important reaction chan-
nels. In the limit of a loosely bound target electron, REC
is identical with radiative recombination (RR). Reactions
of this type have been extensively studied in recent years
for heavy highly charged projectiles up to bare uranium.
The relativistic theory of REC in the one-electron approx-
imation is well established at present ([1] and references
therein), and results of numerical calculations are in ex-
cellent agreement with experiment [2]. While radiative
recombination of an electron with a bare nucleus is well
understood theoretically, the process involving an ion with
several electrons is complicated by the interelectronic in-
teraction. The REC process into the L-shell of He-like
uranium was measured in [3].

We systematically investigated the interelectronic-
interaction effect on radiative recombination of an electron
with a heavy He-like ion. Here, the number of electrons
(N=3) is much smaller than the nuclear charge number Z
and therefore their mutual interaction is by a factor 1/Z
smaller than that with the Coulomb field of the nucleus.
To zeroth approximation, the interelectronic-interaction
can be neglected and thus the process is equivalent to RR
of an electron with a bare nucleus, studied thoroughly in
[1]. Here, we investigated the correction of first order in
1/Z due to the interelectronic interaction.

We consider RR of an electron with a definite momen-
tum and polarization with a heavy He-like atom in the
ground state located at the origin of the coordinate frame.
The final state of the system is a Li-like ion in the state
(1s)2v, where v denotes a valence electron. The first-order
(in 1/Z) interelectronic-interaction correction to the pro-
cess under consideration can be represented by a set of
Feynman diagrams shown in Fig. 1. Here, the operator
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Fig. 1. Feynman diagrams representing the interelectronic-

interaction corrections of first order in 1/Z to radiative recom-

bination of an electron with a He-like atom. pi denotes the

incoming electron in the continuum spectrum, v and c indi-

cate the valence and the core electrons, respectively. The line

terminated by a triangle represents the emitted photon.

Table 1. Zeroth-order total cross section σ(0) and the first-order

interelectronic-interaction correction in different evaluations,

in barns. σ
(1)
zeff denotes the interelectronic-interaction correc-

tion calculated in the effective-nuclear-charge approximation

with parameter Zeff = 90.3, σ
(1)
scr corresponds to the screening-

potential approximation, σ
(1)
int indicates the results of the

rigorous relativistic treatment.

E [Mev/u] σ(0) σ
(1)
zeff σ

(1)
scr σ

(1)
int

10 504.65 −17.390 −19.635 −21.392
2s1/2 100 41.203 −1.880 −1.393 −2.055

700 2.457 −0.1768 −0.0979 −0.1051
10 656.95 −38.523 −34.978 −35.396

2p1/2 100 33.041 −2.975 −2.535 −3.088
700 1.065 −0.1336 −0.1022 −0.0861
10 854.82 −38.620 −39.671 −40.008

2p3/2 100 31.489 −2.259 −2.275 −2.896
700 0.622 −0.0600 −0.0568 −0.0489

of the photon emission and the operator of the electron-
electron interaction are combined in all possible ways. We
evaluate these diagrams directly, including the summation
over the whole spectrum of the Dirac equation and the full
electron-electron interaction that consists of the Coulomb,
Breit and retarded parts. The details of the derivation are
given in [4]. Here, we present the results of the evaluation.

The numerical results for the interelectronic-interaction
correction to the total RR cross section of an electron
with He-like uranium are presented in Table 1. The cal-
culation is carried out for projectile energies of 10-700
MeV per nuclear mass unit. The results of the rigorous
relativistic treatment are compared with the calculations
based on an effective-nuclear-charge approximation and on
the screening-potential approximation (for a discussion cf.
[5]). The comparison shows a decreasing accuracy of the
approximate methods for increasing projectile energy. On
average, the screening-potential approximation is found to
be more reliable than the effective-nuclear-charge approx-
imation. Its typical deviation from the rigorous treatment
is about 10 – 20 % of the interelectronic-interaction correc-
tion, i.e., about 1 – 2 % of the cross section of the process.
Therefore, fully relativistic calculations are needed to ob-
tain an accuracy better than a few percent of the cross
section of the process.
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We present calculations for the angular distribution of
photons emitted after KLL-RTE (Resonant Transfer and
Excitation) in collisions of U91+- and U90+-ions with hy-
drogen atoms. Measurements with H-like projectiles were
recently performed by Ma et al. at GSI and are currently
being evaluated [1]. In the past, a similar process has been
studied both experimentally [2] and theoretically [3], in
which graphite was used as target. However, the width of
the Compton profile of the electron bound in the H-atom
is smaller than in graphite, resulting in a better resolution
of the resonance groups in the cross sections.

