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Abstract

Resonant coherent excitation of the 1s electron to n� 2 states in a hydrogen-like ion was studied through mea-

surements of the survived fraction of 390 MeV/u Ar17� planar channeled in a Si crystal. Adopting a totally depleted Si

surface barrier detector as a target crystal, the charge state of the individual emerged ion was measured in coincidence

with the energy deposition in the target. By changing the incident direction along the �2 2 0�, �0 0 4�, and �1 1 1� planes,

a series of clear resonances were observed as the decrease in the survived charge fraction due to higher electron loss

probability for the excited state. Each resonance pro®le re¯ects energy splitting of the n� 2 manifold originated from l±

s interaction and Stark e�ect due to the crystal ®eld. From the correlation between the energy loss and survived charge

fraction, transition energy as a function of the ion trajectory amplitude is deduced which is in good agreement with

calculated results. Ó 1998 Elsevier Science B.V. All rights reserved.

PACS: 61.85.+p; 34.50.Fa; 34.50.Bw; 71.70.Ej
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1. Introduction

An ion passing through a crystal with a con-
stant velocity, v, feels a Fourier component of the
crystal potential, /g exp �ÿ2pig � r0�, correspond-
ing to a reciprocal lattice vector, g, as an oscillat-
ing perturbation with a frequency, t � cg � v,

where c � 1=

�������������
1ÿ b2

q
, b� v/c, and r0 is the posi-

tion vector of the ion in the rest frame of the
crystal (L-frame). If the ion is channeled along a
low indexed axis or plane, a set of Fourier com-
ponents have a common frequency and thus exert
a coherent perturbation on the ion. When this
frequency satis®es a condition, DE� hm, DE being
the transition energy to an excited state in the in-
ternal degree of freedom, resonant coherent exci-
tation (RCE) takes place.

The RCE process and the possibility of radia-
tive deexcitation was ®rst predicted by Okorokov
[1]. The ®rst observation of RCE was made
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through subsequent charge stripping due to higher
electron loss probability for excited states [2].
Detection of RCE through radiative deexcitation
was achieved in the case of heavier ions which have
smaller orbital radii of the excited electrons [3].

During last two decades, much progress in
understanding the nature of RCE has been made
[4]. The continuum potential of the crystal and the
wake potential induced by the ion exert a sta-
tionary perturbation on the ion and give rise to a
removal of the degeneracy in excited states. Each
Stark-split state has a characteristic shape of the
electron cloud. The strengths of the Stark ®eld and
the oscillating perturbation and the probability of
the electron loss process are all dependent on the
ion position in the crystal channel, the information
of which is re¯ected on the energy loss of the ion.
The channeling ion is in such a peculiar environ-
ment and RCE is an excellent probe to study the
atomic processes experienced by ions in such
conditions.

Observations of RCE so far have been limited
to relatively light ions and to relatively low ion
energies. In the present, we report the ®rst obser-

vation of RCE of the 1s electron to n� 2 states in
Ar17� through measurements of a survived frac-
tion of Ar17� planar channeled in Si crystals in the
relativistic ion energy region [5]. Argon is the
heaviest ion with the largest excitation energy to be
observed among ever reported experiments on
RCE. The e�ects of special relativity can be seen in
the present case in several aspects. The resonance
condition is signi®cantly altered through Lorentz
contraction of the crystal lattice and the orbital
velocity of the bound electron is so high that the
Stark mixing due to the continuum potential is
strongly a�ected by the l±s interaction.

At high ion energies, where the electrostatic
accelerators are not available, searching the reso-
nance by altering the projectile velocity is not
practical and, instead, altering the incident direc-
tion along a channeling plane is much more ad-
vantageous.

2. Theoretical considerations

2.1. Identi®cation of planar RCE

The frequency of the oscillating potential felt by
a planar channeled ion can be understood as the
frequency with which the ion passes a Ôstring of
stringsÕ which forms the atomic net plane. Thus the
planar resonance can be identi®ed by specifying
the atomic string lying in the channeling plane.
Regarding the atomic plane as a two-dimensional
(2D) crystal of which unit cell is de®ned by two
lattice vectors, A and B, a set of atomic strings in
this 2D lattice can be identi®ed by a 2D Miller
index, (k,l), similarly de®ned as in the case of a
three-dimensional (3D) lattice, i.e., the direction of
the (k,l) strings is parallel to a line which intersects
with two axes at A/k and B/l.

