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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

Key Word :

atomic and molecular physics, atomic collision, ion storage ring, electrostatic ring, ion trap, isolated
single molecule, negative ion, cluster, merging collision, low-temperature reaction, super-excited state,
meta-stable ions, radiative cooling, chemical evolution in space, bio-molecular ion reaction, laser
spectroscopy,

channeling, highly-charged ions, heavy ions, fast ions, 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 crystals, from new methods and view
points of atomic, molecular and optical physics.

We recently have started development 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

In the collaborative works with the group of Tokyo Metropolitan University, we have dealt with a
variety of positive and negative ions from small diatomic ions to large cluster ions stored in the
liquid-nitrogen cooled electrostatic ion storage ring (TMU E-ring). We established the scheme of
selection of the specific stored ions. We monitor the circulation frequencies of the all stored ions, and
the unwanted ions species are kicked out by the multiple pulsed electric fields. We can efficiently trace
the slow reaction or dynamics in the time range from the millisecond-order to the second-order by
detecting the neutral product due to the stored ions decay or charge exchange with residual gas. We
have started intensive studies of metastable states of small molecular ions through the lifetime
measurement and selective excitation by a wave-length tunable visible lasers. Slow decay dynamics of
the large ions like dye molecules and carbon clusters was also investigated.
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1.1 Lifetime measurement of negative linear hydrocarbon ions

We stored negative linear hydrocarbon ions CmH (m = 2-6) extracted from a Cs sputter ion source as
well as negative linear carbon cluster ions Ci (n = 2-6). These molecules recently have been attracted
much attention because they are found as negative molecules for the first time in the cold universe. We
measured their lifetime by detecting the neutral products resulting from electron-detachment during
storage, and found that, as for linear carbon cluster ions, Cz, C3 and Cs have metastable
components as reported previously, while Cf and Cé have no such component. On the other hand, as
for linear hydrocarbon ions, all ions species of CmH (m = 2-6) have metastable components 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.

1.2 Lifetime measurement and laser spectroscopy of positive metastable oxygen ions

By irradiating the stored ions with a wave-length tunable visible laser, we can dissociate the ions in a
certain state selectively. Thus, by tracing the ions in the specific inner state, we can determine the
state-selective lifetimes. In this year, we measured the lifetime of the alTy metastable state of Os* ions.
The a4ll. state has the lifetime of more than 100ms since its transition to the ground state is spin
forbidden, and it plays a crucial role in atmospheric physics. So far many data concerning the lifetime
have been reported using ion traps and other devices, however they scatters to a large extent
depending on the measurement methods.

We have observed that the shape of the photo-dissociation spectra corresponding to the absorption
band b ITu — a“lTu (Av = 3) drastically changes as the storage time advances. The central region of the
band decreases within 100ms, while the both ends decays slowly. This is well explained by that fact
that radiative lifetime depends on the spin state (£ =+3/2 or £1/2). It is noted that we for the first time
have found an extremely long lifetime component of 3 seconds also exists in this band regardless of the
excitation wave length, as shown in Fig.1.
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Fig.1l Laser-irradiation timing dependence of the enhanced neutral yield
for wave-length tunable OPO laser irradiation to Oz* ions.

1.3 Laser spectroscopy of positive large molecular ions

We have already reported spectroscopy of negative zinc phthalocyanine ions in vacuum as an example
of isolated large molecular ions. To observe the radiative cooling process of this ion, we measured
laser-fluence dependence of the ion dissociation process by changing the laser irradiation timing from
the starting point of the ion storage. Then, we found that the contribution of multi-photon absorption
increases as the ion storage time advances, and estimated the cooling rate and the stored inner energy
of the ions from this dependence.



In addition, we also evaluated the change of the cooling rate of negative fullerene ions of Ceo
depending on the ion storage time, from temporal change of the dissociation process resulting from the
one-photon absorption of a laser.

1.4 Development of a liquid-helium cooled electrostatic ion storage ring

We started development of a new electrostatic ion storage ring at RIKEN, based on the experience and
knowledge of the TMU E-ring now in operation. We aim the lower temperature operation of the ring by
the liquid helium cooling, and the down-sizing to the table-top compact size. We plan to install a
neutral beam as a merging beam together with the present visible laser. The neutral beam will be
prepared by the photo-detachment of electron from accelerated negative ion. The mission is exploring
ion/neutral collisions of the stored molecular ions in the specific vibrational and rotational states.

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 400MeV/u highly charged heavy ions supplied from the HIMAC heavy ion
accelerator at the national institute of radiological sciences (NIRS) for this purpose. 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 can observe 3-dimensional RCE
(3D-RCE) utilizing the periodicity of the crystal atomic planes by adopting a thin Si crystal foil of 11'm
in thickness. 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.

