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Abstract

A decelerator will be installed at GSI in order to provide and study bare heavy nuclei or heavy nuclei with only few electrons at very low energies
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r almost at rest. Stripping at relativistic energies will produce highly charged ions. After electron cooling and deceleration in the experimental
torage ring the ions are extracted from the storage ring at 4 MeV/u and further decelerated in a combination of an IH and four-rod RFQ structure.
inally, they are injected into a Penning trap where the ions are cooled to 4 K. From this cooler trap, the ions can be transferred in a quasi-continuous
r pulsed mode to different experimental setups. High-precision measurements of electronic and nuclear binding energies will be performed in a
enning trap exploring the high charge states. Other key experiments focus on g-factor measurements of the bound electron, precision laser and
-ray spectroscopy, studies of ionic structure, hollow atoms, and ion-surface interaction at very low impact energies.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The theory of quantum electrodynamics delivers some of the
ost precise predictions in physics. For instance, it is able to

redict with remarkable precision atomic level energies in the
ydrogen atom [1]. This is achieved by a good understanding
f perturbation theory. But, in very high electromagnetic fields,
s they exist for instance in heavy, highly charged ions (HCI),
t is no longer possible to perform calculations by perturbation
heory in Zα since Z ≈ 1/α. Hence, a number of new techniques
re required especially for QED calculations [2]. Additionally,
ffects like the nuclear size effect, or the charge distribution in
he nucleus start to get big enough to play a role within the
recision that can be reached today [2].

∗ Corresponding author. Tel.: +49 6159 71 1360; fax: +49 6159 71 2901.
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Experimentally, such high fields become accessible by strip-
ping heavy atoms off all or most of their electrons. There are
two approaches: stripping of the projectile at high energy or col-
lisions with energetic electrons in an ion source. If moderately
charged ions are accelerated and sent through a target, they will
lose all or most electrons in collisions with the target atoms if the
ion energy is high enough. Similarly, atoms placed in an elec-
tron beam will be stripped sequentially off their electrons, if the
energy of the electrons in the beam and the electron beam cur-
rent density are high enough. Both approaches have been used
to produce heavy, highly charged ions (HCI) [3,4]. However,
the most intense source of bare, heavy HCI as for instance U92+
ions is at GSI in Darmstadt, where the high-energy stripping
approach is used.

For precision experiments a well-defined source of HCI is ur-
gently needed. In the experimental storage ring (ESR) at GSI [5]
the beam of HCI is cooled using electron cooling. Thus, the mo-
mentum and spatial position of the ion beam is defined with high
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Fig. 1. Overview of the planned HITRAP facility.

quality and makes precision experiments of various kind possi-
ble [6–8]. The ion beam in the ESR is circulating at relativistic
ion velocities. To reach even higher precision and to investigate
features that are not accessible using a relativistic ion beam,
the HCI must be available at very low energy. The final energy
shall be below a few keV total energy, with an energy spread
smaller than 1 eV. For this purpose, the decelerator–cooler
facility, called HITRAP, has been designed and is now under
construction at GSI. The produced HCI will first be electron
cooled and decelerated in the ESR from 400 MeV/u to an energy
of 4 MeV/u. After ejection from the ESR, the ions are further
decelerated by a combination of an inter-digital H-type drift
tube structure (IH) and a radio-frequency quadrupole structure
(RFQ) and injected into a Penning trap. There, the ions are
accumulated and cooled to 4 K before they are distributed to
the various experiments (see Fig. 1).

In addition to HCI of stable nuclei, those of radioactive nu-
clei will become available. Radionuclides are produced and sep-
arated by use of the fragment separator (FRS) [9] and then in-
jected into the ESR. In the more distant future, HITRAP will
be part of the Facility for Low Energy Antiproton and Ion Re-
search (FLAIR) at the planned international accelerator Facility
for Antiproton and Ion Research (FAIR). There, HITRAP will
not only provide highly charged, stable and radioactive ions at
low-energy, but also low-energy antiprotons.
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2.1. The g-factor of the bound electron

The g-factor measurement is based on the continuous Stern–
Gerlach effect [11] where the g-factor of the bound electron:

g = 2
ωL

ωc

meq

Mione
(1)

is determined by the ratio of the Larmor frequency ωL of the
electron to the cyclotron frequency ωc of the ion [12,13]. Addi-
tional quantities needed are the ion mass Mion, its charge state
q and the mass me and charge e of the electron. Remarkable
precision can be reached, since the frequency of the oscillations
of an ion confined in a Penning trap can be determined with
extremely small uncertainty.

