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Abstract

Swift heavy ions channeled in a crystal experience a variety of atomic processes which depend on the ion trajectory in

the channel. Recent studies on the atomic processes such as slowing down of the ion, charge changing collision, exci-

tation of bound electrons, and so on in connection with ion trajectories or impact parameter are reviewed. Resonant

coherent excitation (RCE) is a composition of various atomic processes and has o�ered a new ®eld in atomic physics

and has been investigated experimentally and theoretically. Recent progress in this ®eld is also reviewed. Ó 1998

Elsevier Science B.V.
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1. Introduction

Since the early period of channeling experi-
ments, transmission measurements have been per-
formed as well as backscattering measurements [1].
In the backscattering experiment, main objectives
of the measurement are signals from close encoun-
ter processes. On the other hand, it has been no-
ticed that swift channeled ions are subject to a
variety of atomic collision processes. Transmission
measurements, where the ®nal states of the ions
are detected, are suitable methods to obtain infor-
mation on these atomic processes experienced by
the channeled ion.

Trajectories of channeled ions are con®ned in a
region far from atomic strings or planes and their
collision partners are restricted mainly to valence
electrons. This situation gives rise to a special col-
lision system of an energetic ion and a dense elec-
tron target. The crystal furthermore provides a
peculiar environment to the traveling ion. The
continuum potential not only governs the ion tra-
jectory but also acts on the bound electrons as a
strong electrostatic ®eld as high as �1010 V/m. A
dynamic response of valence electrons, the wake,
exerts a stationary backward electric ®eld on
bound electrons as well as on the whole ion. The
latter e�ect is observed as the stopping power.
The e�ects of the continuum and wake potentials
on the bound electrons result in Stark shifts of
the energy levels and Stark mixing of otherwise de-
generated subshell levels. While the former e�ect is

Nuclear Instruments and Methods in Physics Research B 135 (1998) 16±24

1 E-mail: komaki@phys.c.u-tokyo.ac.jp.

0168-583X/98/$19.00 Ó 1998 Elsevier Science B.V. All rights reserved.

PII S 0 1 6 8 - 5 8 3 X ( 9 7 ) 0 0 6 4 0 - X



in the transverse direction, the latter is in the lon-
gitudinal direction. This situation may bring about
alignment of the bound electrons.

The discreteness of the crystal lattice along the
ion trajectory plays interesting roles in some cases.
A bound electron to the ion can react to this oscil-
latory ®eld, which is the resonant coherent excita-
tion (RCE).

The energy loss of a channeled ion is known to
be substantially reduced re¯ecting the electron
density probed by the ion. Probabilities of the elec-
tron loss and capture processes of channeled ions
also depend on the electron density encountered
by the ion. Besides, the relative velocity between
the ion and the electron plays an important role
in charge changing collisions. Thus, these process-
es exhibit speci®c dependence on the position of
the ion, i.e., the ion trajectory.

On the other hand, the exit direction of the ion
is closely correlated with the ion trajectory in the
crystal channel through the conservation rule of
the transverse energy.

When some of these quantities are measured in
coincidence, that is, signals originated from the
same ion are obtained, correlation among these
quantities provides information on the nature of
these processes. In the following, recent researches
on the atomic processes in connection with ion tra-
jectories or impact parameter are reviewed.

Among other subjects, RCE will be described in
detail because it provides a ®eld for experimental
and theoretical studies on various atomic processes
experienced by heavy ions traveling in a crystal
channel.

2. Experimental techniques

Recent development in high energy accelerators
and highly charged heavy ion sources, such as elec-
tron cyclotron resonance ion source, made a vast
variety of ion species available for channeling mea-
surement. For channeling experiments, a beam of
mono-energetic beam has to be collimated within
an order of the critical angles:

w1 �
�������������������������
4Z1Z2e2=pvd

p
; �1�

wp �
���������������������������������������
4pZ1Z2e2NaTFdp=pv

q
; �2�

where Z1 and Z2 are the atomic numbers of the
projectile ion and target atom, p � cM1v and v
the momentum and velocity of the projectile, d
the atomic spacing along the channeling axis and
Ndp is the areal density of atoms in the channeling
plane.

