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Key Sentence:

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

2. Exploring atomic, molecular, and photonic physics utilizing the advanced photon sources
3. Resonant coherent excitation of fast highly charged ions

Key Word :

atomic and molecular physics, atomic collision, ion storage ring, electrostatic ring, ion trap, isolated
single molecule, cluster, merging collision, low-temperature reaction, excited ions, meta-stable ions,
radiative cooling, chemical evolution in space, bio-molecular ion reaction, laser spectroscopy,
ultra-short-pulsed intense laser, atto-second physics, high-harmonic generation, time-resolved
spectroscopy, molecular alignment and orientation technique, coherent control, 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 constructed 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 a cryogenic electrostatic ion storage ring
1.1 Cryogenic electrostatic ion storage ring
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Fig. 1 Schematic view of cryogenic electrostatic ion storage ring



Fig. 2 Arrays of electrodes placed on the single CrCu plate inside the cryogenic electrostatic ion storage ring

We have developed a cryogenic electrostatic storage ring, 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.

The main sections, like an ion storage ring itself, a high vacuum chamber, were manufactured, and we

assembled them and tested the performance in vacuum and low-temperature (Figs.1 and 2).
The temperature of the storage ring reached down to 4.9K, which is better than our goal. We are now
testing the performance of the vacuum: we have confirmed the order of 10" Torr by the vacuum gauge
at the room temperature region. By adding a cryogenic pump, we naturally expect better vacuum by one
order. This means that the vacuum of the main ring in the cryogenic temperature region will attain the
order of 102 Torr.

The development of required additional instruments like power supplies, regulation systems, detectors,
are also in rapid progress. After assembling these instruments, we plan the first ion storage experiment
in the middle of 2013.

1.2 Development of the injection system

In addition to the development of the cryogenic ion storage ring, we simultaneously prepared an ECR
highly-charged ion source producing heavy atomic ions for testing the performance of the ion storage
ring, an ESI ion source producing molecular ions, together with the beam transport and injection
systems combining the ring and these ion sources. The ECR ion source is used for optimization of the
applied voltages to the electrodes, adjustment of the pulsed ion injection sequence, and to evaluation of
the attained vacuum quality through the ion storage time measurement. The molecular ions generated in
the ESI ion source are stored for the ion temperature diagnosis through the absorption spectrum
measurement with a merging tunable laser.

At the downstream of the ESI ion source, we prepared the cryogenic ion trap in order to pre-cool the
ions and to increase the number of them. The pre-stored ions are cooled by the gas collision under the
environment surrounded by the 4K electrodes cooled by a GM cooler device. The cooled ions will be
extracted and accelerated in a pulse mode by the pulsed high-voltage application, and guided into the
ring. In this year, all parts and instruments are ready now, and their assembling is scheduled in the early
stage of 2013.

2 Atomic, and molecular collisions using a room-temperature electrostatic ion storage ring
2.1 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 studied especially Cs’, C¢", and CgH ions IWe have measured the lifetime of
these ions stored in a room-temperature ion storage ring in Tokyo Metropolitan University (TMU) by
monitoring the time-dependent neutral product yield. We understood the whole dynamics of the delayed
process of these isolated molecular ions in the time range slower than ms.

Large-sized negative molecular ions are generally in the hot temperature, namely in the high vibrational
states with large inner energy. Electron detachment of negative ions takes place when they hold the
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internal energy above the electron affinity. It is known that this process proceeds statistically through the
delayed process, and the rate is determined as a function of the internal energy, often termed as the
thermionic emission; namely, the faster rate for the higher internal energy, and vice versa. Thereby, we
can obtain the information of the internal energy by observing the time dependent behavior of the
electron detachment of the ions.

Previously, existence of the metastable state dependent on the even-odd parity of the carbon numbers
(n) has been pointed out for the linear carbon cluster ions (C,"), and the observed lifetime of the negative
ions was supposed to reflect this property. However, we found from experiments and theoretical
simulations that the relatively small ions of Cs’, in a similar way as the large-sized ions, experience the
delayed process statistically resulting in electron detachment. This fact leads to the conclusion that the
specific metastable state is not involved in the cooling process. In comparison of C4, and C¢H’ ions, we
confirmed that the CgH ions shows a similar behavior as the Cs ions, while the cooling process of the
Cs ions is not explained by such delayed process solely. The candidate of the contributing process is
not by IR photon emission between vibrational levels, but the cooling process by emitting a visible
photon that decreases the energy to a large extent. Indeed our simulation suggests that the low-energy
electronic excited states contribute to cooling heavily for C¢", but no such state exists for C¢H". Thus, it
was revealed that negative carbon cluster negative ions show a drastic difference in their cooling
process depending on the H atom addition or not. The experiments using an ion storage ring play a
crucial role in studying the slow process which is important but not fully understood due to the lack of the
experimental technique, and this approach is expected to be more important in the cryogenic ion storage
ring under development in RIKEN.