If the electronic g-factor of the bound electron can be cal-
culated reliably to a precision that matches that of the ex-
periment, then the electron mass can be extracted from Eq.
(1). Using the g-factor measurements of O7+ and C5+ ions
[14,15] the electron mass has been obtained with a four-fold
smaller uncertainty [16]. If these measurements can be ex-
tended to heavier ions and the QED calculations can be fur-
ther improved, then the fine structure constant α can be deter-
mined in a way completely independent from present procedures
[10].
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. Precision experiments with single ions

Precision measurements of basic quantities have been con-
ucted successfully using not only light, but highly charged ions
s well. Examples are the electronic g-factor, the binding en-
rgy of electrons, and the atomic mass. The electronic g-factor
f hydrogen-like ions can be used to test the theory of quantum
lectrodynamics in strong fields. In turn, fundamental constants
ike the electron mass or the fine-structure constant α can be de-
ermined by these measurements if the results of reliable quan-
um electrodynamics calculations are used as input [10]. The

ass of HCI is another important quantity. A determination of
he mass of the ion in different charge states gives a new access
o the binding energy of the inner electrons. The atomic mass,

easured for different nuclei, reveals nuclear binding effects
ith high precision.
.2. Mass measurements

Some of the most precise mass measurements have been
erformed using HCI [17] in a Penning trap. In a Pen-
ing trap, charged particles are stored using a combination
f a homogeneous magnetic field and a quadrupolar elec-
ric field. The motion of the particle can be described by
hree characteristic parts: the axial oscillation in the electric
eld with the frequency νz and two radial oscillations. These
re the gyration of the particle in the magnetic field modi-
ed by the electric field, the reduced cyclotron motion with
+, and the �E × �B drift, the magnetron motion with ν−. The
otional frequencies are connected with the free cyclotron

requency:

c = 1

2π

q

M
B. (2)
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via the exact relation:

νc = ν− + ν+ (3)

or the invariance theorem [12]:

ν2
c = ν2

− + ν2
+ + ν2

z , (4)

which is largely independent on misalignment and distortions
of the shape of the electrode. These equations can be used to
determine the mass M of the stored particle by connecting mea-
surable frequencies of particles stored in a Penning trap to the
cyclotron frequency of particles moving in free space in a homo-
geneous magnetic field. The magnetic field strength B is usually
determined via an ion with a well-known mass like a carbon
cluster ion.

The mass resolving power:

R = m

�m
= νc

�νc
(5)

determines the precision that can be reached [18]. Combining
Eqs. (2) and (5) it is evident that the achievable statistical uncer-
tainty is proportional to the charge state of the probed ion.

The pioneering experiment for mass measurements on HCI
[17] reaches a relative mass uncertainty of about 10−10 by use of
a trap at room temperature and a destructive detection technique.
Mass measurements with a precision of 2 × 10−11 have been
performed with singly charged ions in a cryogenic Penning trap
[
b
m
u

b
u
b
l
i
t
F
h
l
c
l
r

3

p
a
l
s
H
l
i
s
c
e

the recoil ion, the emitted electrons and photons (in the X-ray as
well as in the optical spectral region) and by determining their
energies.

Electron capture processes will be studied with the avail-
able beam intensity of about 104 HCI per second. For this the
beam of HCI is directed onto a target of, for instance, helium
atoms in a supersonic jet. The determination of the recoil ion mo-
mentum along with the projectile properties gives information
about the energy difference between initial and final state, i.e.,
the Q-value. If performed for different states this enables high-
resolution spectroscopy of the HCI energy levels. The presently
achieved resolution of 0.7 eV and uncertainties between 3 and
300 meV [22] are already competitive with methods of conven-
tional spectroscopy. In the future, an improved momentum reso-
lution can be envisaged and hence a reduction of the uncertainty
towards the sub-meV level.