The incident energy, charge state and direction
of the ion relative to the crystal are fundamental
parameters de®ning the experimental conditions.
The crystal thickness, t, is another important pa-
rameter. One of the measures for the thickness is
the period of trajectory oscillation, k, which is of
the order of dp=wp for planar case. Other measures
for the thickness are mean free passes for charge
changing collisions and a length required for a sig-
ni®cant amount of energy loss.

Objectives of the measurement are charge state,
energy and angle of the exit ion, energies and di-
rections of emitted photons and electrons and so
on. To determine the exit angle, a detector with a
de®ning aperture or a position sensitive detector
(PSD) is used. Various types of two-dimensional
(2D) PSD are also available.

The exit energy of the ion is usually measured
by a solid state detector (SSD). When higher
precision is needed, a magnetic spectrometer is
used. If we use an SSD as a target, deposited en-
ergy to it can be measured with much higher
precision than measuring energies of transmitted
ions.

3. Exit angle and ion trajectory

For not too thick crystals, the exit angle of an
ion with entrance position, r?in, and angle, win, is
represented by,

wex � wex�r?in;win; t� �3�
and is a continuous function of the entry point
r?in. In special cases such as dwex=dxin � 0 for pla-
nar channeling or @�wexx;wexy�=@�xin; yin� � 0 for
axial channeling, the exit angle distribution forms
a peak (rainbow e�ect). It should be noted that
the distribution is determined by a universal pa-
rameter, the reduced thickness,
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s � t=k / t
������������
Z1=pv

p
: �4�

Krause et al. demonstrated that a Monte Carlo
simulation successfully reproduces 2D distribu-
tions of exit angle of transmitted ions in the case
where 20-MeV C6� is impinged in the [0 0 1] direc-
tion of 1792 �A thick silicon crystal [2]. Comparison
of observed 2D distributions for various reduced
thickness, s, which were realized by changing the
beam energy, with simulated ones allows us to de-
termine precise thickness of the crystal and to test
adequacy of employed interaction potential.

In the planar case, the situation is greatly sim-
pli®ed, since the transverse motion is one dimen-
sional and solvable. A segment of the oscillatory
trajectory of the ion with the transverse energy,
E?, is given by

z � f�x;E?� �
Zx

0

dx
��������������������������������
E=fE? ÿ U�x�g

p
; �5�

where U(x) is the planar continuum potential. The
amplitude, a�E?�, and the period, k�E?�, of the os-
cillation are given by

U�a�E?�� � E? or a�U�x�� � x; �6�

k�E?� � 4f�a�E?�;E?�: �7�
When an ion enters the crystal at the position, xin,
and with the incident angle, win and transmitted the
crystal of thickness, t, at the exit position, xex, with
the exit angle, wex, the following relations hold:

t � 1

2
nk�E?� � 1

4
k�E?� ÿ f�xin;E?�

� �
sgn�win�

ÿ 1

4
k�E?� ÿ f�xex;E?�

� �
sgn�wex�; �8�

E? � Ew2
in � U�xin� � Ew2

ex � U�xex�; �9�
where sgn(x) is the sign function, n is an integer
representing the number of times the ion is
bounced by the atomic planes. If win and wex have
the same sign, n is an even number and if win and
wex have opposite signs, n is an odd number. For a
given set of win;wex and t, possible ion trajectories
are restricted, in general, to several cases indexed
by n, each of which corresponds to di�erent values
of E? and thus to k�E?� and a�E?�.

