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Outline

We experimentally study wide-ranged physical processes; cold chemical reaction relevant to universe evolution,
dynamics of large complex molecules, atom interaction with 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 also been trying manipulation of high-energy heavy atomic ions by the crystal periodic fields. Now this
coherent excitation using a crystal is established as a new tool for spectroscopy and manipulation of heavy ions
without using photons in the energy region from EUV to X-rays, which is not easily achieved by traditional laser
technology.

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

1.1 Development of an electrostatic ion storage ring of liquid-helium temperature

Development of a new electrostatic ion storage ring at RIKEN is now in progress for extended experiments at
lower temperature, based on the experience and knowledge of the TMU E-ring. In this year, we performed basic
designing with simulation, and plan to start construction from 2012. A part of the constructions have been already
started. We aim the lower temperature operation of the ring, and the down-sizing to the table-top compact size
combined with a pre-cooling ion trap.

Molecular ions produced at the ion source are often hot and will be cooled down during storage and circulation
in the ring. However, the required time period is quite long, and it sometimes needs the order of several seconds.
We plan storing the produced ions in the low-temperature pre-cooling ion trap in advance. The ions are cooled by
the elastic collisions with He-buffer gas, and are introduced into the ion ring. The ion ring itself is also cooled
down to the liquid-helium temperature and diagnosis of the vibrational and rotational state of the stored ions by
the laser-merging technique is planned. Our mission is exploring ion/neutral collisions of the stored molecular
ions in the specific vibrational and rotational states by the merging experiments with a beam of the neutral atoms.
Keeping the whole devices at the low temperature, we also expect the extremely-good vacuum condition to store
the ions for the long period.

Initially, introduction of liquid helium flow had been considered for the low temperature. However, taking
account of handling and efficiency, we decided to adopt GM-type helium cryo-coolers; three for the ion ring and
one for the pre-cooling ion trap. We prepare a square-shaped table made of Al-alloy, and all elements and
electrodes for controlling the trajectories and devices monitoring ion trajectories are settled on the table, which are
cooled below 10K. This main component is contained in an ultra-high vacuum chamber and covered with
doubly-folded thermal-shielding boxes. All of them are installed an outer-vacuum chamber of cylindrical shape.
Attachment of the cryo-coolers needs specific devices, and effective cooling of the two-staged shielding boxes
requires thermal-flow calculation in detail. Problems related with down-sizing are critical, and adjustment of the
electrode configuration including the precision of the assembling and thermal shrinking was also considered with
ion trajectory simulation.

Concerning designing of the pre-trap, we decided to adopt a cylindrical RF ion trap cooled with a GM-type
helium cryo-cooler, which was a modified version of the ion trap for the cluster-ion spectroscopy
already-developed in our collaboration. For a neutral atom beam for ion/neutral merging experiments, we
introduced a new Cs-sputtered ion source for negative atomic ions, an acceleration system, and a Nd:YAG laser
for electron detachment of the negative ions to produce the neutral beam.



1.2 Experiments with an electrostatic ion storage ring of room and liquid-nitrogen temperatures

In the collaborations with atomic physics group and the cluster-chemistry group of Tokyo Metropolitan
University, we have intensively involved in the following experiments dealing mainly with molecular ions using
the electrostatic ion storage ring (TMU E-ring).

1.2.1 Development of the injection system of large molecular ions

We adopted an electrospray ion source (ESI) and a magnetro-sputter type cluster ion source to introduce large
molecular ions including biomolucular ions and cluster ions. Using the ESI coupled with a quadruple mass
spectrometer, multiply-charged protein ions and microhydrated methylene blue cations, MB™ (H,0),, were
produced and their size-distributions were measured as a function of the source temperature. A series of MB"
(H,0), ions was observed up to n [J 60. A striking feature observed in the mass spectra was that the series of
hydrated ions started at n = 4; intensities of N =1 — 3 were extremely suppressed. The absence of n =1 — 3 ions
was well explained by the energetics concerning evaporation processes of water molecules, based on stable
structures and the binding energies of MB" (H,0), ions calculated by DFT calculations up to n =5. MB" (H,0),
ions for N > 4 evaporate a single water molecule sequentially, while MB" (H,0), tends to fragment into MB" and
(H,0), rather than MB" (H,0); and an H,O molecule. We observed a clear magic peak at n =24, which strongly
suggests that the MB" (H,0),4 ion was formed by attaching a neutral (H,0),, cage onto an MB " (H,0), ion.