Highly charged ions can be used to deposit large amounts of
potential energy on surfaces. For instance, the potential energy
of several hundred keV of a single bare uranium ion is deposited
in a very small area of just a few square nanometers. This high
energy density leads in general to a highly non-linear response of
matter. For experiments it is, however, important to distinguish
between processes induced by the potential energy of the ion
due to the high charge state and those induced by kinetic energy.
This requires well-defined beams of very low kinetic energy and
very small energy spread.
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19]. Here, the motion of only a single ion stored in the trap has
een detected directly and non-destructively. Combining both
ethods – as possible at HITRAP – will push the relative mass

ncertainty even below 1 × 10−11.
Hence, it will be possible to measure the mass differences

etween bare and H-like and He-like uranium ions, etc., with an
ncertainty below 2 eV. Such measurements would provide the
est and direct measurement of the 1s Lamb shift in hydrogen-
ike heavy ions and provide a stringent test of atomic theory
ncluding electron–electron correlations in strong fields. Fur-
hermore, the possibility to produce radioactive nuclei using the
RS will enable for the first time mass measurements with such
igh precision on radioactive nuclei. These measurements are
imited by the half-life of the nucleus of interest because the
ooling and preparation will take about 10 s. Hence, the half-
ife of the isotope under investigation should be at least in the
ange of 10 s.

. Other key experiments with slow, highly charged ions

Atomic collisions at low energy provide valuable and indis-
ensable data for many areas of physics, e.g., plasma physics,
ccelerator physics, and astrophysics. Atomic structure and col-
ision dynamics can be studied by kinematically complete colli-
ion experiments using the COLTRIMS technique [20,21]. For
CI, charge exchange is the dominating process at energies of

ess than a few keV/u. Single or multi-electron capture occurs
nto high-lying states of the highly charged ion which forms
trongly inverted systems, so-called hollow atoms. The initial
apture process as well as the de-excitation via X-rays or Auger
lectrons can be monitored in detail by detecting in coincidence
The measured quantity is the number of electrons emitted
rom the surface during the collision. If this is investigated
or different charge states information can be gained on the
on-linear response of semi-conductors and insulators to strong
oulomb fields and on defect-induced mobility in the limit of
igh defect density. The main parameter is the speed at which
he insulating material can replenish electrons in the nanometer-
ized impact region. A wide range of semi conducting and in-
ulating surfaces produced by thin-film coating shall be studied
sing this method. In first experiments ions in low charge states
ere impinging on thin films of LiF [23] and C60 [24] evapo-

ated on Au. These experiments indicate that electron spectra
epend strongly on the properties of the thin film.

For a certain range of kinetic energies, it might happen that
he impinging ion is repelled from the surface without a direct bi-
ary collision. This so-called trampoline effect occurs because
he positive charges, created on the surface by the first elec-
rons transferred to the incoming ion, are not compensated fast
nough. So far experimental evidence for this effect could not
e found [25]. Up to now the experimental search was limited
y the low charge states available and the large energy spread
or beams of only a few eV. Both restrictions will be eliminated
y use of the low-energy beam available at HITRAP.

Generally, electronic transitions in HCI are in the far ultra-
iolet or X-ray spectral range, beyond the access by laser light
n the visible spectral region. For very highly charged ions, for
nstance hydrogen-like 207Pb, the ground-state hyperfine transi-
ion (21 cm microwave radiation for atomic hydrogen) is moved
nto the spectral region accessible by conventional lasers. Since
lso the lifetime of these states (proportional to Z−9) lies in the
icrosecond or millisecond range, laser spectroscopy can be
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performed with high precision. In this way, the magnetic sector
of high-field QED can be tested and – if successfully done – the
distribution of the nuclear magnetization can be extracted.

At the HITRAP facility, laser spectroscopy will be performed
in a cryogenic environment using a Penning trap kept at 4 K.
This offers several advantages: The ions are stored as a dense
and well localized cloud (up to 100 000 ions stored within a
few cubic millimeters) enhancing this way the overlap with the
laser beam. Due to the low temperature the resonance is barely
Doppler broadened. In combination with easily achievable high
collection efficiency for the fluorescence photons, these prop-
erties will allow for an excellent signal-to-noise ratio. Further-
more, the long storage time enables one to optically pump the
ions even using the rather weak M1 transition and to reach a
high degree of electronic and nuclear polarization.

4. The planned HITRAP facility

An overview of the planned facility is presented in Fig. 1.
After production the ions will be decelerated down to 4 MeV/u
using the experimental storage ring (ESR) at the present GSI
facility. Similarly, at the future FAIR facility the new experi-
mental storage ring (NESR) followed by the low energy storage
ring (LSR) will serve to decelerate HCI and antiprotons. The de-
celeration will be accompanied by electron cooling in the storage
ring, such that the emittance of the beam does not grow. Finally,
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cavities are designed as coaxial quarter-wave resonators with
four gaps each. The calculated shunt impedance of both cavities
is sufficient for providing the required effective gap voltages of
218 and 80 kV respectively by using RF generators with a power
of 2 kW.