3 Exploring a new Atomic, Molecular, and Photonic Physics utilizing the advanced photon

sources

We installed and developed a femto-second laser, an atto-second laser, a wave tunable nano-second
laser, and evaluated their performance together with synchronization. Laser beam transport lines into
target chambers were prepared, and experiments using these laser systems have started as described
below. In addition, aiming AMO physics experiments with an x-ray free electron laser (XFEL) developed
at RIKEN Harima, we performed photoelectron/molecular imaging experiments using the XFEL in
collaboration with the KEK atomic physics group.

3.1 Development of a CEP stabilized a-few-cycle laser and an atto-second pulsed photon source
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Fig. 3 A density-gradient hollow core fiber suppression system (a,b) and an example of the obtained a few cycle
pulse obtained (c), and HHG spectrum (d)

We designed and assembled a density-gradient hollow core fiber compression system. By combining it
with a commercial laser (Femtopower X, Femtolasers GmbH), we constructed a carrier envelop phase
-stabilized a few cycle laser, and produced a high-harmonic generation (HHG) (Fig.3). As specification,
we attained a pulse width of 3.9fs (assuming Fourier limit), pulse energy of 1.0mJ, with stabilization of
carrier envelop phase (CEP) at the stage after hollow core fiber compression, This satisfies a
requirement for a pump laser to explore the atto-second physics. We have already confirmed a good
performance as expected by using a photoelectron spectroscopy device. By introducing a specific
chamber dedicated for HHG and a soft x-ray glazing incidence spectrometer, we indeed observed HHG
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(Fig.3(d)).

In addition, we synchronized a second order harmonic of the wave-tunable dye laser and the
femto-second laser, and succeeded in obtaining a new type of signal of two-photon resonant four-wave
mixing by suppressing timing jitter less than 1ns.

3.2 Development of the laser beam line for injection into an electrostatic ion storage ring, an
photoelectron spectrometer, and a photoelectron/molecular imaging devices

To realize the research project of the Strategic Programs for R&D; Exploring Advanced Science by
Combination of a Particle Beam and Photon, we constructed a laser beam line to introduce the
developed laser into an electrostatic ion storage ring, an photoelectron spectrometer, and a
photoelectron/molecular imaging device. The main purpose of the present research project is to
establish a fundamental experimental basement for exploring interdisciplinary beam science covering
physics, chemistry, biology using particle beams well controlled by photon in a combination of particle
beam and laser. By introducing lasers with wide range of wavelength, pulse width, and polarization into
stored ions in the ion storage ring, we plan investigation of the dynamics of bio-molecular ions in the
short time range as well as their alignment and polarization control by photon.
To avoid self-focusing effect by air, self phase modulation, and dispersion effects in the beam line, we
installed the specially manufactured window with optical coating for VUV, soft x-ray pulsed, visible, near
IR femtosecond laser pulse.

3.3 Development of the laser system for precision measurement of lifetimes of unstable particle

By the methodology of atto second physics, we can understand rapid motion of atom, molecule, and
electron. However, it is not well explored whether this provides valuable information on fundamental
physics like quantum electrodynamics, super symmetry theory. We started development of a
spectroscopy system based on a new strategy aiming for direct measurement of the decay lifetime of
unstable particles (or states) like positronium, which is described by the fundamental physics constant,
using a combination of pair of atto second and femto second pulses.
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Fig. 4 Photoelectron spectra for Ar and SFg irradiated by a 25fs linear polarized laser

3.4 Photoionization process in the intense photon field using a TOF type photoelectron analyzer

To study atomic/molecular ionization process under the intense photon field, we measured the
tunneling ionization process of isolated atoms and molecules under the laser intensity of 10** ~ 10™
W/cm?, using a time of flight type photoelectron analyzer (e-TOF). The pulse width of the laser was 5 fs
and 25 fs, respectively, under linear and circular polarization conditions. For a target, we adopted Ar
(Ip=15.76 eV) and SF¢ (Ip=15.32 eV), the ionization potential of which is similar.

