
P
o
S
(
S
T
O
R
I
1
1
)
0
0
6

Experiments with heavy, highly charged ions -
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At the GSI accelerator complex, using the universal linear accelerator UNILAC and the syn-
chrotron SIS, highly-charged ions up to U92+ are produced by passing a 400 MeV/u beam through
a gold foil stripping off all or nearly all electrons. The HITRAP facility is built to decelerate those
ions to almost rest and to provide them to experiments. In a number of commissioning beam
times, the deceleration in the ESR, the extraction, bunching and deceleration to 0.5 MeV/u has
been shown. The remaining steps, deceleration to 6 keV/u and cooling in a cryogenic Penning trap
are ongoing. Precision experiments for atomic and nuclear physics purpose are being prepared
and range from laser spectroscopy on stored ions, collision experiments with complete kinematic
analysis to high precision mass measurements on single highly charged ions.
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Figure 1: Overview of the HITRAP facility.

1. Introduction

Heavy, highly-charged ions, in the extreme case up to U91+ or even the bare U92+, are well
suited for cutting edge experiments in atomic, nuclear and solid state physics [1]. They are simple
but come along with a very strong electric field due to the heavy nucleus. This supplies the testing
ground for the appropriate field theory, quantum electrodynamics (QED), at the strong-field limit.
Measurable quantities for those tests are the g-factor of the bound electron, the electron binding
energies or the hyperfine splitting. For those measurements, which require high precision to be
decisive, the ions have to be stored, as single ion or in an ion cloud, in a well defined environment
at very low energy as offered by a Penning trap. The observation of the stored particles will then
allow for mass measurements at the ppt level and hence the binding energies of the components
with eV precision , the determination of the bound state g-factor with a precision that even tests our
knowledge of fundamental constants like the mass of the electron or, combined with laser excitation
several hundred times more precise investigation of the transition energies between hyperfine levels
than feasible before [2].

Also, yet unseen reaction phenomena can be explored: Heavy, highly-charged ions are very
instable systems when in close contact with electrons since a huge potential energy is concentrated
in a very small volume. When those HCI at very low energy come close to neutral matter relaxation
processes happen very fast and give snapshot-like insight into the dynamics and correlation of the
electrons in the neutral collision partner. If energy and position are well defined the exchange of
multiple charges can be studied by a complete analysis of the kinematics of all involved particles.
For that, highly-charged ions are accumulated in a Penning trap and cooled by electron and resistive
cooling to about 4 K [3]. After ejection a well defined ion beam will be targeted to a cold sample
of neutral atoms and the products will be investigated by a reaction microscope [4]. Two different
target types will be applied for HITRAP experiments, a pulsed gas target and a magneto optical
trap.

When the large potential energy is concentrated and released on a small spot on the surface of
a solid, self-ordering phenomena have been observed and need further investigation to clarify the
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Figure 2: The functional units of the HITRAP linear decelerator: the double drift buncher (DDB), the
interdigital H-type structure (IH), a spiral re-buncher (RB), the four-rod radio frequency quadrupole structure
(RFQ) and the cooler Penning trap (Trap).

role of impact energy and potential energy. This can be accomplished only if the impact energy,
i.e. the kinetic energy of the particle, is well below the potential energy of a few 100 keV [5].

All those experiments require that kinetic energy and spatial position of the highly-charged
ions can be well controlled. This is in contradiction to the most efficient production process that
employs stripping of electrons at high energies by sending relativistic highly-charged ions with still
many electrons through matter. The solution is a decelerator and storage facility for highly-charged
ions produced by stripping all electrons of the ions from a 400 MeV/u beam - the HITRAP facility.

HITRAP is setup at the accelerator facility of the GSI Helmholtzcenter for Heavy Ion Re-
search in Darmstadt/Germany (fig. 1). The universal linear accelerator UNILAC is used to deliver
intermediate charged ions with 11 MeV/u to the heavy ion synchrotron SIS. After acceleration to
400 MeV/u the ions are send through a thin foil such that all electrons are stripped of the nucleus.
The experimental storage ring ESR is then used to cool the such produced ion beam and decelerate
it to 4 MeV/u in two steps. After initial stochastic cooling the beam is decelerated to 30 MeV/u and
then cooled with electrons. The next deceleration step from 30 MeV/u to 4 MeV/u is followed by
another electron cooling period before the coasting beam is bunched in 1 µs bunches and ejected
towards the HITRAP linear decelerator and facility.

The linear decelerator (fig. 2) consist of a double drift buncher at 108 and 216 MHz for prepa-
ration of the beam to the longitudinal acceptance of the first decelerating structure, the interdigital
H-type structure (IH). There, the ions are decelerated from 4 MeV/u down to 500 keV/u. An in-
termediate rebuncher shall ensure maximum efficiency when the beam is injected into the second
decelerating structure, a four-rod radio frequency quadrupole decelerator (RFQ). Both decelerating
structures run at 108 MHz and require a power of 200 and 80 kW, respectively. In the RFQ the ion
beam is decelerated from 500 keV/u to 6 keV/u and then dynamically captured in a Penning trap
for final cooling.

2. Commissioning of the linear decelerator

Funding for the construction of HITRAP has started in 2005 and commissioning of first com-
ponents started 2007. About two commissioning beam times have been granted per year with an
average duration of 6 days. An overview of those beam times and the achieved or planned steps is
displayed in table 1.

Presently, the deceleration to 500 keV/u has been shown and is working efficiently [11]. The
major breakthrough was the successful installation of an energy sensitive detector, which gives
shot by shot the complete energy spectrum of the ions after the IH structure [10]. However, the
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Table 1: Overview of conducted commissioning beam times.