Fig. 1 shows a 2D mapping of wex distribution,
Y �qex;wex; win; qin; t�, of 100 MeV O-ions transmit-
ted through a Si crystal with t� 0.95 lm, as a func-
tion of the entrance angle, win, with respect to the
(2 2 0) plane, in the case where incident and exit
charge states are qex� qin� 8 [3]. The total yield
for each incident angle is normalized. In this 2D
display, several characteristic features are noticed.
When incident angle satis®es the channeling condi-
tion (critical angle is �1.3 mrad for bare ions), sev-
eral peaks appear along the lines of win � �wex.
These peaks are formed by trajectories which sat-
is®es the conditions xin� xex� 0 and t � 1

2
nk.

Peaks on win � wex and win � ÿwex correspond to
even and odd values of n, respectively, and they
appear on each line alternatively.

Intensity distribution in the area around
win � wex � 0 shows a sharp dependence on the
thickness, which was used to determine crystal
thickness by comparing with the simulation. In
the planar case, the reduced thickness, s � t=k,
can be changed either by rotating the crystal keep-
ing the channeling plane unchanged or by altering
the beam energy.

A pair of valleys along the line of wex � 0 is due
to the blocking e�ect. Finally, a broad ridge along

Fig. 1. A contour map of scattering angle distribution of 100

MeV O8� ions transmitted through 0.95 lm thick Si crystal as

a function of incident angle relative to the (2 2 0) plane.
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the line of win � wex outside the channeling condi-
tion is due to multiple scatterings.

4. Energy loss of the projectile

In view of the momentum transfer, the energy
loss of the ion is divided into two parts contributed
by close and distant collisions with target elec-
trons. The fact that the energy loss of the chan-
neled ion is roughly a half of random case has
been well known and is understood as a reduction
of the contribution from close collisions. To be
more precisely, the stopping power for channeled
ion depends on the ion position as S(E,x). In the
case of planar channeling in a relatively thick crys-
tal, the position dependent stopping power,
S(E,x(z)), can be averaged over the trajectory os-
cillation,

S�E;E?�

� �4=k�E?��
Za�E?�

0

S�E; x� dx
��������������������������������
E=fE? ÿ U�x�g

p
:

�10�
Fig. 2 shows a contour map of energy deposi-

tion and exit angle distribution, Y �DE;wex; win; t�;
for 30 MeV C6� ions transmitted through 4 lm

thick Si in the case of win � ÿ1:57 mrad. In this
measurement, a totally depleted Si detector was
used as the target and transmitted ions were de-
tected, in coincidence, with a 2D-PSD placed
downstream [4]. In the ®gure several peaks appear
alternately on both sides of wex � 0 axis. Peaks on
wex > 0 and wex < 0 sides are formed by ions
bounced in the channel odd and even numbers of
times, respectively. In their pioneering study of re-
lation between energy loss, DE, and the number of
oscillations or oscillation period, k, Oak Ridge
group deduced a position dependent stopping
power, S(E,x) [5,6].

5. Exit charge state

Charge state of swift ions penetrating a solid
target, in a random direction, quickly reaches an
equilibrium distribution regardless of their initial
charge state. For a channeled ion, the partners of
the charge changing collisions are crystal electrons
it encounters and both probabilities of electron
capture and loss processes are reduced. Thus the
ions tend to keep their initial charge states, which
is called the frozen charge state.

An important parameter to govern the charge
changing collision is the equivalent electron ener-
gy, Ee�Em/M1, where m/M1 is the electron to
ion mass ratio. When Ee is below the binding ener-
gy, Bp, of the projectile electrons, the cross section
for the electron impact ionization is small. As Ee

increases, the cross section reaches its maximum
at Ee � Bp and then decreases. When Ee exceeds
the binding energy, Bt, of the target electron, the
capture cross section for that electron decreases
rapidly.

In the channel center, electron density is sub-
stantially lower than the average and the deeply
bound electrons with high velocities enough to be
captured are much more rare. Accordingly, the
probabilities of electron loss and capture for
the channeled ion exhibit di�erent dependence on
the ion position.

