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Key Sentence :

1. Atomic, and molecular collisions using an electrostatic ion storage ring
2. Resonant coherent excitation of fast highly charged ions

3. Merging experiments of a laser beam with atomic and molecular beams
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highly-charged ions, heavy ions, fast ions, channeling, resonant coherent excitation, Okorokov effect,
multi-electron excitation, de-excitation x-ray, convoy electron, single crystal

Outline

We experimentally study wide-ranged physical processes; cold chemical reaction relevant to universe evolution,
dynamics of large complex molecules, atom interaction with a ultra short-pulsed intense lasers and crystals, from
new methods and view points of atomic, molecular and optical physics.

We are now in progress of construction of a compact electrostatic ion storage ring dedicated for investigating
molecular collisions and dynamics. Low-energy collisions and reactions of cold molecular ions in the specific
vibrational and rotational states prepared by the ring is our primary mission to be explored. Taking advantages
that an electrostatic ring has no limitation of mass of stored ions, we expect that the excitation and de-excitation
dynamics of large bio-molecular ions and cluster ions as well as energy-differential cross section of relevant
collisions are revealed.

We have started a new project to perform merging experiments by combining atomic and molecular beams with
an ultra-short pulsed intense laser. We have been also trying manipulation of high-energy heavy atomic ions by
the crystal periodic fields. We explore fast dynamics in the ultra short time range, and spectroscopy and
manipulation of heavy ions in the energy region from EUV to X-rays.

1. Atomic, and molecular collisions using an electrostatic ion storage ring

1.1 Cryogenic electrostatic ion storage ring

We have been developing a cryogenic electrostatic storage ring since 2010, which will serve as a core apparatus
for the production of a cold molecular ion beam in the Basic Science Interdisciplinary Research Project; Emerging
Science Explored by Extreme Beam. The project aims
to explore the quantum collision dynamics of the stored
molecular ions in the specific vibrational and rotational
states by the merging experiments with a beam of the
neutral atoms. The cryogenic chamber will provide an
extremely high vacuum condition, which offers a much
longer storage of the ion beam compared to the
room-temperature apparatuses.

Based on the design concept and the beam trajectory
simulations prepared last year, we did the basic design
of the vacuum structure, beam-transport elements, and
cooling mechanism. With the use of stainless steel, 6N
high-purity copper, and chromium copper alloy, we
designed a special vacuum chamber, which has high
A thermal conductivity and excellent vacuum property at
e S cryogenic temperatures. A prototype vacuum chamber

B was built at a scale of 1:5 for testing its cooling and
vacuum properties. These tests performed with the
prototype have made significant improvements to the
final design of the storage ring, and put them to the
manufacturing phase.

|
Fig. 1 Schematic view of our cryogenic electrostatic ion storage ring
under construction.

1.2 Neutral beam source

A neutral beam source was developed for the merged-beam experiments with cold molecular ion beam, which
allows the laboratory study of the cold collision dynamics in the interstellar spaces. A new beam line has been
built and tested with a negative carbon ion beam at 20 keV. For transport and neutralization of the negative ion

ok 28 4R



beam, we prepared an additional electrostatic quadrupole lens and dipole magnet. Beam trajectory simulation is
done using the SIMION and COSY INFINITY. We also developed a beam neutralization system using the
photo-detachment process by a second harmonic from a Nd:YAG laser. The laser system was installed, and
successfully provided enough laser power of 1.05 J for neutralization of the negative ion beam.

1.3 Cluster ion source

A molecular cluster ion source was developed by combining an electron gun and a molecular pulsed beam,
following an magneto-sputter type metal cluster ions source constructed in the last year. Produced positive and
negative molecular cluster ions were accelerated and guided into a reflectron-type time-of —flight measurement
system to identify their mass. In near future this ion source will be connected to the ion storage ring under
construction.

1.2 Experiments with an electrostatic ion storage ring of room temperature

1.2.1 Development of the injection system of large molecular ions

At Tokyo Metropolitan University (TMU), where an electro static ion storage ring (TMU E-ring) is already under
operation at room temperature, we constructed a cryogenic ion trap to store large molecular ions produced in
electro-spray type ion (ESI) source, prior to the injection into the ion storage ring, for the purpose of ion cooling
and enhancement of their intensity in a pulsed-injection mode. Cooling is achieved by buffer gas collisions under
the circumstance of 4K electrodes prepared with a GM-type cooler. We already have succeeded in introducing the
stored ions into the TMU electrostatic ion storage ring at room temperature after extraction from the ion trap and
acceleration by the pulsed mode high-voltage switching.

Laser merging experiments with a tunable visible OPO laser has started, and R&D for enhancement of the
injection efficiency to the ring and evaluation of the effective temperature of the store ions are planned. After
finishing the test of this system, the same system will be connected to the cryogenic ion storage ring under
construction in RIKEN.