The electron bound in the hydrogen atom can be re-
garded as quasifree. Therefore, the RTE cross section can
be calculated by using the cross section of dielectronic re-
combination (DR). In DR, a free electron is captured by
the projectile with the simultaneous excitation of a bound
electron, followed by the emission of a photon. Doubly-
excited states embedded in the one electron continuum
give rise to resonances in the cross sections. With pertur-
bation theory we obtain the following expression for the
differential cross section in the rest frame of the projectile
ion:

dσDRi→d→f
dΩk

=
2π

Fi

1

2(2Ji + 1)

∑
Mfλ

∑
Md

∑
Mims

|〈Ψd;JdMd|Vcapt.|Ψi;JiMi, pems〉|
2

×
|〈Ψf ;JfMf ,kλ|Her |Ψd;JdMd〉|2

(E −Ed)2 + Γ2d/4
ρf .

This formula makes use of the isolated resonance approx-
imation, in which interference effects between the inter-
mediate states are neglected. The first matrix element
describes the resonant capture of the free electron, where
the operator Vcapt. is the sum of the Coulomb- and Breit-
interaction operators. The second matrix element de-
scribes the radiative transition. The differential cross sec-
tion can be expressed by means of the total cross section:

dσDRi→d→f

dΩk
=

σDRi→d→f

4π
(1 + βP2(cos θ)) ,

where θ denotes the angle of emission of the photon with
respect to the direction of the incoming electron. The
anisotropy parameter β depends on the matrix elements
for resonant capture and on the total angular momenta of
the intermediate and final states.

In order to obtain the cross section for RTE in the im-
pulse approximation, the cross section for DR is convo-
luted with the probability density of the target electron in
momentum space:

d2σRTE

dΩdω
=

∫
d3q′

dσDR(q)

dΩ
|φi(q

′)|2δ(ω + Ef − ei −Ei).

Here, φi(q
′) denotes the Fourier transform of the wave

function of the target electron in the target frame. The
δ-function ensures the conservation of energy.
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Figure 1: Differential cross sections for KLL-RTE in U91+

in the projectile frame at the angles θ = 30◦, 60◦ and 90◦.
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Figure 2: Differential cross sections for KLL-RTE in U90+

at the same angles.

Fig. 1 shows differential cross sections in the projectile
system at different angles for U91+-ions scattered on hy-
drogen atoms. The radiation has a strong angular depen-
dence for energies in the range of the KL1/2L3/2 resonance
group, while it is nearly isotropic for the other two reso-
nance groups KL1/2L1/2 and KL3/2L3/2. The lowest curve
was obtained by neglecting the effects of the Breit inter-
action.

The case of U90+-ions is shown in Fig. 2. The cross sec-
tion is anisotropic in the KL1/2L3/2 and KL3/2L3/2 groups.
Also the cross sections are larger than the ones for the H-
like projectile ions.
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The investigation of hydrogenlike highly-charged ions is
of interest for nuclear as well as for atomic physics. Mea-
suring the ground-state hyperfine structure (HFS) split-
tings of these ions is a sensitive method to explore QED
in extremely strong electric and magnetic fields and nu-
clear contributions to the electron energy. However, for a
theoretical interpretation of the results it is necessary to
separate the different contributions. Nuclear models have
to provide charge and magnetization distributions of nu-
clei, which lead to the Breit-Rabi and the Bohr-Weisskopf
effect, respectively, and corrections to the electron energy
have to be calculated with QED. Interest was first focussed
on the isotopes 207Pb81+ and 205Bi82+, where the theoret-
ical description is simplified since they differ only by one
nucleon from doubly-magic 208Pb. The hyperfine struc-
ture of these isotopes was measured at GSI with laser
spectroscopy at the ESR [1]. More recently, the hyper-
fine structure of 165Ho66+, 185Re74+, and 187Re74+ was ob-
tained by passive photon-emission spectroscopy in a high-
energy electron-beam ion trap (SuperEBIT) at Livermore
[2]. Similar experiments are presently under preparation
to determine the HFS of thallium isotopes [3].

Previously, we applied the Dynamic Correlation Model
(DCM) [4] to the hydrogenlike ions 207Pb81+, 205Bi82+,
165Ho66+, and 185,187Re74+ to derive the nuclear part in
the HFS and combined the results with QED corrections
[5]. The calculated hyperfine splittings are summarized in
Table 1 and compared with other theoretical expectations
[6, 7, 8] and experimental data. It turned out that the
pure DCM results agree well with the experimental data,
while adding the QED corrections led to a systematic de-
viation between theory and experiment. This is in con-
trast to the good description of nuclear properties by the
dynamic correlation model and has motivated the applica-
tion of the DCM to predict the HFS of the hydrogenlike
thallium isotopes 203,205,207Tl80+. The results are also in-
cluded in Table 1. Besides, these calculations may guide
future experiments at the GSI storage ring since an accu-
rate a priori knowledge of the HFS transition frequency is
required to avoid prohibitive large scan ranges.