Fig. 3 shows the yield, Y �qex; win; qin; t� for
qin� 35 and qex� 37 as a function of incident an-
gle, win; for 27 MeV/u Xe ions channeled in
[1 1 0] axis of silicon [7]. Much narrower width

Fig. 2. A contour map of energy deposition and exit angle dis-

tribution for 30 MeV C6� ions transmitted through 4 lm thick

Si with incident angle )1.57 mrad with respect to (2 2 0) plane.
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of the peak in comparison to a wide dip of Lyman
a yield demonstrates that only hyperchanneled
ions can retain such a low charge state.

Fig. 4 shows contour maps of charge state
fractions, Y �wex; qex; win; qin; t�=

P
qex

Y �wex; qex; win;

qin; t�, as functions of win and wex with qin � 6; 7
and 8 and qex� 6 and 7 for 100 MeV O-ions trans-
mitted through 0.95 lm silicon crystal [3]. The ab-
scissa and ordinate of each map are the same as in
Fig. 1. While nonchanneled ions achieved charge
state equilibrium, charge state distribution around
wex � win � 0, which corresponds to trajectories
with small amplitudes, shows distinct charge state
dependence. No intensity for qex < qin cases clearly
demonstrates that ions transmitted along the chan-
nel center never capture electrons.

6. Resonant coherent excitation

Since the ®rst observation of RCE of hydrogen-
like heavy ions [8], RCE has been studied experi-
mentally and theoretically in relation to various
atomic processes [9].

Fig. 4. Contour maps of fractions with exit charge states of 6 and 7, as functions of incident and exit angles for 100 MeV O transmitted

through 0.95 lm silicon crystal with initial charge states of 6, 7 and 8.

Fig. 3. Incident angle dependence of qex� 37 fraction and Lym-

ann a intensity for 27 MeV/u Xe (qin� 35) ions channeled in the

[1 1 0] axis of silicon.
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6.1. Resonance conditions

The periodic electrostatic potential of the crys-
tal can be expanded into a Fourier series,

/�r� �
X

g

/g exp�2pig � r�; �11�

where g is a reciprocal lattice vector. When an ion
travels in a crystal with a constant velocity, v, the
trajectory of the ion is given by R�t� � R? � vt and
the potential seen by an electron bound to it,

/�R� r� �
X

g

/g exp�2pig � vt�

� exp�2pig � R?� exp�2pig � r� �12�
is a superposition of time-dependent ®elds with
frequencies, m � g � v. Here r is the position vector
of the electron relative to the ion nucleus.

When the ion is axially channeled along a lat-
tice vector H, the velocity vector is given by
v�Hv/d, where d� |H| is the atomic spacing along
the axis. In this case, those Fourier components /G

which satisfy G �H � k � integer coherently con-
tribute to a frequency m�k� � G � v � kv=d. The
RCE condition is then represented by the familiar
formula,

DE � hm�k� � hG � v � khv=d: �13�
When an ion travels parallel to an atomic plane,

it feels the discreteness of the atomic plane as an
array of atomic strings. In the same way as a set
of atomic planes are represented by the Miller in-
dex (h1, h2, h3), a set of atomic strings on a plane
can be speci®ed by a 2D Miller index, (k,l). Taking
two lattice vectors, H1 and H2, as the base vector
of 2D crystal, the closest string in the set to the co-
ordinate origin intersects with two axes at H1/k
and H2/l. If the ion velocity, v, makes angles h
and bÿ h with H1 and H2, b being the angle be-
tween H1 and H2, the frequency for the ion to pass
two adjacent strings is given by,

m�k; l� � �v= sin b��k sin�bÿ h�=H1 � l sin h=H2�;
�14�

where H1 � jH1j and H2 � jH2j are atomic spacings
along H1 and H2 axes. When H1 and H2 can be
chosen perpendicular to each other, the resonance
condition is given by,

DE � hm�k; l� � hv�k cos h=H1 � l sin h=H2�: �15�

6.2. Excitation amplitude

Taking z-axis parallel to the velocity, the ®eld
seen by the electron is rewritten as

/�R� r� �
X

k

/k�X � x; Y � y; z� exp�2pim�k�t�;

�16�
/�R� r� �

X
kl

/kl�X � x; y; z� exp�2pim�k; l�t�

�17�
for axial and planar cases. Components with k� 0
and k� l� 0 are the continuum potential. Transi-
tion amplitude to the excited states are given by
matrix elements of /k�X � x; Y � y; z� or
/kl�X � x; y; z�.