We recently have started observation of RCE through the detection of secondary electrons released
from the excited states, which enables us to study the excited states in detail. We also started precise
spectroscopy of heavy ions using the RCE technique at the GSI heavy ion research institute, Germany,
and have succeeded in observing the clear resonance thorough de-excitation x-ray measurements as a
first step.

2.1 Control of the population in the magnetic sublevels by 3D-RCE: alighment observed by x-ray yield
anisotropy

We can select the polarization direction of the oscillating field that the ions feel, by selecting the array
of the crystal atomic planes in 3D-RCE. We experimentally confirmed that the excited ions can be
aligned using this polarization, which is confirmed by the large angular anisotropy in the de-excitation
x-ray yield. Namely, such alignment of the magnetic sublevels is directly reflected in the angular
distribution of de-excitation photon emission for the electric dipole (E1) transition. When we place the
x-ray detectors in the perpendicular x and horizontal (y) directions, respectively, in the ion rest frame,
the former detector detects x-rays from 2py and 2pz sublevels in the 2p states, and the latter one
detects x-rays from 2px and 2pz sublevels. Under this experimental condition, We excited helium-like
Ar16+ and Fe24* ions from the ground state (1s2) to the 1s2p state with the array of the crystal atomic
planes. As the selected array of the atomic planes tilt with respect to the incident ion beam, the
direction o f the polarization inclines to the x-direction, By measuring the x-ray yield both in
perpendicular and horizontal directions, we clearly observed that the x-rays are emitted in the
horizontal direction preferentially. This observation well agreed with theoretical prediction, and we
confirmed that alignment of the 2p state can be controlled by the selection of the array of the crystal
atomic planes.
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Fig.2 Resonance profiles observed by the x-ray yields, when the direction of
the polarization of coupling and probing oscillating fields is controlled. The x-ray
yields detected in the horizontal and perpendicular to the crystal (220)planes is shown.

2.2 The A-type double resonance of 3D-RCE observed by de-excitation x-rays

We recently have investigated the A-type double resonance of 3D-RCE in helium-like Ar16+ (1s2 — 1s2p,
1s2p — 1s2s) where we excited from the 1s2(11S) state to metastable 1s2s(21S) state trough the
1s2p(21P) state. When we scanned the frequency corresponding to the 11S - 21P transition (probing) by
rotating the crystal, while fixing the frequency corresponding to the 218 - 21P transition (coupling), we
observed split peaks at the position of the transition energy of 11S - 21P in the charge-state resonance
profile. The split peak is ascribed to a well-known Autler-Townes doublet owing to the strong
interaction between the two states, and this behavior is well described by the concept of the “dressed
atom” formed by the crystal oscillating field. In this year, we studied this double resonance by
measuring de-excitation x-rays. As already described at the section 2.1, we can control the population
in the magnetic sublevels by 3D-RCE.

In the double resonance experiment, we utilized the array of the crystal atomic planes corresponding
to the x-direction (perpendicular to the (220) plane) in the polarization for coupling between the
21S-21P states. Then, the 21Px component in the 21P state couples the 21S state by the strong field and
form split state. We can distinguish the x-rays from the 2!Px and 2!Py states using the angular
distribution of de-excitation x-ray emission. The Autler-Townes doublet was observed in the
horizontal direction, while a non-perturbative single peak was observed in perpendicular direction. We
also can selectively probe the specific sublevel by selecting the polarization direction of the oscillating
filed for probing. Figure 2 shows the resonance profiles of the x-ray yield for various polarization
directions of probing. In the case that the array of the atomic planes of the (1, 1,0) Miller index is
applied, the polarization of probing is orthogonal to that of coupling, and thus, the 1s2px
component is not excited and the splitting is not observed . On the other hand, when we select the
atomic planes of the (1, 1,4) Miller index, its polarization is almost directed to the x-direction as the
coupling field. Therefore, the completely split doublet are observed since we can probe only the 1s2px
component forming the dressed state. Thus, we could clearly show that we can selectively observe the
coupled or uncoupled substates.



2.3 3D-RCE of He-like Arlé+ions observed by convoy electron measurement

Electrons released from the traveling ions proceed in the forward direction at the same velocity with
that of the incident ions, which is often called as convoy electron. Their width is expected to reflect the
bound electron’s momentum distribution of the parent ion before ionization. We detected the secondary
electron emitted into the forward direction (the zero degree to the ion beam) from 416MeV/u
helium-like Arl6+* ions passing through an 1[1m-thick Si crystal by placing a magnetic analyzer coupled
with a SSD-type Si detector at the 10 cm downstream of the target crystal in the vacuum chamber. The
magnetic analyzer measured the momentum of the ions and the SSD measured their energy. Under the
resonance condition, the convoy electron yield enhances, because the excited ions increases and they
are more easily ionized.

