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Charge-exchange cross sections and beam lifetimes are studied for decelerated bare uranium ions at the ESR
storage ring. By deceleration from the initial energy of 358 MeV/u down to various energies as low as 49
MeV/u, i.e., far below the production energy of bare ionic species, the electron pickup cross sections were
obtained for collisions with N2, Ar, CH4, and Kr gaseous targets. The measured cross sections and beam
lifetimes are compared with the theoretical results for radiative and nonradiative electron capture. The present
data, along with the theoretical approximations discussed, provide a solid basis for the estimation of beam
lifetimes for decelerated bare high-Z ions. Moreover, a normalization procedure is proposed, in which absolute
total charge-exchange cross sections are derived by normalizing the simultaneously measured yield of radiative
electron capture photons to rigorously calculated relativistic cross sections. This method, along with the
unprecedented beam conditions at the ESR storage ring, allows a significant improvement of the accuracy of
cross-section data.@S1050-2947~98!03909-2#
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I. INTRODUCTION

The current progress in the basic fields of atomic collis
and structure research involving highly charged heavy ion
closely related to the application of both advanced
sources and advanced accelerator techniques. While in
1980s new frontiers were reached for relativistic collisi
conditions@1–10#, the study of atomic collisions at ultrarela
tivistic energies has attracted particular attention in the
few years@11–13#. Also, the recent development of stora
and electron-cooler rings opened new challenging possi
ties for the investigation of dynamics in electron-ion col
sions. For atomic collision experiments dealing with highZ
projectiles, a quantum jump was achieved with the adven
the relativistic heavy-ion storage ring~ESR! at GSI in Darm-
stadt. Here, electron cooling guarantees ion beams of unp
edented quality; i.e., this technique provides cooled and
tense beams with precisely known energies, charge st
momentum spread, and beam diameters close to 1 mm.

The interaction of these brilliant beams with matter c
be uniquely studied with single-collision conditions at t
internal gas-jet target where gas densities of ab
1012 particles/cm3 are provided@14#. This can be compared
with a typical density of a solid-state target of abo
1021 particles/cm3. Nevertheless, due to the high-revolutio
frequency of the ions within the storage ring of abo
106 s21, even collision processes with tiny reaction cro
sections~0.1 b or smaller! are accessible at the ESR. Mo
important and in contrast to conventional single-pass exp
ments in which direct beams from relativistic accelerators
used, no active or passive beam collimation is required at
PRA 581050-2947/98/58~3!/2043~8!/$15.00
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ESR. Thus, experimental conditions are almost comple
background-free.

In this paper a further unique feature of the ESR will
stressed, i.e., the deceleration capability of the storage
that allowed us to investigate charge-exchange processe
highly charged ions in a completely different energy a
charge-state domain. We present results of an experim
performed for stored and decelerated bare uranium io
Here, electron-capture cross sections were measured in
lisions of 49, 68, 220, and 358 MeV/u U921 with N2, CH4,
Ar, and Kr gaseous targets. The results provide an exp
mental basis for estimates of beam losses at accelerato
cilities exploiting highly charged decelerated heavy ion
Such data are urgently needed, since currently there is
cial interest in experiments where highly charged ions
decelerated to final energies far below the production ene
of such ionic species. Here, a scenario is under discussio
which ions up to bare uranium are decelerated almost to
in order to be captured in ion traps@15#. The success of thes
techniques, however, depends in a crucial way on pre
knowledge of the charge-exchange processes by an inte
tion of the ions with the residual gas, leading to beam los
during the deceleration procedure. The latter may drastic
reduce the lifetimes of stored ion beams and may consti
the most serious limitation for the experiments under disc
sion. However, for bare high-Z ions at low energies neithe
reliable theoretical estimates nor experimental data on t
charge-exchange cross sections exist.

Moreover, in this paper, the question of the accuracy
absolute cross-section measurements at the ESR will be
2043 © 1998 The American Physical Society
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2044 PRA 58TH. STÖHLKER et al.
dressed. In order to deduce absolute cross-section value
normalized the yield of down-charged projectiles to the
multaneously measured x-ray emission of radiative elec
capture to theK shell of the projectiles~K-REC!. Here, as
will be discussed in detail below, we exploit the fact th
differential REC cross sections are known with high pre
sion. This technique, along with the clean experimental c
ditions at the ESR, should allow for a substantial improv
ment in the accuracy of absolute cross-sect
measurements, which in conventional experiments are
ited to a typical precision of 20–50 %. Also, this method c
be applied to the study of the various dynamic proces
occurring in fast ion-atom collisions, such as excitation, io
ization, or electron bremsstrahlung. With the improved ac
racy even tiny effects, which were, until recently, beyond
scope of standard collision experiments, can now be inve
gated.