After re-bunching the beam enters an interdigital H-type (IH)
structure and is decelerated to 0.5 MeV/u. The HITRAP IH-
structure operates at 108.408 MHz. It has 25 gaps and one triplet
inner-tank quadrupole lens and is 2.7 m long. An overall effec-
tive voltage of 10.5 MV is required to decelerate ions with a
mass-to-charge ratio of 3 to 500 keV/u [27]. The cavity design
is optimized in order to reach an effective shunt impedance of
285 M�/m. Thus the available GSI power amplifier can be used,
which delivers 200 kW rf-peak power. The length of the under-
cut of the ridges, the ratio of gap-to-drift tube length and the
stem thickness has been adjusted for optimal field flatness. The
field varies less than 10% within a drift tube section. The two
drift tube sections are divided by a 300 mm long section, which
contains the magnetic quadrupole triplet lens for transverse fo-
cusing and a beam steerer. The required field gradient for the
quadrupole lens is 64 T/m and the aperture is 20 mm.

The ion bunch phase spread of ±40◦ behind the IH-structure
must be matched to the RFQ acceptance of ±10◦. For this, a two-
gap spiral re-buncher will be used in the matching section be-
tween IH-structure and RFQ. An existing cavity is being adapted
to the HITRAP synchronous particle velocity by changing the
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( etup.
he ions will be collected into a single bunch, extracted from the
SR and injected into a linear decelerator.

.1. The decelerator

An overview of the linear decelerator and its main compo-
ents is shown in Fig. 2. The linac structures are pulsed with
maximum duty cycle of 0.5% and 10 Hz repetition rate. The
eam extracted from the ESR in a single macro bunch of about
�s length is first re-bunched in a double drift buncher (DDB)

26]. Such, the phase acceptance of the following IH structure,
hich is typically between 10◦ and 15◦, is extended to accept

bout 67% of the incoming macro bunch (360◦ phase spread).
he DDB is located 6.1 m in front of the IH structure and uses

wo cavities separated by a 0.8 m drift at 108 and 216 MHz. Both

ig. 2. Side view of the planned HITRAP facility in the reinjection tunnel into t
wo-gap, 216.816 MHz coaxial buncher; (3) IH-structure; (4) two-gap, 108.408
7) double focusing bending magnet; (8) spherical electrostatic kicker-bender s
rift tubes at the spiral and at the end flanges. At 0.5 MeV/u
he cell length and thus the distance between the two gap-center
mounts 45.3 mm.

Behind the drift tube structures the ion bunch is injected into
four-rod radio frequency quadrupole (RFQ) resonator to de-

elerate the ions to an energy of 6 keV/u. The design of the
ITRAP four-rod-RFQ is very similar to the 108 MHz structure
f the high charge state injector LINAC at GSI [28]. However,
he mass to charge ratio used at HITRAP is only three compared
o nine at the high charge state injector and permits relaxed rf-
ower requirements. Therefore only a short structure with an
verall length of 1.9 m and a maximum rod voltage of 75 kV is
equired. The mean aperture radius is about 4 mm, which reduces
he peak fields to safe values. To achieve low angular and energy
pread, great care has been taken optimizing the rod design. Ad-

S at GSI. The components are: (1) four-gap, 108.408 MHz coaxial buncher; (2)
re-buncher; (5) RFQ and two-gap, 108.408 MHz de-buncher; (6) cooler trap;
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ditionally, a two-gap, 108 MHz debuncher is integrated in the
RFQ tank to reduce the energy spread. The beam at the exit of
the RFQ-debuncher unit has an emittance of 100 π mm mrad in
both transverse directions and an energy spread of about ±4%.
This corresponds to a 45% growth of the normalized emittance
between the extraction from the ESR and the exit of the RFQ
due to non-linearity.

4.2. The low energy beam line and the cooler trap

The low energy beam line connects the radio-frequency
quadrupole decelerator with the cooler trap. It provides the dif-
ferential pumping to separate the extremely good vacuum re-
quired for the operation of the cooler trap from the standard
high vacuum in the decelerator. Furthermore, the beam diagno-
sis and matching elements for injection into the strong magnetic
field of the trap will be placed in this beam line. Presently the
best choice seems to use electrostatic einzel lenses as described
in [29].