In the DCM three terms contribute to the HFS: The first
term is due to the single-hole magnetization, the second
term was introduced in perturbative theory and describes
spin-flip excitations [9], and the third term allows for col-
lective correlation effects in the nucleus [5], it corresponds
to higher-order perturbation diagrams. Taking these three
terms into account the calculations accurately reproduce
the experimental HFS. The systematic discrepancy to ex-
perimental data, which is observed after adding the QED
corrections, might be the result of a double counting effect:
The DCM calculations include “de facto” virtual mesons,
which can decay into e+e− pairs, and these might be con-
sidered in radiative corrections as well. Another possibility
is that the nuclear correlations, which are not taken into

account in QED calculations, have a distinct influence on
the radiative corrections. Hence, the central question is
how to compare the DCM terms and the radiative correc-
tions of Refs. [10, 11]. The importance of this problem is
evident: In the extreme single-particle model, QED and
nuclear-magnetization corrections for high-Z atoms are of
the same order of magnitude. Thus, the feasibility of test-
ing the QED corrections depends strongly on the accuracy
of the model used to evaluate the nuclear magnetization.

Table 1: Wavelengths of transitions between the ground
state HFS components in hydrogenlike ions as calculated
in the DCM and after combination with QED corrections
taken from [11]. For comparison other theoretical and ex-
perimental data is given. All values in nm.

Ion Theory Exp.
DCM +QED Other

165Ho66+ 572.71 575.44 572.5 [7] 572.79(15)[2]
563.9 [8]

185Re74+ 455.96 458.36 451.0 [7] 456.05(30)[2]
448.6 [8]

187Re74+ 451.69 454.06 - 451.69(30)[2]
207Pb81+ 1019.1 1024.76 1020.5 [7] 1019.7(2) [1]

1017.0 [8]
209Bi82+ 243.91 245.26 243.0 [7] 243.87(2) [1]

241.2 [8]
203Tl80+ 385.89 388.01 383.98[6]

384.0 [7]
382.2 [8]

205Tl80+ 382.79 384.89 380.22[6] -
380.2 [7]
378.6 [8]

207Tl80+ 377.68 379.74 - -
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In recent years atomic collisions with ions moving with
velocities close to the velocity of light have become experi-
mentally feasible. While in the first place we are interested
in a basic understanding of atomic phenomena for their
own sake, a precise knowledge of the cross sections for col-
lision processes is needed for certain aspects of the design
and operation of accelerators. As an example, Coulomb
excitation of electrons which is essential for stopping power
investigations, is also an important production process for
characteristic projectile photons in ion-atom encounters.
In particular, Coulomb excitation of heavy projectile

ions enable the investigation of the influence of relativis-
tic bound state wave functions on the dynamics in rela-
tivistic ion-atom collisions. In addition, such studies pro-
vide detailed information on the effects associated with
the Liénard-Wiechert interaction between the active elec-
tron and the target nucleus [1]. Thus, with increasing en-
ergy spin-flip mediated transitions where shown to become
quite important above roughly 100 MeV/u such that con-
tributions associated with the velocity dependent (mag-
netic) part of the time dependent interaction are quite
relevant. In contrast to ionization where measured total
cross sections are available for highly-charged ions up to
uranium for more than one decade, it was only recently
that detailed experimental data on the K-shell excitation
of high-Z projectile ions were reported [1, 2].
In the present investigation we elucidate further details

of the mechanisms associated with the Coulomb excitation
of high-ZP projectiles by considering the asymptotic en-
ergy dependence of the relevant cross sections. Specifically,
we extend our previous results into the extreme relativis-
tic energy domain with energies of hundreds of GeV/u.
The numerical calculations are complemented by an ana-
lytic representation of the asymptotic energy dependence
of cross sections which brings additional insight. The pro-
jectile ion is chosen as the origin of the coordinate system
such that the target provides the time dependent pertur-
bation mediating the transition.
In Figure 1 we show the energy dependence of reduced

cross sections σ/Z2
T for exciting a K-shell electron in

hydrogen-like gold colliding with an atomic target with
charge number ZT . The cross sections are divided by Z2