The organization of the paper is as follows. First, the
perimental arrangement used is discussed in Sec. II. The
Sec. III, the normalization procedure that was used for
determination of total cross-section data is outlined. They
derived from the observation of down-charged U911 ions and
of K-REC photons detected in coincidence by a photon
tector. Doubly differential REC cross sections calculated
the exact relativistic framework were used to normalize
total charge-exchange cross section to the number ofK-REC
events. The experimental cross sections are compared
theoretical results for the nonradiative and the radiat
electron-capture process. Thereafter, in Sec. IV, the exp
mental lifetimes measured for the stored ions are prese
and discussed. Finally, in Sec. V, a short summary is giv

II. EXPERIMENT

The study of electron-capture processes by U921 ions was
performed at the heavy-ion synchrotron and storage-ring
cility ~SIS and ESR! at the Gesellschaft fu¨r Schwerionenfor-
schung in Darmstadt. The experimental arrangement at
ESR gas target is shown in Fig. 1. Bare uranium ions, de
ered by the SIS with an initial energy of 360 MeV/u, we
stacked and accumulated in the ESR storage ring. In
electron-cooler device, the ions were cooled by an elec
beam of 200 mA providing U921 ions with a relative mo-
mentum spread of about 531025. Typically, 108 bare ura-
nium ions were stored and cooled, forming a beam wit
diameter~full width at half maximum! of 2 mm.

After completion of the cooling cycle, the gas-jet devi
@14,16# was switched on. N2, CH4, Ar, and Kr gaseous tar
gets with densities between 1011 and 1012 particles/cm2 were
used. The beam energy loss, caused by the interaction o
ions with the gas target, was compensated by the cont
ously active electron cooler. After the initial accumulatio
and cooling of the stored ions at 360 MeV/u, the ions w
decelerated to the final beam energies of 49, 68, and
MeV/u. For this purpose, the electron cooler was switch
off and the coasting beam was rebunched and deceler
while simultaneously ramping down the magnetic fields.
this final stage of beam handling the electron cooler w
switched on again. By applying this procedure, up to
3107 ions could be decelerated with an efficiency close
80%. The current of the beam was measured by means
we
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calibrated current transformer, while the revolution fr
quency and momentum spread of the stored ions were m
tored by means of Schottky noise analysis. At the two low
beam energies, the electron cooler current was kept at
relatively low value of 50 mA at 68 MeV/u and 20 mA at 4
MeV/u in order to avoid large beam losses by radiative
combination in the cooler section of the ring.

The x rays emitted from the reaction volume were reg
tered by four Ge~i! detectors mounted at observation ang
of 48°, 90°, and 132°. The x-ray detector setup was a
used for the spectroscopic investigation of the ground-s
Lamb shift in H-like uranium. The details of the x-ray dete
tor setup and the spectroscopic data, collected in that exp
ment, will be presented in a forthcoming paper@17#. Down-
stream from the reaction region, behind the first dipo
magnet, a fast plastic scintillator was located. The dete
registered with an efficiency of practically 100% uraniu
ions, having captured one electron in the reaction region.
x-ray spectra were recorded in coincidence with the dow
charged U911 ions. Fast scalers and pulsers were used
correct for possible dead-time effects, and to provide inf
mation on the time scale. In principle, pileup correctio
must also be considered. Electronic pileup takes place w
two events are registered in a time distance shorter than
time resolution of the electronic setup. For the x-ray/parti
coincidence measurements, the time resolution is determ
by the rise time of the Ge~i! detector signals, which is typi
cally in the range between 50 and 150 ns. However, due
the dc characteristics of the structure of the circulating
beam and the moderate charge-exchange rates that neve
ceeded 106 s21, pileup corrections are completely negligib
in our experiments at the ESR. Consequently, random ev
are also most unlikely to occur. They contribute less than
to the total number of x-ray–particle coincidence events.
completeness, coincident x-ray spectra were corrected
random events.