In photoelectron spectra for the linear polarization along the e-TOF axis (Fig. 4), the behaviors in the
low-energy side originated from the direct tunneling ionization are quite similar for Ar and SFg, however,
those in the high-energy side from the scattering process are different. This is qualitatively explained by
the difference in the electron back scattering cross section.

In the case of circular polarization, the characteristic feature was found in the high-energy side, which is
not explained by the Ammosov- Delone —Krainov (ADK) model often used for molecular tunneling
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ionization. Now we plan extensive experiments by introducing photoelectron-fragment ions 2D-velocity
mapping device and a 1kHz pulsed molecular beam.

4. Resonant coherent excitation of fast highly charged ions

A fast ion traveling through a single crystal feels a 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.

In this year we installed multiple SDD x-ray detectors in the vacuum chamber, and relevant devices to
measure the detailed angular dependence of the de-excitation x-rays. Coincidence measurements
between incident ions, x-rays, secondary electrons are also scheduled in 2013. The major results in
2012 are described as follows.

4.1 Athin Ge crystal target

For a long period, the material adopted for the crystal targets, has been limited to silicon (Si) due to its
high quality in crystal perfectness. In this year, we for the first time performed RCE experiments using an
extremely thin (0.9 micron-thick) Germanium (Ge) crystals. Germanium has nuclear charge of 32, more
than twice larger compared with Si, and we had expected enhancement of the resonance intensity.

We succeeded in observing the RCE from n=1 to n=2 of 460 MeV/u Fe ®* ions passing through the Ge
crystal by measuring charge state distribution and de-excitation x-ray yield for the case of 2D-RCE and
3D-RCE.

However, the observed resonance intensity was not so large as expected, and the resonance width
was also broadened. In the case of 3D-RCE, the background originating from the non-resonant
excitation process increased. This reflects a poor quality of the Ge crystal compared with Si. We
observed the critical angle of the planar channeling is indeed 10 times larger than Si, which suggests the
curvature of the mm order. Nevertheless, this result was regarded to be a critical milestone for RCE
experiments from the viewpoint of the first experiment using a crystal other than Si.

4.2 The higher state resonance of H-like Ar ions

We observed the excitation into the higher n states using 3D-RCE for 391 MeV/u H-like Ar'’+ ions.
Highly excited states are more likely ionized by the collision with target atoms rather than de-excitation
by emitting x-rays. We succeeded in observing resonances not only in de-excitation x-ray yield, but also
in the charge-state fraction. When we selectively excited the ion into n=3 state, we could observe an
increase of the yield of 2p->1s de-excitation x-rays in addition to the one of 3p->1s x-rays reflecting the
cascade process. In the case of the excitation into the n=4 state, enhancements of the x-rays of 3p->1s,
2p->1s were also observed. In 3D-RCE measurements we use a thin Si crystal of 1micron thickness,
and excited ions has a chance to leave from the target into vacuum escaping collisional ionization. This
leads to enhancement of x-rays emission compared to ionization.
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Fig. 5 De-excitation x-ray energy spectra under the resonance condition from the ground state to n=2, 3
and 4 states of H-like Ar'"" ions
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We also challenged the excitation into the higher n states via the two-step process, that is, the
ladder-type double resonance. Previously, we succeeded in the [ype double resonance of 1s->2p->2s,
or the 2-electron excitation of 1s*->1s2p->2p?, but we have not tried the ladder-type resonance to higher
n excited states of H-like ions previously. We measured the charge-state fraction spectra for a double
resonance of n=2 and 3 as well as single resonances to n=2, 3 respectively. We confirmed large
enhancement under the double resonance condition. By comparing this yield with those of the single
resonances, we can discuss whether the observation is described by n=1->2->3 sequential double
resonance or simply by the sum of n=1->2, n=1->3 transitions. We also tried the ladder-type double
resonances for the n=1->2->4 transition. Detailed analysis is now under way.
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	For a long period, the material adopted for the crystal targets, has been limited to silicon (Si) due to its high quality in crystal perfectness. In this year, we for the first time performed RCE experiments using an extremely thin (0.9 micron-thick)...
	We succeeded in observing the RCE from n=1 to n=2 of 460 MeV/u FeP 25+P ions passing through the Ge crystal by measuring charge state distribution and de-excitation x-ray yield for the case of 2D-RCE and 3D-RCE.
	However, the observed resonance intensity was not so large as expected, and the resonance width was also broadened. In the case of 3D-RCE, the background originating from the non-resonant excitation process increased. This reflects a poor quality of ...

