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Abstract: When energetic ions penetrate into a crystal in a channeling condition, they travel across
a periodic array of the atomic strings or ordered planes. These ions feel an oscillating field in the
projectile frame. If the energy corresponding to this frequency matches with the transition energy
of the electronic states of the ions, the ions have a chance to be excited. It is called Resonant Co-
herent Excitation (RCE). We have succeeded in observing resonant excitation of ls electron to the
n=2 states in H-like Ar'7* with relativistic velocities in 1998. Since then, much progress has been
made. The observation of the RCE to the higher electronic states, RCE of heavier ions, and RCE

of He-like ions in our lab allowed us to understand the resonance phenomena in detail. We also rec-

ognized its potentiality as a tool for high-precision atomic spectroscopy.
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1 Introduction

When energetic ions of more than hundreds
keV/u penetrate in a single crystal parallel to a
crystal axis or plane, the ions travel in an open
space without colliding with atoms in atomic
strings or planes guided by the static field, which
is generally called “channeling”. In addition, the
channeling ions feel a time-dependent oscillating
field in the projectile frame, since they pass across
a periodic array of the atomic strings or ordered
planes. If an energy, Av(h:Planck constant), cor-
responding to the frequency, v, of this oscillating

field matches with a transition energy of an internal
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degree of freedom of the ions, excitation called
Resonant Coherent Excitation (RCE) takes place.
In order to excite an innershell electron of
heavy ions with a few bound electrons, the oscilla-
ting frequency corresponding to the energy of the
order of keV is required. Then, heavy ions of se-
veral 100 MeV/u is in need, because a spacing be-
tween atoms is of the order of several A. As for
the intensity of the oscillating field, it amounts to
as large as several tens of V/A, i.e., several
GV/cm at maximum, since a derivative of a crystal
potential is of the same order as the Coulomb field

in an atom.
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In 1998 we started experiments of RCE using a
heavy ion accelerator for medical treatments in Ja-
pan, Heavy Ion Medical Accelerator in Chiba (HI-
MAC) in National Institute of Radiological Sci-
ences. The accelerator covers up to several
hundreds MeV/u for the maximum attainable ve-
locity.

There are other advantages of the relativistic
velocity for the incident channeling ions to observe
RCE of heavy ions. First, the channeling ions pass
through the crystal without much experience of in-
coherent atomic collisions with target electrons,
which results in the sharp resonance in RCE. Sec-
ond, we can adopt the transmission type surface
barrier silicon detector (SSD) as a target crystal.
With use of it, we measure the deposited energy of
the channeling ions into the crystal simultaneous-
ly, and we can extract the impact parameter-de-

pendent information of RCE.

2 Observation of RCE

There are several processes accompanying
RCE between the ground and excited states. After
the resonant excitation, the excited state proceeds
to one of three channels: resonant de-excitation to
the ground state, de-excitation by emitting X-rays
to the ground state, and ionization by the collision
with the target electrons, We have several observa-
tion methods to detect RCE experimentally: (1)
The ions in the excited state are more easily ionized
through the collision with the target electrons com-
pared with those in the ground state. Therefore,
the fraction of the higher charge state in the
charge-state distribution of the emerging ions from
the crystal increases under the resonance condi-
tion. (2) At the same time, the yield of electrons
stripped from the ions (loss electrons) also increa-
ses under the resonance condition. (3) When the
ions escape from ionization, X-rays are emitted.
Increase of the de-excitation X-ray yield under the
resonance condition confirms RCE. The methods

(1) and (2) are based on the same process, which

compete with the process in the method (3). As
the atomic number of the heavy ion becomes lar-
ger, the ionization cross section is reduced, and the
lifetime of the excited state is shortened. There-
fore, the method (3) becomes efficient. We have
observed RCE through all of these three methods.

At first we observed resonant coherent excita-
tion of the 1s electron to the n =2 state of 390
MeV/u hydrogen-like Ar'’* ions in planar channe-
ling in a Si crystal. We varied the angle of the crys-
tal with respect to the beam direction in the (2 2 0)
plane including the [1107] axis to observe the 1st-
order resonance, where the ions travel through the
periodic array of atomic strings whose direction is
defined by the 2D reciprocal vector of (k/A, 1/B),
(k, l:integer). The resonance condition in this

case is derived as, (kcos@/A)+ (Usind/B)=E,,.d/
YBhe. (A, B)=(a/v2, a) for the (22 0) plane, a

is a lattice constant, ¢ is the angle of the incident
beam direction with respect to the [110] axis, and
E... i1s the transition energy. By scanning the inci-
dent angle ¢, from the direction of the [110] axis
in the (2 2 0) plane, the resonant excitations corre-
sponding to the electronic transition of Ar'”* ions
were observed in the several conditions of the inci-
dent angle @, corresponding to combinations of (&,

l), hke (171)7 (172) P

tion of Ar'®*" ions. The resonance spectrum has a

as increases of the frac-

complicated structure and basically consists of two
peaks corresponding to the excitation from the 1s
state to 2p,,, and 2p;,,. Each peak is not symmet-
ric and has a tail. The 2p,,, peak has a doublet
structure with a dip. The split into two peaks orig-
inates from removal of the degeneracy of n= 2
states mainly due to the spin-orbit (I + s) interac-
tion, which is stressed for heavy ions. The asym-
metric tail and the doublet features are resulted
from the Stark effect due to the static crystal elec-
tric field.