The cooler trap finally captures the highly charged ions in
flight and decreases their phase space volume by electron and
resistive cooling. A cylindrical Penning trap in a magnetic field
of 6 T is used. The trap will consist of 23 electrodes that can be
used to shape the electric potential very flexibly and to create
five harmonic trap regions, three for ions and two for electrons.

The first step is the in-flight capture. For this, the ion bunch
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remain in the original charge state within the projected cooling
time of a few seconds [30,31].

After separation of electron and ion clouds the ions will be
cooled further using resistive cooling. The ion cloud oscillating
in the Penning trap induces image charges and hence an image
current in the trap electrodes. If this signal is fed into a resonant
circuit kept at 4 K, the signal will be damped in the circuit and
consequently the ion motion is damped until it is in equilibrium
with the environment of the circuit [13].

Two modes of extracting the cooled ion cloud are fore-
seen: slow extraction and bunched extraction. If extracted in
a bunch, the scheme is very similar to existing trap facilities
where up to 100 million singly charged ions are extracted in
a 15 �s pulse [32]. This mode is especially well suited for ex-
periments where the ions need to be recaptured in a trap. In
the slow extraction mode the stored ions will be ejected dis-
tributed over the 10 s that are available until the next deceler-
ated ion bunch arrives. This mode is for example required by
ion-surface interaction experiments in order to avoid detector
saturation.

4.3. The vertical beam line and connection to experiments

The layout of the HITRAP low-energy beam line, starting
right after the cooler trap, is depicted in Fig. 3. The arrangement
of the vacuum components as well as of the ion optical parts
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ith a pulse length of about 1 �s will be injected into the trap-
ing region and decelerated further from 6 keV/u to approxi-
ately 2 keV/u while the ion beam is kept radially small by

he strong magnetic field. The incoming bunch is reflected at
he downstream trapping electrode and trapped by switching the
pstream trapping electrode from the initial potential of ≈11 kV
o about 18 kV just after injection of the ion bunch. The switch-
ng has to be performed within less than 400 ns. Additionally,
onsecutive ion bunches might be stacked without intermediate
ooling. For this, the potential of the inner trap region is lowered
n a first step by at least 2 kV, corresponding to the energy spread
f the ion bunch, to about 9 kV. The kinetic energy of the ions
hat are already in the trap is not affected. Hence, the upstream
rapping electrode can be opened again for the incoming beam
pplying 11 kV without loosing the ions that are already in the
rap, which is on 9 kV. Another pulse can now be caught in-flight.
his scheme can be repeated as long as the range of the power
upplies is not exceeded. About four consecutive ion bunches
ight be stacked this way at HITRAP with the projected power

upplies.
Then the HCI interact and thermalize with the simultane-

usly stored electrons. The electrons have a kinetic energy cor-
esponding to 4 K since they emit synchrotron radiation during
heir storage in a high magnetic field and hence are in equilib-
ium with the surrounding. However, during thermalization they
ill be heated and such the final energy after electron cooling

s a few electron volt. Since dielectronic recombination is not
ossible for bare ions and the electron densities are still to low
or three-body recombination processes, only radiative recombi-
ation must be taken into account. Calculations show that more
han 90% of the bare uranium ions sent initially into the trap
s shown. The cooled ions will be extracted from the cooler
rap into the beam line with kinetic energies of 5 kV per charge
nit, either continuously or in pulses with a duration of about
�s. Predetermined by the given locality, the 100 mm diameter
eam line leads from the re-injection channel up to a platform
n top of the re-injection channel, 5.6 m above the ground floor
evel, where the experiments will be placed (see Figs. 2 and
). Thus, the first element in the beam line is a 90◦ double fo-
using bending magnet which simultaneously serves as charge
tate separator. Charge separation is necessary since during the
ooling process in the trap, even at optimum technical operation,
resent model calculations predict that 10–20% of the ions leave
he trap with charge states different from their initial one [30,31].
lits will be placed in the image planes of the double focusing
eparator magnet, defining the entrance and the exit. A further,
lectrostatic, 90-degree bender will be installed at the upper end
f the vertical beam line, leading the beam to the experiments
n the platform. This bender will be a combination of a parallel
late kicker and a bender with spherical electrode. This allows
or injection of ions from a test ion source into the experimental
eam line for setting up and commissioning.