In the present paper, we examine three kinds of
channeling planes in the diamond structure,
�2 2 0�, �1 1 1� and �0 0 4�, which intersect each
other at �1 1 0� axis. Fig. 1 shows the atomic ar-
rangement on a �2 2 0� plane, where the 2D base
vectors are A � �1 1 0�a=2 and B � �0 0 1�a, where
a is the lattice constant. The solid and broken lines
in the ®gure represent (1,1) and (1,4) strings, re-
spectively. For �1 1 1� and �0 0 4� planes, 2D base

Fig. 1. Atomic arrangement on a �2 2 0� plane of diamond

structure. 2D base vectors are A� [110]a/2 and B� [001]a. The

solid and broken lines represent (1,1) and (1,4) strings, re-

spectively.
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vectors are chosen as A � �1 1 0�a=2, B ��1 1 2�a=2
and A � �1 1 0�a=2, B � �1 1 0�a=2, respectively.

2.2. RCE conditions for planar channeling

Taking a lattice vector, C , to a lattice point
on the neighboring atomic plane as the third
base vector, a new 3D unit cell can be de®ned.
The base vectors of the new reciprocal lattice
can also be de®ned as A�, B� and C�, so
that A�áA�B�áB�C�áC� 1 and A�áB�B�áC�C�

áA�A�áC�B�áA�C�áB� 0. It is to be noted
that the vector C� is identical with the reciprocal
lattice vector h which denotes the channeling
plane. Then a 3D reciprocal lattice vector can be
represented by

g � G�k; l� � nh � kA� � lB� � nh: �1�
Taking the z-axis parallel to the ion velocity

and x-axis normal to the channeling plane, the ion
position in the L-frame can be given as

R�t0� � R? � vt0 � �X ; Y ; vt0�: �2�
Taking note that háv� 0, the scalar potential at the
ion position in L-frame is then given by

/0�R? � vt0� �
X

g

/g exp �ÿ2pig � �R? � vt0��

�
X

kl

X
n

/G�k;l��nh

� exp �ÿ2pi�G�k; l� � nh� � �R? � vt0��
�
X

kl

/kl�X �exp�ÿ2piG?�k; l� � R?�

� exp�ÿ2piG�k; l� � vt0�; �3�
where

/kl�X � �
X

n

/G�k;l��nh exp�ÿ2pinX=dp� �4�

is the amplitude of the oscillating potential due to
the (k, l) string and dp� 1/|h| is the inter planar
spacing. Note that the Fourier component with
k� l� 0,

/00�x� �
X

n

/nh exp�ÿ2pinx=dp� �5�

is independent of time and is the planar continuum
potential.

If the ion velocity, v, makes angles h and
h0 � Hÿ h with 2D base vectors, A and B, H being
the angle between A and B, the velocity vector can
be written as,

v � �v= sinH��A sin�Hÿ h�=A� B sinh=B� �6�

and the L-frame frequency for the ion to pass two
adjacent strings is given by

m0�k; l� � G�k; l� � v � �kA� � lB�� � �v= sinH�
�A sin�Hÿ h�=A� B sinh=B� � �v= sinH�
�k sin�Hÿ h�=A� l sinh=B�: �7�

As the frequency is transformed to the rest
frame of the projectile (P-frame) as m�k; l� �
cm0�k; l� � cG�k; l� � v, the condition for the (k,l)-
resonance is given by

DE � hm�k; l�
� �chv= sinH��k sin�Hÿ h�=A� l sinh=B�: �8�

When A and B can be chosen perpendicular to
each other, the resonance condition is simply given
by,

DE � hm�k; l� � chv�k cosh=A� l sinh=B�: �9�

In the case of �2 2 0�, �1 1 1� and �0 0 4� planes
in the diamond structure, (A,B) are �a= ���

2
p

; a�,
�a= ���

2
p

;
��
3
2

q
a� and �a= ���

2
p

; a=
���
2
p � respectively.