These methylene blue cations were captured in the pre-ion trap prior to the injection to the ring, and extracted in
a pulsed mode of 10 Hz frequency and accelerated to 15 keV for ring injection.

Absolute ion intensities were measured by extracting the stored ions from the ring, and their storage time
dependence was obtained by scanning the extraction timing against the injection time. Introducing a visible
wavelength tunable OPO laser into the straight section of the ring, neutral products resulting from
photo-absorption was monitored with this technique to perform action spectroscopy. The obtained spectrum is
blue-shifted compared with the reported absorption spectrum in solution, which suggest the solvation effect. By
introducing the cryo-cooled pre-trap, we plan injection of the well-cooled large molecular ions in the ring in near
future.

As for the magnetro-sputter type cluster ion source, we observed plasma ignition and constructed an ion-funnel
for guiding the ion with a RF electric field.

1.2.2 Lifetime measurement and spectroscopy of negative linear hydrocarbon ions
Existence of negative molecular ions in cold universe
has been recently found and confirmed by radio telescope
S BT ey observation and microwave spectroscopy in laboratories.
(a)CH They are linear hydrocarbon ions of C4H, C¢H', CgH,
: and electron detachment and radiative de-excitation
process via metastable states play a key role in the
formation process. The ion storage ring is capable of
storing the ions for the long period, and it is suitable to
detect neutral products from log-lived metastable states.
Thus, we stored and investigated C4H and C¢H ™ ions in

addition to C4 and C¢ ions.

They were extracted from a Cs sputtered ion source,
accelerated to 20 keV, and injected into the ion ring.
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storage, and found that C4H and C¢H™ have metastable components of the millisecond-order lifetime, while C4
and C¢ have no such component.

As a typical example, we show the storage-time dependence of the neutral product yield for C4H in Fig. 1. A flat
region in the figure has a decay lifetime of several seconds due to the collisions with residual gas. The metastable
fraction consists of several components decaying via auto-detachment of the millisecond-order lifetime. We
confirmed that these components are not related with blackbody radiation, since we observed no change of these
lifetimes when the ring was cooled down to the liquid nitrogen temperature.

For spectroscopy of these molecular ions, we again introduced a visible wavelength tunable OPO laser into the
ring. We observed that electron detachment takes place by absorption of one photon with energy smaller than
electron affinity of these ions, which suggests that the ions produced in the ion source are initially hot. The
spectrum measured at the timing of 5-90 ms after the ion injection shows that the total neutral yield normalized to
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the number of the stored ions gradually decreases, and the rising-edge structure at the region of 600-700 nm
appears especially for C4 during the ion storage. Both indicate that these ions experience radiative cooling
process.

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 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. We can observe 2-dimensional RCE (2D-RCE) and 3-dimensional RCE (3D-RCE)
utilizing the periodicity of the crystal atomic strings and planes by adopting a thin Si crystal foil of 1-10 micron in
thickness.

2.1 3D-RCE observed by convoy electrons: 105 MeV/u and 412 MeV/u He-like Ar'® 15— 1s2p

In 2010, we succeeded in observing the convoy electrons from the aligned state for the first time under the two
different conditions at HIMAC. One is RCE from 1s” to 1s2p, excited states for 105 MeV/u helium-like Ar'®" ions.
The po state is obtained by exciting the traveling ions with the array of atomic planes perpendicular to the
direction of the ion motion by adopting an array of atomic planes specified by Miller index of (kkm)=(200). The
other is RCE for 412 MeV/u helium-like Fe** ions using the same (200) atomic planes. In contrast to the
theoretical expectation, both cases did not show significant change in the energy distribution of the convoy
electrons. For the former case, the released electrons with energy of 58 keV suffer from subsequent multiple
scattering in the crystal and it is suggested the original structure may be obscured. However, the latter case of 224
keV electrons is free from such a problem. Thereby we concluded that an anti-cusp structure, which was initially
expected from theories, was not observed at least under the present resolution of the electron analyzers.