T

which is the scaling behavior in lowest-order perturbation
theory. We consider the (Ly-α1) transition of a 1s1/2 spin-
up electron (µi = 1/2) to the 2p3/2(µf = ±1/2,±3/2)
states of the projectile ion (Au78+). The upper curve
(Σ) is associated with the total Ly-α1 cross section, the
dashed (short-dashed) curve corresponds to the transition
with ∆µ = µf − µi = +1(−1, splin-flip), and the dotted
(dott-dashed) curve is related to ∆µ = +2(0).
The present numerical results demonstrate that cross

10-1 100 101 102 103

0

1

2

3

4

5

6

7

8

ΣΣΣΣ (1s
1/2

-> 2p
3/2

)

∆µ∆µ∆µ∆µ = 0

∆µ∆µ∆µ∆µ = - 2

∆µ∆µ∆µ∆µ = - 1

∆µ∆µ∆µ∆µ = 1
Au78+ (1s

1/2
, µµµµ

i
= 1/2) on Z

T

σσ σσ
/Z

2 T
(b

ar
n)

Projectile energy, E (GeV/nucleon)

Figure 1: Reduced cross sections σ/Z2
T for projectile exci-

tation as functions of the laboratory energy.

sections associated with transitions where the magnetic
quantum number changes by one unit (∆µ = ±1) increase
with increasing energy roughly as lnE in the region above
1 GeV/u. In contrast, the cross sections associated with
the other types of transitions (∆µ = 0, 2) decrease with in-
creasing collision energy, and approach zero in the asymp-
totic energy region. Note that the inclusion of screening
would lead to different energy dependence [3]. As a re-
sult, the cross section for the unscreend Ly-α1 transition
is provided solely by the ∆µ = ±1 transitions for collision
energies in the GeV/u region and higher.
An interesting parallel can be made with a compu-

tationally simple treatment of the excitation process in
the Fermi-Weizsäcker-Williams (FWW) approximation.
There the actual electromagnetic field created by the mov-
ing ions is approximated by the field associated with a
swarm of real photons. In addition, a free parameter which
is related to the maximum photon energy is to be fixed (in
some sense arbitrary), such that the domain of applica-
bility of the method is often not clear. From Figure 1
one can see that above roughly 3 GeV/u only transitions
with ∆µ = ±1 provide a nonzero contribution to the cross
section. Thus, the present investigation provides a quan-
titative measure of the range that can be treated safely in
a computationally simple FWW scheme.
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Electron loss and capture processes arising in collisions
of heavy low-charged ions with atoms and ions are the
main charge-changing reactions in heavy-ion driven iner-
tial fusion (HIDIF) [1]. However, at present time, virtually
no experimental and theoretical data are available for re-
moval processes involving fast heavy low-charged ions.
In this work, the projectile-ionization (stripping) cross

sections and beam lifetimes in reactions

Xz+ + A → X(z+1)+ + e− + ...

have been calculated for ions X = Xe, Pb, Bi, U (z < 10)
colliding with neutral atoms A =H, He, Be, C, F, N, Ar, Xe
in the E = 1−100MeV/u energy range. Calculations have
been performed for single-electron stripping in the first-
order perturbation theory using the LOSS computer code.
The atomic structure of the target was taken into account
in the form of its atomic form-factor F (q) depending on
the momentum transfer q.
For the case of ionization of Pb-like ions (Xe0+, Bi1+,

..., U10+) and the energy range considered, a scaling law
for stripping cross sections was obtained in the form:

σ̃ = σ · (IP/ZT)1.4, Ẽ = E/IP, (1)

where IP is the first ionization potential of the projectile
in eV, E is the beam energy in eV/u, and ZT denotes the
target nuclear charge. The scaled cross sections for Pb-like
ions are displayed in Fig. 1 in comparison with available
experimental data and other calculations (see [2] in detail);
1 Ry = 13.606 eV.
Ion-beam lifetimes τ have been calculated with account

for electron capture processes using the CAPTURE com-
puter code. The values of τ are shown in Fig. 2. A small
minimum for U28+ ions around 2 MeV/u is related to the
influence of electron capture which for these ions prevails
at energies E < 10 MeV/u.
A comparison of the present calculations with ex-

perimental data [3]–[5], classical-trajectory Monte-Carlo
(CTMC) calculations [6] and Z2

T + ZT scaling [7] shows
the following peculiarities for the stripping processes of
heavy low-charged ions in neutral targets:
1) the contribution from ionization of the projectile

inner-shell electrons is very significant, and, in calcula-
tions, one has to account for 6–8 inner subshells,
2) at high energies, the stripping cross sections fall off

approximately as σ ∼ E−1,
3) multiple-ionization processes seem to play a very im-

portant role and, according to [6], their contribution can
reach up to 50 % to the total stripping cross section.
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