Figure 3 shows energy distribution of the convoy electrons under the conditions of non-resonance and
3D-RCE by the array of the atomic planes of the (1, 1,2) Miller index. Narrowing of the energy width
originating from the excited component by 3D-RCE was clearly observed. We now plan to extend this
type of experiments in the condition where the ion alignment and the wave function behavior reflect
the energy width of this convoy electrons more sensitively
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Fig.3 Secondary electron energy distributions in the forward direction
under non-resonance and resonance conditions.

2.4 The Ladder-type double resonance of 3D-RCE:doubely-excited states

Multiply-excited ions with all of bound electrons in the outer shell, that is, with an completely empty
inner shell are often called as “hollow” ions. The strong interaction between the bound electrons in
this hollow ions requires theories dealing with quantum many particle systems to describe the system
appropriately beyond the independent electron model (or the mean filed approximation).
Experimentally selective formation of the hollow ion is not easy. Thus, the investigation of the hollow
ion 1s one of the most interesting subjects in atomic physics theoretically and experimentally.
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We performed the ladder-type double resonance of 3D-RCE of 465MeV/u helium-like Ar16* ions with
two bound electron. As seen in Fig. 4, we first excited the ions from 1s? ground state to the 1s2p
singly-excited state by the array of the atomic planes of the (1, 2, 3) Miller index. Then we further
excited the ions from 1s2p state to the doubly-excited 2p2state by the array of the atomic planes of the
(1, 1,2) Miller index. In this sequence we succeeded in exciting all of two electrons to form the
double-excited state selectively. Doubly-excited ions are more easily ionized by the collisions with
target atoms compared with singly-excited ones. In addition, they decay thorough the auto ionization
process accompanied by the Auger electron emission. Thereby, we experimentally observed that the
survival fraction of the incident ions with charge of 16+ decreases 1.5 times more under the double
resonance condition compared with the single-resonance condition.
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Fig.5 The secondary electron energy distributions at the zero-degree direction under
the conditions of single (left) and double (right) resonances.

As for the de-excitation process, x-ray energy from doubly excited 2p2? state tols2p state is 3287.0eV,
while that from the 1s2pstate to the 1s2 state 1s 3139.6eV. We can expect to observe the former x-ray
emission for the doubly-excites state formation. Experimentally we can distinguish these two x-ray
energies because the resolution of the Si(Li) x-ray detector is about 150eV.

From this measurement we noticed that the doubly-excited state decays by ionization rather than
x-ray emission, and furthermore as for ionization, Auger electron emission is more preferred that
ionization by the collision with the atoms in a crystal. Accordingly, to observe the decay process of the
doubly excited state more directly, we measured the Auger electron by adopting a magnetic analyzer as
described in the section 2.3.

Figure 5 (left) shows that only convoy peak due to electron loss from the ions by the collision with
target atoms. Under the double resonance condition, in addition to the convoy electron peak two new
peaks appeared corresponding to the Auger electrons at the both shoulders of the convoy electron peak
as shown in Fig.5 (right). Since the Auger electron with an energy of 2.3keV are released from the
traveling ions, we can observe the electron emitted in forward and backward directions by the analyzed
placed at the forward (zero-degree) positions, as a result, the momenta of them are 645 keV/c and 495
keV/e, respectively. This observation is a direct evidence of the selective doubly-excited state formation
in the x-ray energy region, which has not been attained before by the optical methods. We regard that
this is an important milestone for the progress in this field.

2.5 Precise Spectroscopy of 2s12 — 2psi2 of Li-like U8+ by RCE
We tried precise spectroscopy of the 4.5keV transition from the 2s12 to 2psse state of Li-like U8%*ions by



RCE aiming the QED test at the strong field at GSI heavy ion research institute, Germany. As the
nuclear charge increases, the excited state radiatively decays rapidly. Therefore, we observed RCE by
measuring the x-rays. Since the beam intensity is not so high, and the excitation probability is
relatively small due to the second order Fourier component of the periodic field adopted, the
high-efficiency x-ray detection was necessary. Four large-area (100mm?2) Si drift x-ray detectors were
installed in the vacuum chamber, and cooled by combination of a Pertier device and a heat pipe. We
succeeded in observing clear RCE resonance, and the observed peak position is in good agreement with
the theoretical prediction. It is noted that the resonance width of the observed peak reflects the ion
beam energy width provided from the SIS ring together with the energy straggling resulting from the
ion passing through the stripper foil for charge stripping.
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