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Developments and Applications of Exotic Quantum Beams
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A highly charged ion (HCI) has a large potential en-
ergy and is accompanied with a strong electric field. Using
this unique property, we have been studying the formation
mechanisms of nano-structures and ultra-sensitive elemen-
tal analysis of adsorbed atoms. It was found for the first
time that nano-dots observed with STM in various labo-
ratories are not just electronic structure changes but real
topological changes, at least in the case of highly-oriented
pyrolytic graphite samples. It was also found that the
nano-dot size (diameter) is more or less proportional to
the incident charge state but its height does not depend
on the charge state. Further, it was confirmed that the
incident kinetic energy does not affect the size and height
of the nano-dots, revealing that nano-dot formation is in-
duced by a high density potential energy deposition on the
HOPG surface in a fs time range.

It was also found that (1) F* ion yields from a F/Si
(100) surface drastically increases with the charge of HCI
(proportional to ¢®), (2) FT ions are emitted in the direc-
tion of the Si-F bond (22 + 4 degree) independent of the
charge, the kinetic energy, and the incidence angle of the
highly charged ions.

An electron beam ion source using a high-T. bulk su-
perconductor as a solenoid coil has been operated very sta-
bly, which can provide slow, highly charged ions as high
as Xe*2t, the highest charge state extracted from a liquid
nitrogen cooled system.

The angular differential energy gain spectra of N3 ions
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were measured for 300~800eV N jons bombarding a
He gas target. From these spectra, a two-dimensional (2-
D) contour map of the scattered ion intensities was con-
structed as a function of the kinetic energy difference be-
tween incident and scattered ion and the scattering an-
gle. It was found that three or four states are involved in
DEC channels which correspond to the N3T (1s?2p?), N3*
(1s?2s31), N3* (1s?2p3l1) and/or N3t (1s?2s4l). Plotting
the 2-D contour maps in 300-800¢eV as a function of Eg 6
(keVdegree), N*T (1s%2p?), N (1s?2s31), N3+ (1s*2p3l)
and/or N3T (1s?2s4l) states have peaks~3.0, ~1.0, ~0,
and 2.5 keVdegree, respectively.

To study the multiple electron processes in a close col-
lision, we have measured the charge state correlation be-
tween the scattered and recoil ions in large-angle scattering
of 5keV Ne?" (q =1, 2, 3 and 7) with Ar atom. The scat-
tered Ne and recoil Ar ions were detected at 27° and 70°
as expected from the kinematics of elastic scattering. Each
ion detection telescope consists of a time-of-flight (TOF)
drift tube and a two-dimensional position-sensitive detec-
tor with a microchannel plate. For each coincidence event,
the positions of the scattered and recoil ions and the differ-
ence of the TOF values (A TOF) between these ions were
recorded. With the drift tube biased on an electrostatic
potential, the ion velocity and its transit time in the tube
depend on the charge state, so that we can determine the
outgoing charge states using A TOF. In the case of low
incident charge state (q = 1-3), single-electron capture
with target ionization was the most important channel.
In the q = 7 case, we have estimated that the maximum
combination of charge state was Ne*t and Ar®*, which
means that 3 electron capture with 2 electron ionization is
the strongest channel. It was found that the mean charge
states of both the scattered ions and recoil ions increased
with q. Surprisingly, it was found that the number of emit-
ted electrons was approximately 2 and almost independent
of q.

L X-rays emitted from transmitted highly charged ions
from a metallic microcapillary were measured incoinci-
dence with the final charge states for various Ar ions, which
is expected to reveal the formation and relaxation pro-
cesses of hollow atoms formed above the surface. It was
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found that the yields of L X-rays from Ar ions, which have
one stabilized-electron, decrease faster than those from
ions with multiple stabilized-electrons, when the projec-
tiles have multiple inner shell holes.

We have made two dimensional images of transmitted
7keV Ne ions through an insulating microcapillary target
(PET) to study the beam guiding effect in insulator capil-
laries. It was found that (1) 7 keV Ne ions are guided in the
PET capillaries, (2) the guiding effects increase and satu-
rate as the dose increases, and (3) before the saturation of
the beam guiding effects, the angle and angular spread of
the guided ions change.

Modification of electronic states of a graphite surface
induced by a slow highly-charged ion (HCI) has been stud-
ied. The single impact of Ar®t (K.E. = ~400eV) onto
the graphite surface creates a non-conducting region with
about 1nm in diameter. We have investigated the struc-
ture of an sp? region created by an Ar®* impact from the
Raman spectroscopic measurements, and also estimated
the structures of the sp>-like carbon nano-clusters on the
graphite surfaces formed by the Ar®" impact and the fol-
lowing electron injection by means of DV-X a molecular
orbital calculations.

In order to realize positron cooling of HCIs, positrons
have successfully accumulated in a multi-ring trap (MRT)
employing high-density electron plasma as an energy de-
grader. Eventually, ~10° positrons were stably accumu-
lated. The accumulation efficiency achieved here is more
than 30 times larger than the best value ever achieved by
other techniques under ultra high vacuum conditions. It
was further confirmed that the stacking technique works
perfectly guaranteeing that UHV scheme can be applied
to various fields of science including antihydrogen synthe-
sis.

We have performed measurements of recoil ion momen-
tum distributions using a TW-fs laser system. A laser
intensity as high as 10'" W/cm? at the focus point was
achieved by precise tuning of a pulse-compressor in the
laser system. The recoil momentum distributions up to
Ar®t were successfully measured, which shows that a se-
quential ionization process during one laser pulse domi-
nates the production of highly charged ions.
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