Then, in order to obtain the detailed informa-
tion of these complicated structures, we measured

the deposited energy of Ar'’" ions by the SSD and
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the charge-state distribution of the emerging ions
simultaneously, and obtained the fraction of Ar'®*
ions with respect to the total incident ions, f*(8;
AE) as a function of the deposited energy, AE. It
is possible to extract the information of the ion
trajectory, because this deposited energy keenly re-
flects the ion trajectory in the crystal. The deposi-
ted energy of the channeling ions to oscillate many
times is uniquely related with an amplitude of the
ion trajectory in the planar channeling condition,
From comparison of the obtained data and calculat-
ed shifts in transition energies between perturbed
1s and the n=2 states of Ar'’* ions under the pres-
ent experimental condition, we conclude that we
experimentally showed the energy levels of the ion
with one electron in the case where perturbation
due to spin orbital (I + s) interaction and that due

to Stark effect are effective to a similar extent.

3 Recent progress

Soon after the above measurements, we ob-
served enhancements of both yields of de-excitation
X-rays and loss electrons produced by ionization of
H-like ions using the 390 MeV/u Ar't ions. We
further extended our observation of RCE to a varie-
ty of systems and conditions.

@® RCE to the n=3 and higher states

We observed resonant coherent excitation
(RCE) of 1s electron to the n = 3 states in 390
MeV/u hydrogen-like Ar'’t ions through measure-
ments of the projectile charge states. Furthermore,
we directly confirmed RCE to the n= 3 states by
observing the enhancement of the de-excitation X-
rays, i. e. » K; X-rays under the resonance condi-
tion. The resonance profiles have a characteristic
structure consisting of several peaks., Compared
with the profile of RCE to the n=2 states, they
show a large peak shift from the j=1/2and 3/2
levels in a vacuum, and the profiles are broadened
due to the Stark-split level structure of the n=3
manifolds depending on the static field in the crys-

tal. We further succeeded in observing RCE to n=

4 and 5 states.

® RCE of heavier ions

We observed RCE of 460 MeV/u H-like Fe*™*
ions under the resonance condition of (k,1) = (2,
—1) through measurements both of the projectile
charge state and de-excitation X-rays. The observed
charge-state spectra show smaller skewness of the
peaks, which indicates the smaller contribution of
the Stark effect due to the small size of the ions

17+

compared with Ar ions. The de-excitation X-

7+ ions.

rays yield is larger than that for Ar
® RCE of He-like ions

We observed RCE of 383 MeV/u He-like
Ar'®t ions under the resonance condition of (k&,1)
=(1,—1) and 423 MeV/u He-like Fe*** ions un-
der (2,0)=1(2,—1) through measurements both of
the projectile charge state and de-excitation X-
rays. We clearly observed peaks corresponding not
only to 1s—>1s52p ' P, but also to * P,.

Through these observations we have realized
that the transition energy is determined in very
high precision. With use of the deposited energy or
the scattering angle of the ions, we are able to ex-
tract the data for “best channeling ions” passing
just in the center of the planar channel and not af-
fected by the static crystal field because of its ab-
sence. Their resonance energy corresponds to the
intrinsic transition energy from the ground state to
the excited states in vacuum. In the case of 390
MeV Ar'? ions in channeling through the SSD,
the observed width of the 2p,,, resonance is 1.1
eV, and the natural resonance width is determined
to be about 0. 9 eV, 1. e., a few 100 ppm
(FWHM) of the transition energy taking the ener-
gy width of the incident ions and their angular
spread into accounts. This narrow width suggests
that the ions travel keeping their phase of wave
functions without being perturbed by incoherent
collisions for a long distance, which is one of the
advantages of the relativistic velocity. Thus, the
transition energy is determined in a very high pre-

cision in principle, however, the beam energy is
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difficult to be determined precisely by operating pa-
rameters of the accelerator.

Now we are trying to determine the absolute
transition energies of 1s*—>1s2p of 'P;, and *P, in
the two-electron He-like ions. In advance, we
measure RCE of H-like ions, which are produced
by electron stripping of He-like ions by inserting a
thin foil at the upstream position of the crystal,
and we determine the beam energy from the ob-
served transition energy of the 2p;,, state adopting
the theoretical value of the 1s ground state Lamb
shift of H-like ions.

From a view point of atomic physics, spectros-
copy of highly-charged ions with few-electrons is
an intriguing subject in QED effect involving the
intense electromagnetic field Chigh-Z QED). This
RCE technique is a completely new method of spec-
troscopy in principle compared with traditional
wave length measurements with a Bragg crystal
spectrometer, Or energy measurements with a sem-
iconductor detector., We consider that the “"RCE
spectroscopy” is one of promising candidates for

spectroscopy of highly-charged ions.

4 Summary and outlook

We have succeeded in observing resonant exci-
tation spectra of RCE in high precision using heavy

ions with relativistic velocities. We obtained the in-
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W OB AHMRAERELAST, S ETEFLRAY, BT FLNRAMBENETFIIZER
FYEEY. EARETFHLERY, BFRZE-—NFRIFHER. pREUARIAEMRNE
BHEEFTHLFARIGEMACR, UEFATREAHLR, IHRARZRN I HRM T HLRRCE.
1998 4, Wy HHAME T EXEA AN BFUMAREEFD SIHEMN, L 1Isk FH =2 ZHHR
BME. LG, AXAUABFRALILAURBHXHELENERARBRETRAS-E, AR
FEAAME TEEAFFH LEFEHEFELFAMN=3,4, HHRCEFEEHE FH RCE, L X%
AEFHRCE RUERERAY THAARIHARAL. LREREXA, RCELEHHEHNFTR
BHERTHFN -—HBENTH
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