Electrostatic quadrupole lenses will be used in the 4.85 m
ong vertical section of the beam line to guide and focus the
eam. The quadrupoles might also be used for steering at posi-
ions with to little space for extra steering electrodes. The small
istance between the lenses and the short focal length reduces the
istortions of the beam caused by the magnetic field of the earth.
or freely drifting 5 keV/q U92+ ions a deviation of 1.5 mm per
eter and 6 mm over 2 m is expected for a magnetic field compo-

ent of 0.5 G perpendicular to the beam axis. Calculations with
he present optics design including direction and magnitude of
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the earth’s magnetic field show that a shift of about 1 mm has to
be compensated before entering the electrostatic bender.

Beam diagnostic elements, mounted on movable feed-
throughs will be installed in the exit image plane of the bending
magnet, before the entrance to the electrostatic bender and be-
fore the entrance of the beam tube into the concrete shield-
ing to monitor beam current and position. For this, cerium
doped YAG crystals and micro-channel plates with phosphorous
screens are investigated concerning dynamic range and sensi-
tivity. Typical operating parameters of the HITRAP low-energy
beam line after the cooler trap are summarized in Table 1.

All beam line components will be made from ultrahigh vac-
uum compatible materials, which allow to reach an operating
pressure of 10−10 mbar after baking the system to 250 ◦C. In
this case the charge exchange rate between ions in the beam and
residual gas atoms in the beam tube is estimated to be lower than
0.01% per meter assuming charge exchange cross-sections on
the order of 10−13 cm2 [29]. For the vacuum generation three
125 l/s ion getter pumps are foreseen, distributed along the beam
line as shown in Fig. 3. Two getter pumps with a pumping speed
of 500 l/s each will be installed at the two 90-degree benders

Table 1
The key parameters of the vertical beam line that connects the cooler trap and
the experimental setups

Parameter/Element Value

Beam energy 5 keV/q
Beam intensity ≤ 105 ions each 10 s
Vacuum 10−10 mbar

Separator magnet
Bending radius 200 mm
Pole shoe gap 25 mm
Typical flux 80 mT

Electrostatic quadrupoles
Inner diameter 40 mm
Electrode length 80 mm
Typical voltages ±100 to ±200 V

Electrostatic bender
Radius 400 mm
Gap width 30 mm
Typical voltage 375 V

where conductance is bad and the worst pumping conditions are
expected according to simulations. Additionally, a 0.5 m long
part in the first half of the vertical beam line and a 1.6 m long part
in the second half will be coated with a layer of non-evaporable
getter (NEG) material to gain additional pumping speed and, si-
multaneously, to reduce the surface that releases gas. Assuming
a pumping speed of about 1 l/s per cm2 of NEG material, addi-
tional total pumping speeds of 1500 and 5000 l/s can be gained
in the respective places for all but rare gases.
Fig. 3. Sketch of the vertical beam line.
F
c

ig. 4. Sketch of the HITRAP experimental platform on top of the re-injection
hannel showing the arrangement of the experiments.
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A sketch with an arrangement of the different HITRAP ex-
periments on the platform is shown in Fig. 4. For a description
of the experiments background refer to Sections 2 and 3.

5. Status

HITRAP is a project to produce and slow down heavy, highly
charged ions up to bare uranium. The construction of the ma-
jor parts of the decelerator has been started in the beginning of
2005. The superconducting magnet for the cooler trap has been
ordered mid of 2005. Calls for tender and the orders of the cav-
ities have been placed and delivery is foreseen in 2006. Many
of the experimental setups presented in this paper are already
prepared and are proceeding with tests using lower charged
ions.

HITRAP is also an integral part of the low-energy antiproton
and ion facility FLAIR. There the evaluation of the experimental
program yielded very positive results for FLAIR and the tech-
nical design issues are being worked out.
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[15] J. Verdú, S. Djekic, S. Stahl, T. Valenzuela, M. Vogel, G. Werth, T. Beier,

H.-J. Kluge, W. Quint, Phys. Rev. Lett. 92 (2004) 093002.
[16] P.J. Mohr, B.N. Taylor, Rev. Mod. Phys. 77 (2005) 1.
[17] I. Bergström, C. Calberg, T. Fritioff, G. Douysset, J. Schönfelder, R.

Schuch, Nucl. Instrum. Meth. A 487 (2002) 618.
[18] G. Bollen, Nucl. Phys. A 693 (2001) 3.
[19] M.P. Bradley, J.V. Porto, S. Rainville, J.K. Thompson, D.E. Pritchard, Phys.

Rev. Lett. 83 (1999) 4510.
[20] J. Ullrich, R. Moshammer, R. Dörner, O. Jagutzki, V. Mergel, H. Schmidt-
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