1.2.2 Lifetime measurement and spectroscopy of negative linear hydrocarbon ions and carbon cluster ions

To study the electron detachment and radiative de-excitation processes of the negative molecular ions found in
cold universe, we have been measuring the lifetime of these ions stored ion the ring by monitoring the
time-dependent neutral product yield. In this year we extended the ion species to negative carbon cluster ions
covering from C4 to Cyq" ions, in order to survey their consistent behavior. We found that these ions produced in a
laser-desorption ion source or a Cs-sputter ions source, although their sizes are not so large, are in vibrationally
excited states in the time range of ms to hundred ms and the neutral product formation through electron
detachment are deeply affected by the radiative cooling process.

Generally, electron detachment of negative ions in the delayed process, taking place after thermalization,
proceeds faster for the hotter ions. The measurement of time-dependent neutral production yield in the ion storage
ring selectively provides the information on process satisfying the specific condition of the ion temperature. It was
revealed that the action spectra of the neutral yield obtained by introducing a merging wave-tunable laser requires
careful analysis for interpretation.

2. Resonant coherent excitation of fast highly charged ions

A fast ion traveling through a single crystal feels the crystal periodic potential as the oscillating fields. When the
frequency corresponds to the energy difference of the atomic levels of the ion, coherent excitation happens. This
phenomenon is called Okorokov effect or resonant coherent excitation (RCE). We have been using
100-400MeV/u highly charged heavy ions supplied from the HIMAC heavy ion accelerator at the national
institute of radiological sciences (NIRS), Japan and the GSI heavy ion research institute, Germany. To control of
the population in the atomic levels in the x-ray region, we have measured the charge state distribution of the ions
passing through a silicon crystal, secondary electron released from the ions, and de-excitation x-rays from the
excited ions while we change the angle between the incident ion beam and the crystal. We have studied RCE also
by the detection of secondary electrons released from the ions.

2-1. Single Resonance of H-like Fe ions: anisotropy in the direction of de-excitation x-ray emission

Using the 3D-RCE technique we can excite the ions into the specific excited state. Polarization of the virtual
photon of 3D-RCE is intuitively controlled by selecting the array of the crystal atomic planes. Anisotropy in the
direction of de-excitation x-ray emitted from aligned H-like heavy ions is quite interesting from a view point of
fundamental physics, since it reflects spin-orbit (Is) interaction.

However, it was not feasible experimentally due to the lack of suitable linearly polarized x-ray lasers. Although
the experiments in the electron-ion collisions were reported, it is not straightforward to extract the polarization
effect from such collision systems. Theoretically, in the case of H-like ion, x-ray emission from the 2py, state is
isotropic, and that from 2pg, state is anisotropic reflecting the orbital angular momentum, and the Is interaction
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contributes to the depolarization. We measured Ko x-rays emitted in the vertical and horizontal directions from
460 MeV/u H-like Fe®* passing through a 1um-thick Si crystal, and studied the polarization dependence by
changing m of the (k,I,m) atomic planes for 3D-RCE. The obtained results suggest that the emission from j=1/2
states is indeed isotropic, but that from j=3/2 is slightly anisotropic, which agrees with theoretical prediction.

2-2. Ladder-type Double Resonance of Li-like Ar ions: spectroscopy of de-excitation x-ray

In 2010, we succeeded in Auger electron observation for double resonance excitation of Li-like ions leading to
hollow atom formation which accompanies all of three bound electrons in the n=2 excited states. In 2011, under
the same condition for 445 MeV/u Li-like Ar*®* ions, we succeeded in observation of the de-excitation x-rays
from the Ar ions. Under the single resonance condition,
Horizontal _ compared with the case under the non-resonance
B condition, enhancement of both x-ray yields from
* Li-like and He-like ions was observed. Furthermore,
w0l these yields increased under the double resonance
- ) conditions. They were qualitatively explained by the
fact that not only excited Li-like ions increased but
also He-like ions were produced through ionization of
these Li-like ions. We now have all of the
experimental information of projectile charge states,
o am  ww  oww s e wewe Auger electrons and de-excitation x-rays, which
Fig. 2 The x-ray spectrum from the Ar ions emitted in the horizontal  enable us to simulate the whole process using the rate
direction under the non-, single- , and double-resonance conditions, ~ equation approach. Now the detailed analysis is under
respectively. The x-ray energy is converted from the laboratory way.
frame into the projectile frame.
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3 Merging experiments of a laser beam with atomic and molecular beams

We introduced an ultra-short-pulsed laser system, a visible wave-tunable dye laser, and a wave-tunable OPO laser
by designing these laser systems suitable for our merging experiment with particle beams. They are key
instruments in the program of the Strategic Programs for &D; Exploring Advanced science by Combination of a
Particle Beam and Photon. This project aims to establish basic approach to develop beam science covering
interdisciplinary area of physics, chemistry, and biology. By introducing photons of a variety of wave-length and
time-range, we are now planning to try not only the dynamics study in the short-time scale but also control of
molecular orientation with a large bio-molecular ions stored in vacuum in the ring or trap.
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