However, we obtained more significant features in the convoy electrons. For all of the cases, regardless of the
alignment, we indeed observed that the relative enhancement of the convoy electron yield between on and off
resonance conditions was much larger than the relative decrease of the survival fraction. It leads that the
geometrical detection efficiency of the magnetic analyzer for the convoy electron emitted from the excited state is
larger than that for the convoy electron from the ground state. This is reasonably explained by the fact that the
energy spectrum of the convoy electrons mirrors the momentum distribution of the initial bound state of the ions
(the Compton profile). The momentum width of the convoy electron originating from the 2p excited state is
narrower than that from the 1s ground state, and especially in this case the momentum width in the transversal
direction with respect to the ion beam is crucial.

Previously, before these observations we had expected that the energy distribution should reflect the momentum
width of the initial state of the ions excited by 3D-RCE in the parallel direction to the ion beam to a large extent.
However, we now realized the convoy electron yield is much sensitive to the Compton profile in the transversal
directions. It is anticipated that such tendency is indeed reproduced by theoretical simulation including the
analyzer condition.

2.2 Ladder-type double resonance of 3D-RCE:doubely-excited states (triply-excited state formation of
lithium-like Ar ions): 445 MeV/u Li-like Ar'" 1572s— 1s2s2p—>252p2

We tried selective formation of the doubly-excited heavy ions under the double resonance condition of 3D-RCE,
which is not easily attained by conventional optical methods. Inspired by the success in the double resonance
experiment of helium-like ions in 2009, we proceeded in double resonance excitation of lithium —like ions to form
a hollow atom which accompanies all of three bound electrons in the n=2 excited states. We performed a double
resonance experiment for 445 MeV/u lithium-like Ar'*" jons, and induced excitation of both K-shell electrons into
the n=2 excited states: the transition of 1s*2s - 1s2s2p through the array of the atomic planes of (k,I,m)=(1,-2,-3)
and subsequent transition of 1s2s2p — 2s2p” (1,-1,-2). The survival fraction of Ar'*"ions decreased from 0.30
under the non-resonance condition down to 0.24 on single resonance condition, and to 0.22-0.24 on the double
resonance condition.
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Fig. 2 Emitted electron energy spectra at zero degree
under the double resonance condition.

As shown in Fig. 2, we observed evident Auger electron
enhancement at the both shoulders of the convoy electron
peak. Auger lifetime of the intermediate state of 1s2s2p
depends on the spin state, i.c., 2pl/[or 2p3/27, which should
affect the yield of the final state formation. To confirm
formation of the hollow atom, we need information of
more precise energy of Auger electrons to distinguish the
initial states precisely.

2.3 Precise Spectroscopy by Precision spectroscopy by
RCE: 190MeV/u Li-like U 2s;,, — 2ps;

Aiming precise spectroscopy of the 4.5keV transition
from the 2s;,, to 2ps); state of Li-like U*" ions for the QED
test at the strong field, we performed RCE experiments in
summer of 2010 followed by the first trial in the previous
year at GSI. As the nuclear charge increases, the excited
state radiatively decays rapidly. Therefore, we observed
RCE by measuring the x-rays by four large-area (100 mm?®)
Si drift x-ray detectors installed in the vacuum chamber.
190MeV/u Li-like U*" ions have passed through 10

micron thick Si crystal under the (200) planar channeling condition, and excitation from 2s;,, to 2p;., state were
induced by 2D-RCE through the array of the atomic strings of (k,I,)=(2,1). We succeeded in observing clear RCE
resonance, and the observed peak position is roughly in agreement with the theoretical prediction. In the previous
experiments, the resonance width reflects the ion beam energy width provided from the SIS synchrotron tin
addition to the energy straggling resulting from the ion passing through the stripper foil for charge stripping.

To overcome this problem, helium-like U**" ions were extracted from the SIS synchrotron, and stored in the ESR
ion storage. The stored ions were cooled by merging with the electron cooler. The charge-changing component of
lithium-like U*" due to electron capture was extracted from the ESR and transported to the experimental chamber.
Owing to this process, we could reduce the energy width of the incident beam to a large extent, however the
observed resonance width was not so narrow as expected. This suggests that the angular divergence during the
beam transport remains as an origin for broadening of the resonance width.
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