FIG. 1. Schematic diagram of the experimental arrangemen
the ESR storage ring. Projectile x rays are registered by four G~i!
detectors viewing the gas-jet interaction region at angles of 4
90°, and 132°. The down-charged U911 ions are separated by
dipole magnet and detected by a fast plastic scintillator counte
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Figure 2 shows examples of x-ray spectra registered
beam energies of 49, 68, 220, and 358 MeV/u by the dete
placed at 132° in coincidence with down-charged U911 ions
for U921→N2 collisions. The spectra show x-ray radiatio
corresponding to REC in the emptyK and higher shells of
the projectile as well as the characteristic Lyman and Balm
lines. Simultaneously, as the projectile energy decreases
Doppler-shifted characteristic Lyman-a1,2 transitions (Lya1:
2p3/2→1s1/2; Lya2: 2p1/2 , 2s1/2→1s1/2) become more in-
tense and exhibit a strong change in the relative intensitie
the Lya1 and Lya2 components. These features reveal
energy dependence of the population of excited projec
levels.

III. TOTAL CROSS SECTIONS DERIVED
FROM NORMALIZATION TO K-REC

A detailed knowledge of the geometry of the beam-tar
overlap is required in order to measure the absolute c
sections related to charge-exchange processes. Factors
as the gas-target density, as well as the absolute beam i
sity, introduce systematic uncertainties, which, for the p
ticular case of experiments at the ESR storage ring, usu
amount to about 30%@18#. These uncertainties are remove
in the present experiment by an application of the relat
normalization method that is discussed in the following.
the proposed approach, the total electron pickup proce
are normalized to the number ofK-REC events registered b

FIG. 2. Typical x-ray spectra registered in coincidence with
particle counter for 49, 68, 220, and 358 MeV/u U921 interacting
with N2 gas targets. The spectra~laboratory frame! were measured
at the observation angle of 132° and are not corrected for detec
efficiency.
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an x-ray detector. The electron-capture cross sections is
then given by the expression

s5
NU911

NK-REC
«E dsK

REC

dV
dV, ~1!

whereNU911
is the number of down-charged U911 ions reg-

istered by the particle detector,dsK
REC(u)/dV is the theoret-

ical differential cross section forK-REC at the angle of ob-
servation u, NK-REC is the number ofK-REC photons
registered by the x-ray detector,« is the photon detection
efficiency, anddV is the solid angle covered by the x-ra
detector. The latter two factors define the overall x-ray d
tection efficiency and a precise knowledge of their absol
values determines the final experimental accuracy. In
experiments at the ESR gas-jet target, the distance betw
the x-ray detectors and the gas-jet is in the range betw
300 and 400 mm that corresponds, depending on the ac
area of the detector used, to a solid angle of aboutDV/4p
'1024. Therefore, the application of the approximation

E dsK
REC

dV
dV'

dsK
REC

dV
DV ~2!

is justified and does not lead to any significant loss in
accuracy of the normalization procedure. This has b
checked by a Monte Carlo simulation taking into account
extended beam-target geometry and the finite angular ac
tance of the x-ray detectors used.

Also, the distances between the x-ray detectors and
gas jet are known to a precision of better than 2 mm, wh
introduces an uncertainty for the solid angle of the x-r
detector of close to 1%. By using sophisticated, las
assisted measurements of the x-ray/jet-target geometry,
in spectroscopy experiments@19#, this value can still be im-
proved and an uncertainty below the 1% level is feasible
solid angle determination. The knowledge of the absol
x-ray detection efficiency depends crucially on the x-ray e
ergy regime of relevance. Typically, for our experiments, t
x-ray detection efficiencies are measured by using absolu
calibrated, mixedg sources, containingg lines from 57Co,
60Co, 241Am, 133Ba, and 169Yb, where the individual line
strengths are known within an absolute accuracy of ab
5%. Such calibration sources are well suited for the e
ciency determination at energies in the range between
keV and 1.5 MeV. For the particular case of planar Ge~i!
detectors with thicknesses in the range between 12 and
mm ~typically used in our experiments! and x-ray energies
below 200 keV, the detection efficiency is, in general, clo
to 50%. The exact value and its related uncertainty dep
on the particular x-ray energy and detector used. For
detector placed at a 132° observation angle, where
K-REC centroid energy is located close to 160 keV, we
timate conservatively a 5% uncertainty introduced by
efficiency correction. This error determines our overall s
tematic uncertainty.