Date Ion Comment

5-2007 64Ni28+ Vacuum separation ESR/HITRAP installed - acceptance test
8-2007 20Ne10+ Double Drift Buncher test using diamond detector in front of IH
8-2008 197Au79+ Bunches transported through IH, analyzed on diamond det. [6]

10-2008 64Ni28+ First decelerated particles at 500 keV/u with energy spectrometer
2-2009 58Ni28+ First run after IH retuning. 4 MeV/u transport-mode test
6-2009 132Xe54+ Beam measured with pepper-pot emittance meter [7, 8, 9]
3-2010 86Kr33+ Improved IH energy analyzer [10]
4-2010 86Kr35+ Beam to RFQ, energy analysis sensitive only to 6 keV/u [11]

11-2010 86Kr35+ RFQ Energy analyzer also to 500 keV/u sensitive
5-2011 54Cr24+ IH Energy measurements
6-2011 14N7+ IH Energy measurements, RFQ parameters scanned
9-2011 136Xe50+ IH and DDB combined optimisation, ESR energy scan

optimization of the combination of two bunchers (combined in the double drift buncher) and the
IH is still difficult and not completely understood. The large parameter space given by three RF
amplitudes and two phases requires the investigation of many different settings. This takes a lot
of time and is virtually impossible due to the low repetition rate of at most one shot every 30
seconds. Two improvements have been implemented: the energy of the particles entering the ESR
was limited to 30 MeV/u for commissioning of the linear decelerator which saves one deceleration
step and hence time; the longitudinal analysis of the bunches created by the double drift buncher
has been enhanced by a dedicated analysis procedure [12].

The focus of recent beam times was on the detailed investigation of the IH structure output.
Supported by detailed simulations [13] the deceleration efficiency was increased and reached above
50%, very close to the theoretical limit.

Unfortunately, all efforts to decelerate the beam further with the RFQ structure failed so far.
The most probable reason is a slight mismatch of the IH output energy distribution and the energy
range accepted by the RFQ. This was found in recently updated simulations of the RFQ structure
made possible by a detailed 3D measurements of the electrodes. To verify those findings and work
towards a solution the RFQ is being installed at a pelletron accelerator at the Max-Planck Institute
for Nuclear Physics in Heidelberg/Germany. There, the energy can be easily varied in the desired
range around 500 keV/u and there will be ample time available to measure the RFQ performance
systematically.

The cooler Penning trap is tested offline with deuterium ions from a cross beam ion source. An
electron source has been installed already to provide the electrons for the electron cooling scheme
[14]. It is based of UV light released electrons from a GaAs surface and is fully compatible with
the required ultra-high vacuum. Electrons have been captured already in the cooler Penning trap
and the ion capture process is being tested in the moment.
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3. Experimental installations

Already in the original proposal several experimental stations where foreseen. Those are the
g-factor setup to measure the g-factor of the bound electron in heavy, highly-charged ions; SPEC-
TRAP for laser spectroscopy on cooled and trapped ion ensembles to measure the hyperfine struc-
ture [15]; a gas target to enable collision experiments analyzed by a reaction microscope; a Penning
trap for precise mass measurements; a surface reaction chamber to investigate the dynamics dur-
ing approach and the modifications induced when HCI approach surfaces [16]. Later, a magneto
optical trap has been designed in Heidelberg (MOTRIMS) and constructed to serve as a target of
very high density and hence increase the collision cross sections as well as the variety of available
elements since gaseous targets are typically limited to rare gases.

The superconducting magnet for the g-factor trap has been installed and the trap design is
finished. A number of electronic components like the detection circuit have been tested offline
[17]. The spectroscopy trap will contain a small electron source to produce in trap test ions as for
instance argon that is fed by a purpose designed cryogenic gas valve [18].

The SPECTRAP setup, the overhauled RETRAP [19], formerly installed at Livermore, is a
Penning trap setup dedicated to laser cooling and spectroscopy. The trap has been reconstructed
with special focus on laser and light detection access. In 2011, Mg+ ions could be stored, laser
cooled and detected via both, their fluorescence, and their image charge signal [20].

Recently a small, room temperature electron beam ion trap (EBIT) has been installed to pro-
vide light and medium heavy, highly charged ions. It could be shown for the first time that charge
breeding in such a small "Dresden" type source is possible and yields notable efficiencies [21].
This way, a multitude of elements can be delivered as test beam to the the experimental stations,
including non gaseous ones, as for instance potassium or magnesium.

The beam line that connects the HITRAP cooler Penning trap to the experiments [22] and
the EBIT has been completed and is now being commissioned offline using the EBIT ions send
backwards to the cooler Penning trap. The further line towards SPECTRAP is being setup and will
be finished by Spring 2012.

4. Summary and Outlook

The HITRAP decelerator facility is well on its way for first experiments in 2012/13. The
deceleration from 400 MeV/u down to 500 keV/u has been shown with sufficient efficiency. How-
ever, there is still room for improvement when it comes to the repetition rate as well as the optimal
settings of the involved components, like the double drift buncher and the IH structure. The final
deceleration step is being investigated since first tries did not yield positive results. For that a test
bench has been setup at a dedicated 500 keV/u beam in Heidelberg and the characterization of the
RFQ structure is ongoing there.

Most of the experiments are well on track too, they are being installed at the HITRAP facility
or have proven to work elsewhere and wait for their transfer to the HITRAP facility. A test ion
source for light and medium heavy highly charged ions of a multitude of elements has been installed
at the HITRAP facility meanwhile.
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