Re¯ecting speci®c symmetry of the crystal lat-
tice, the excitation amplitude obeys an extinction
rule just like in the case of di�raction phenomena.
Krause et al. [10] observed that in the case of
á1 1 1ñ axial channeling of a diamond structured
crystal, resonances for indices k � 4n� 2, n being
an integer, are absent.

A similar example in the planar case is also re-
ported [11]. Atomic con®guration on a (2 �2 0) plane
in the diamond structure is shown in Fig. 5. 2D unit
cell can be de®ned by two base vectors, H1� [1, 1,
0]a/2 and H2� [0, 0, 1]a, spacing along them being
H1 � a=

���
2
p

and H2� a. Since diamond structure
has two atoms in a 2D cell, i.e., at the corner (0,0)
and at (1/2,1/4), while the former atom always lies
on any (k,l) string, the latter one lies k/2 + l/4 period
o� a string. Then the contribution from both atoms
are completely destructive if 2k � l � 4n� 2. Fig. 6
shows the survived fraction of 390 MeV/u Ar17�

channeled in (2 �2 0) plane of Si crystal, as a function
of tilt angle relative to the [1 1 0] axis. While reso-
nances (1,1), (1,2), (1,3) are clearly seen as doublet
and (1,5) and (1,6) are slightly recognized, the reso-
nance (1,4) is not observed.

6.3. Stark e�ect

Stark ®eld for an electron bound to the chan-
neled ion consists of two components. One is the
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static continuum potential and the other is the
wake ®eld which is induced by the ion and trails
it, resulting in a stationary ®eld on the electron.
Magnitudes of these two contributions are compa-
rable at relatively low (�10 MeV/u) energy region
but in the relativistic energy region, the latter e�ect
becomes negligibly small.

The wake ®eld intermixes 2s and 2pz state to
form 2spz(a) and 2spz(b) states, of which electron

clouds are centered ahead of and behind the ion,
respectively, and 2px and 2py states remain nearly
degenerated. Their energy eigen values are ordered
as E�2spz�b�� > E�2px� � E�2py� > E�2spz�a��.

In the planar case, taking x-axis normal to the
plane, the crystal ®eld intermixes 2s and 2px states,
resulting in 2spx(c) and 2spx(w) states with elec-
tron cloud extended toward the channel wall and
toward the channel center, respectively. The split
levels are arranged as E�2spx�c�� > E�2py�
� E�2pz� > E�2spx�w��. It should be noted that
even at the channel center, where the electric ®eld
is absent, the curvature of the potential causes
downward shift of energy levels re¯ecting the ex-
tent of electron cloud in x-direction.

In general, 2s, 2px and 2pz are subject to mixing
and resulting states changes their nature according
to the ion position and relative strength of the two
perturbations, and level crossing among them is
avoided but 2py level remains pure and may cross
former three levels.

In the case of axial channeling, the crystal ®eld
mixes 2s, 2px and 2py states and together with
wake ®eld forms more complex states.

For heavy ions where aZ1 � Z1=137 is not small
enough, LS coupling partially removes the degen-
eracy in vacuum states. Thus as unperturbed
states, Dirac states have to be taken. Then the ef-
fect of the crystal and wake ®elds is qualitatively
di�erent from that in the lighter ion cases. Fig. 7
shows calculated shifts in the transition energy
for n� 2 sublevels for 390 MeV/u Ar�17 in Si
(2 �2 0) channel. In the ®gure two horizontal bro-
ken lines represent energy split between j� 3/2
and 1/2 states in vacuum. It is to be noted that
for a heavy ion like Ar17�, this di�erence amounts
to �5 eV and is of a comparable magnitude with
crystal ®eld Stark splitting. In such a high energy
case, the wake ®eld plays little role.