Finally, the systematic error that can be introduced
scintillator darkening must be mentioned. It is related
physical damage of the scintillator material at the location
the beam spot, which results in a reduction of the sig
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2046 PRA 58TH. STÖHLKER et al.
amplitudes and may therefore lead to efficiency losses
however, the total electron-capture rate is normalized to
number of x-ray events associated with electron capture,
measured in coincidence with the particle detector, this
certainty cancels out.

The underlying assumption of this procedure is thatK-
REC cross sections are known to high accuracy. The ra
tive electron-capture process was observed for the first t
in the early 1970s@20–22#, and since that time has bee
extensively studied theoretically@23–28#, as well as experi-
mentally, at different collision conditions including heav
projectiles up to bare uranium~see @18#, and references
therein!. Conventionally, REC has been treated as the
verse of the photoelectric effect, leading to the widely a
plied nonrelativistic dipole approximation@29#. Recently, the
theory of REC has been refined and extended up to the
tivistic collision regime by incorporating exact relativist
Coulomb wave functions for the bound and the continu
projectile states@26–28#. It has been demonstrated that t
results of this relativistic theory are in excellent agreem
with experimentalK-REC cross sections@18# and with
subshell-resolved, angular differential cross-section data
high-Z ions @30#. Therefore, an application of Eq.~1!, in
which exact relativistic calculations ofK-REC cross sections
are exploited, seems to be well justified for the determinat
of charge-exchange cross sections, particularly when dea
with observation angles in the range between 30° and 1
@31#. Here, the theoretical precision should be close to
1% level. For the case of high-Z ions, this restriction to the
observation angles quoted is required since a strong in
ence of spin-flip transitions on the angular distribution
predicted, which should show up most pronounced at ob
vation angles smaller than 30°. Currently, investigations
in progress to confirm this effect experimentally.

A. Analysis of the spectra

For data analysis, the x-ray spectra that are measure
coincidence with the down-charged ions were first ene
calibrated and corrected for detection efficiency. The num
of countsNK-REC, associated with REC into theK shell were
obtained by an integration over theK-REC spectral distribu-
tion. For this purpose theoretical doubly differential cro
sections were used for a fit of the experimentalK-REC line
shapes, whereby a linear background was also taken
account. This background, which contributes by less than
to the total intensity in the energy regime of relevance
K-REC, can be attributed to Compton scattering and to e
tron bremsstrahlung followed by electron capture into
projectile.

The theoretical double-differential cross sections are
rived from exact cross sections for radiative recombinat
and by adopting the impulse approximation that accounts
the initial binding energy and the momentum distribution
the target electrons~Compton profile!. As discussed in detai
by Ichiharaet al. @26#, the convolution with the momentum
distribution of the electrons in the target atom was done
rigorous relativistic manner, which takes into account t
the effective momentum of the target electron with respec
the projectile does not usually coincide with the beam dir
tion. The momentum distributions are obtained by Fouri
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transforming appropriate Roothaan-Hartree-Fock wave fu
tions @26,32#. For the fit of the experimental data, the doub
differential cross sections for capture from all target she
into theK shell were calculated and added up. Since, due
the width of the Compton profiles, tails from REC into theL
andM shells may slightly overlap with theK-REC distribu-
tion, the differential cross sections for allL andM subshell
levels were also considered. Finally, the resulting theoret
REC photon distribution was adjusted to the experimen
spectrum by using a one-parameter fit for the spectrum
plitude. The results of this line-shape analysis are depicte
Fig. 3 for the particular cases of the N2 and Ar targets at 358
MeV/u. The solid line refers to the theoretical spectral sha

In the figures, results are shown that were obtained fro
least-squares fit of the experimental spectra to the theore
results. For theK-, L-, M-REC regime considered in the ca
culation, excellent agreement between the experimental
theoretical spectral distributions is found. Only in the case
the N2 target are slight deviations observed in the ene
regime around 135 keV. Since for the calculation the wa
functions of atomic nitrogen were used, we attribute t
finding to the difference between the Compton profiles
atomic and molecular nitrogen.

For the case of the Ar target, we show in addition in F
4 a comparison between experiment and theory restricte
the K-REC regime. The individual contributions of th
Compton profiles of the various target shells are given se
rately. The agreement between experiment and theory fo
in the figure illustrates that the rigorous relativistic calcu
tions applied are indeed able to model experimental dou
differential REC cross sections precisely.

FIG. 3. Theoretical doubly differential REC photon cross se
tions ~solid line! for 358 MeV/u U921→N2 ~upper part! and Ar
~lower part! collisions in comparison with the experimental dat
For comparison, the experimental spectra are adjusted in ampli
to the theoretical results by a least-squares fit.
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B. Results

Figure 5 shows a comparison of the experimen
electron-capture cross sections for U921→N2 along with the
theoretical predictions for the REC and the nonradiat
electron capture~NRC! processes. The errors given ari
from the statistical uncertainties in the number ofK-REC
photons and include the systematic uncertainties discuss
the preceding section. For a theoretical description of
NRC process, the eikonal approximation was appl
@2,3,6,33#. For details of the calculation we refer to Ref
@33–35#.

For the total REC cross sections, nonrelativistic dip
approximation calculations were performed. In general,
results of this simplified approach are in good agreem
with both the experimental data and the complete relativi
calculations. Since the latter involves significant contrib
tions from higher multipoles and yields different angular d
tributions, the agreement with the nonrelativistic dipole a
proximation must be regarded as fortuitous. See Ref.@18#.

In Fig. 5, the total cross-section data are depicted. In
dition, we present in the lower part of the figure the relat
deviation between the experimental and theoretical res
Here, for the highest beam energies of 220 MeV/u and
MeV/u, the results of the complete relativistic calculatio
for the total cross sections are also shown. The latter ca
used as a consistency check for our experimental met
Indeed, an excellent accordance between the complete th
and the experimental findings, deduced from theK-REC in-
tensity, can be stated.

For the two lowest beam energies the process of N
dominates~the importance of NRC at the lowest energies
also manifested by the strongly enhanced intensities of
characteristic Lyman lines as shown in Fig. 2!. Here, the
results of the theoretical approach applied and the exp
mental data also coincide with each other. In fact, the eiko
approximation@33,36# reproduces the results of more bas
two-center coupled-channel calculations very well@37# and,
in general, is found to give a good description of experim
tal data@6,11#. In Fig. 6, the electron-capture cross sectio
measured at 220 MeV/u, which were obtained for CH4, N2,

FIG. 4. Same as the lower part of Fig. 3 but restricted to
K-REC regime. In addition, the individual contributions from th
Compton profiles of the various shells of the Ar target are giv
separately. 1s, — — —; 2s, •••; 2p, • — •; 3s, — •• —; 3p,
(• - •).
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Ar, and Kr gaseous targets, are shown. In the figure, the
are compared with theoretical cross-section estimates. H
the NRC and the REC processes were taken into accoun
discussed above. Again, the experimental results are in m
erate agreement with the theoretical approach. However
the heaviest target Kr where NRC dominates, the app
theoretical approach deviates significantly~within a factor of
2! from the experimental result.

To summarize, a good overall agreement is found
tween the experimental data and the applied theoretical
proach. Consequently these findings lend support to the
ability of these approximations for a calculation of cro
sections for electron capture into decelerated high-Z ions, as
long as the nuclear charge of the target involved in the c
lision is not too large.

IV. BEAM LIFETIMES

The lifetime of a cooled ion beam in a storage ring
determined by the electron pickup rates of the ions intera

e

n

FIG. 5. Total electron-capture cross sections for U921 on a N2

target versus projectile energy. The dotted line represents the r
of the eikonal approach for the NRC process. The dashed line g
the prediction obtained within the dipole approximation for t
REC process. The solid line refers to the sum of both predictions
the lower part of the figure the relative deviation between exp
ment and theory is depicted, i.e., (s theory2sexpt)/s theory. Here,
the solid triangles refer to the cross sections obtained from rigor
relativistic calculations, whereas the full circles refer to the dip
approximation.
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2048 PRA 58TH. STÖHLKER et al.
ing with the residual gas and the radiative recombination
in the electron cooler. However, if the gas target is used,
lifetime of the beam is essentially determined by electr
capture processes occurring in the gas-jet volume. The c
sections for the latter process is connected to the lifetime
the stored beam by the relation

1

t
5l5rs f , ~3!