6.4. Ion position dependence

Due to the position dependence of the oscillato-
ry potential /k�X � x; Y � y; z� and /kl�X � x; y; z�,
excitation amplitudes for Stark mixed n� 2 levels
as well as the transition energies depend on ion po-
sition in the channel. Generally, the closer to the
atomic string or wall, the larger the amplitude.

Fig. 5. Atomic arrangement on (2 �2 0) plane of diamond struc-

ture. Solid lines indicate (1, 1) string and broken lines (1, 4)

string.

Fig. 6. Survived fraction of 390 MeV/u Ar17� channeled in

(2 �2 0) plane of Si crystal, as a function of tilt angle relative

to the [1 1 0] axis.
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For a planar channeled ion, the excitation ampli-
tude is the largest at the maximum amplitude of
the sinusoidal trajectory, where the ion position
is stationary. Thus, the resonant excitation mostly
takes place at maximum amplitudes.

Since the energy loss of the ion has a strong cor-
relation with the amplitude of the trajectory, si-
multaneous measurements of the transition
energy and the energy loss of excited ions give us
information on the position dependent level ener-
gies. Forster et al. [12] simultaneously measured
charge state and energy loss of transmitted ions
in the case of ®fth order resonance of Si13� in Si
á1 1 2ñ axis. Resonance curve for high energy loss
ions shows stronger and split resonance in com-
parison with low loss ions.

Azuma et al. [11] measured correlation between
exit charge state and energy deposition in the tar-
get for 390 MeV/u Ar17� channeled in (2 �2 0) plane
of Si and demonstrated that the relation between
resonance angles and energy deposition for Stark
split states are well explained by calculation based
on unperturbed Dirac solution.

6.5. X-ray emission

In the original prediction of RCE by Okorokov
[13], detection of deexcitation photon was suggest-
ed. Attempts to measure light emission from excit-
ed ions, however, were unsuccessful and high

probability of electron impact ionization of excit-
ed electrons is considered as the reason. First de-
tection of radiative decay was made by using
heavier projectile, Ne9�, where the orbital radius
of the excited electron is still smaller than channel
size [14].

More detailed study in photon emission was
carried out for 160 MeV Mg11� in Auá1 1 1ñ axis
[15]. Fig. 8 shows charge fraction of Mg12� and
Mg K-X-ray yield as function of beam energy.
In both quantities, two resonance peaks are clear-
ly seen. While X-ray intensity is almost same for
two peaks, the high energy peak for 12+ fraction
is much smaller than the low energy one, re¯ect-
ing the fact that the low energy peak corresponds
to transition to a 2px±2py dominant state and the
high energy one to a 2pz-dominant state. The for-
mer has larger transverse size of electron cloud
and has higher probability of subsequent electron

impact ionization.
Datz et al. [16] measured, in addition to the exit

charge state, X-rays in two directions, 45° and 90°
for 25 MeV/u Mg11� planar channeled in Ni
(2 0 0) plane. In the charge state data, two reso-
nances are observed. The wide, low energy one is
attributed to 2spx(w) state and sharp, middle ener-
gy one to nearly degenerated 2py and 2pz states.
2spx(c) state is observed as a shoulder in the high
energy side. An enhancement in X-ray yield is ob-
served with 90° detector at middle energy region,
suggesting additional contribution from 2pz state.

Fig. 8. Ionized fraction of Mg12� and Mg K-X-ray yield as

function of beam energy for Mg�11 incident on Au á1 1 1ñ axis.

Fig. 7. Calculated shifts in the transition energy for n� 2 sub-

levels for 390 MeV/u Ar17� in Si (2 2 0) channel. Horizontal

broken lines indicate unperturved transition energies to j� 3/2

and 1/2 states.
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Through these investigations, it is now consid-
ered that atomic states inside the channel are
heavily modi®ed by the crystal and wake ®elds
but electrons in these states are fairly well de®ned
in spite of collisions with dense electrons in the
channel.
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