wherel denotes the charge-exchange rate,r is the thickness
of the gas-jet target, andf is the revolution frequency of the
circulating ion beam. The number of stored ions, as wel
the counting rate of down-charged U911 ions in the particle
detector is, therefore, an exponentially decreasing functio
time. The lifetimes obtained for the various beam energ
are depicted in Fig. 7 for the case of a N2 and of an Ar
gaseous target. In all cases considered the data refer
target thickness of 1012 particles/cm2. The solid and the
dashed lines represent theoretical lifetime predictions~for the
N2 and Ar target, respectively! where both the radiative an
the nonradiative electron-capture processes are consid
Here, charge exchange due to the interaction with the
sidual gas and due to radiative recombination in the co
section were taken into account. For the loss rate cause
the residual gas, a rough estimate can be obtained by as
ing a composition of 79% H2, 20% N2, and 1% Ar at a mean
pressure of about 10211 mbar.

Although these estimates are rather uncertain~at least
within a factor of 2! it turns out that even at the lowest bea
energy of 49 MeV/u beam losses due to the residual gas
still be neglected as long as the jet target is used. For
recombination rate in the electron cooler, the Bethe-Salp

FIG. 6. Target atomic number dependence of the total-elect
capture cross sections for 220-MeV/u U921 interacting with gaseous
targets. The theoretical models used are identical to those pres
in Fig. 5.
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approach@38# was used and a transverse temperature of
eV was assumed. Depending on the combination of elect
beam current, ion-beam energy and gas-target thickness
sen, recombination in the cooler may contribute considera
to the total beam losses in the ring. In general, however,
process is only of minor importance when the gas-jet tar
is used. This can be derived from the measured pres
dependence of the beam lifetime, displayed in Fig. 8. T
data were obtained for a N2 target at the energy of 68
MeV/u. The linear increase of the charge-exchange rate w
increasing gas-target density~Fig. 8! also provides a consis

n-

ted

FIG. 7. Experimental lifetimes obtained at the various be
energies for the case of a N2 ~solid points! and an Ar~solid triangle!
gaseous target (131012 particles/cm2). The solid line and the
dashed line~for the N2 and Ar target, respectively! represent theo-
retical lifetime estimates~see text!.

FIG. 8. The dependence of the total charge-exchange rate
stored U921 beam on the thickness of the N2 gas-jet target. The data
were deduced from lifetime measurements at a beam energy o
MeV/u.
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tency check for the performance of the gas-jet target, i.e.,
the relation between the measured gas-jet pressure an
actual gas-jet density.

The estimated theoretical lifetimes in Fig. 7 are in mo
erate agreement with the experimental data. We attribute
finding to the number of processes and their associated
certainties, which must be considered when dealing with t
oretical lifetime predictions. Also, one has to consider a p
sible imperfect overlap of the stored beam with the gas
volume. Hence, the lifetimes measured directly from
time dependence of the number of particles stored in the
reflect the effective charge-exchange rates but cannot be
for a precise determination of total charge-exchange c
sections. However, since the measured lifetimes are of
portance for experiments dealing with highly charged, dec
erated ions we quote in the table representative beam life
data measured with various gaseous targets at different b
energies, target densities, and electron-cooler currents.

Finally, it is interesting to estimate, on the basis of t
experimental charge-exchange cross sections, the lifetim
the stored ion beams with the gas-jet target switched off.
the particular case of U921 ions at 49 MeV/u, a cooler cur
rent of 20 mA was applied and the lifetime was still dom
nated by radiative recombination in the electron cooler a
not by charge exchange in the residual gas. Assuming
composition for the residual gas given above, the calcula
loss rate agrees within 30% with the measured one an
about five times smaller than the recombination rate. For
case studied, the storage time~gas jet off! is still of the order
of a few minutes. However, for even lower energies, assu
for instance 10 MeV/u U921, the lifetime may drop down to
only 5 s without any additional gas target. Here, the he
components of the residual gas, e.g., Ar, are of particu
relevance~compare Table I!. In order to determine the fea
sibility of experiments for such exotic conditions, one has
first establish experimentally the relevant charge-excha
cross sections.

TABLE I. Experimental beam lifetimes measured for stor
bare uranium ions interacting with the gas-jet target at the E
storage ring.

Beam energy Target Thickness Cooler Lifetim
~MeV/u! P/cm2310111 current~mA! ~s!

49 N2 16 20 28
49 CH4 40 20 57

68 N2 17 50 49
68 CH4 17 50 83
68 Ar 5 50 6.7

220 N2 10 100 468
220 CH4 48 100 265
220 Ar 9.1 100 192
220 Kr 17 100 33

358 N2 5 200 1300
358 Ar 2.6 200 931
or
the

-
is
n-

e-
-
t

e
g
ed

ss
-

l-
e

am

of
or

d
he
d
is
e

e

y
r

o
e

V. SUMMARY

We reported the results of an experiment performed
stored and decelerated bare uranium ions where elect
capture cross sections were measured in collisions of 49,
220, and 358 MeV/u U921 with N2, CH4, Ar, and Kr gaseous
targets. For low-Z targets, the experimental REC data a
found to be well described by exact relativistic calculation
Here, an application of the nonrelativistic dipole approxim
tion, although theoretically not justified, also leads to a r
sonable agreement with the experimental data. The NRC
sults, on the other hand, are well represented by the eik
approach, except for high nuclear charges of the target
tem, where a slight deviation between experiment and the
is observed. However, in general, an overall agreement
tween experiment and theory can be stated. Therefore,
experimental data, together with the applied theoretical
proach, can be used as a basis for estimates of beam los
accelerator facilities when dealing with highly charged d
celerated heavy ions and beam energies well above
MeV/u. For even lower energies, additional experimen
studies are required in order to test the reliability of theor
ical approaches. Only such investigations can decide the
sibility of experiments that require a deceleration to almos
rest. In particular, the luminosity available in such expe
ments is still unknown.

In order to deduce absolute cross-section values, we
plied a technique that exploits x-ray radiation of REC in
the K shell of the projectiles. Here we make use of the u
precedented clean and stable conditions of the ESR sto
ring and we utilize the fact that differential REC cross se
tions are known to have a much higher precision than to
reaction cross sections. Also state-selective and angular
ferential cross sections for all kinds of different reacti
mechanisms can be determined by this method with a pr
sion of a few percent.

A further improvement towards the 1% level of accura
can be expected in the near future. With such an accur
even the influence of quantum-electrodynamical effects
the dynamics of ion-atom encounters involving high-Z pro-
jectiles might be detectable. Besides magnetic and elec
correlation effects, this will be one of the main topics of t
next generation of experiments at the ESR gas-jet ta
where refined x-ray spectroscopy techniques will be appl
For this purpose a new target chamber has already bee
stalled at the ESR gas-jet target which allows for angu
differential collision studies, including observation angl
from almost 0° to 180° as well as the application of x-ra
x-ray coincidence techniques.
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@18# Th. Stöhlker, C. Kozhuharov, P. H. Mokler, A. Warczak, F

Bosch, H. Geissel, R. Moshammer, C. Scheidenberger
Eichler, A. Ichihara, T. Shirai, Z. Stachura, and P. Rymu
Phys. Rev. A51, 2098~1995!.
,

v.

.

.

.

,

J.
,

@19# P. H. Mokler and Th. Sto¨hlker, Adv. At. Mol. Phys.37, 297
~1996!.

@20# G. Raisbeck and F. Yiou, Phys. Rev. Lett.4, 1858~1971!.
@21# H. W. Schnopper, H. Betz, J. P. Devaille, K. Kalata, A.

Sohval, K. W. Jones, and H. E. Wegner, Phys. Rev. Lett.29,
898 ~1972!.

@22# P. Kienle, M. Kleber, B. Povh, R. M. Diamond, F. S. Stephe
E. Grosse, M. R. Maier, and D. Proetel, Phys. Rev. Lett.31,
1099 ~1973!.

@23# J. S. Briggs and K. Dettmann, Phys. Rev. Lett.33, 1123
~1974!.

@24# M. Kleber and D. H. Jakubassa, Nucl. Phys. A252, 152
~1975!.

@25# R. Shakeshaft and L. Spruch, Phys. Rev. Lett.38, 175 ~1977!.
@26# A. Ichihara, T. Shirai, and J. Eichler, Phys. Rev. A49, 1875

~1994!.
@27# J. Eichler, A. Ichihara, and T. Shirai, Phys. Rev. A51, 3027

~1995!.
@28# A. Ichihara, T. Shirai, and J. Eichler, Phys. Rev. A54, 4954

~1996!.
@29# M. Stobbe, Ann. Phys.~Paris! 7, 661 ~1930!.
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