2.3. Hamiltonian for the bound electron

The Hamiltonian in P-frame of an electron
bound to the projectile ion can be written as

H�r; t� � H0�r� � H1�r� � H2�r� � H3�r; t�; �10�

where H0 is the hydrogenic Hamiltonian, H1 and
H2 are the stationary perturbations due to the
dynamic wake ®eld and the crystal continuum
potential, respectively, and H3(t) the time-depen-
dent perturbation due to the crystal periodic po-
tential. For such a heavy ion as argon, where
aZ1�Z1/137�1 dose not hold, the relativistic
Hamiltonian has to be adopted as the unperturbed
Hamiltonian,
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H0�r� � ÿca � pÿ bmc2 � V �r�; V �r� � ÿZ1e2=r;

�11�

where a and b are the Dirac matrices.
The scalar potential, /0�r0�, of the crystal in the

L-frame is transformed to a four-potential in the
P-frame as, Ax(r, t)�Ay(r, t)� 0, Az�r; t� � ÿ�v=c�
c/0�r0� and /�r; t� � c/0�r0�. As the wake potential,
/w(r), is stationary with respect to the projectile,
the total Hamiltonian in the P-frame is given by

H�r; t� � ÿa � �cp� eA�r; t�� ÿ bmc2 � V �r�
ÿ e�/w�r� � /�r; t��
� ÿca � pÿ bmc2 � V �r�
ÿ e/w�r� ÿ ec 1ÿ v

c
az

� �
/0�r0�: �12�

Transforming the position of the electron as
r0 � R? � r? � c�zez � vt� and t0 � c�t � vz=c2� and
expanding the crystal potential, /0�r0�, into string
contributions, the perturbation Hamiltonians are
represented by

H1�r� � ÿe/w�r�; �13�

H2�x� � ÿec 1ÿ v
c
az

� �
/00�x�; �14�

H3�r; t� � ÿ ec 1ÿ v
c
az

� �X0
kl
/kl�X � x�

� exp �ÿ2piG�k; l� � �R? � r? � czez��
� exp �ÿ2pim�k; l�t�; �15�

where ez� v/v is a unit vector along z-axis and the
summation

P0
kl runs over every combination of

(k,l) except for k� l� 0.

2.4. Stark split states

We denote the unperturbed wave function as
jnLJli, where n is the principal quantum number,
L� s, p the orbital angular momentum, J and l
the total angular momentum and its projection,
respectively. First we calculated the eigenstates for
stationary Hamiltonian, Hst�H0 +H1 +H2. In the
present calculation, mixing between states with
di�erent n was neglected. Then the ground state
wave function remains unchanged as j1s�1=2�li

and the perturbed energy eigenvalue is given by
E0 � E�1s� � h1s�1=2�ljH1�r� � H2�x�j1s�1=2�li.

Eigenfunctions of the n� 2 sublevels are rep-
resented by linear combinations of those of un-
perturbed n� 2 sublevels. To obtain the wave
functions and the energy eigenvalue, a secular
equation,

det jh2LJljH0�r� � H1�r� � H2�x� ÿ Ej2L0J 0l0ij � 0

�16�
was solved. In the calculation of the matrix ele-
ments of H1(r) and H2(x), linear combinations of
the non-relativistic wave functions, Rnl(r)Ylm(h,/),
with spin state, |­ñ or |¯ñ, were adopted as the un-
perturbed wave functions and contributions from
minor component (positrons) are neglected. Then
H2 is approximated as H2(x)�)ec/00(x). The wake
potential, /w(r), was calculated from a dielectric
function in the plasmon pole approximation.

Fig. 2 shows the calculated shift in transition
energies between perturbed n� 1 and n� 2 states
of Ar17� ion with respect to that in vacuum, as
functions of the ion position in the �2 2 0� planar
channel of Si. Horizontal lines are the transition
energies in vacuum for J� 1/2 and 3/2 levels. Fig. 3
shows the composition of the wave functions for

Fig. 2. Shift in transition energies between perturbed n� 1 and

n� 2 substates of Ar17� ion relative to that in vacuum as

functions of the ion position in the �2 2 0� planar channel of Si.

Horizontal lines are the transition energies in vacuum for J�
1/2 and 3/2 levels.
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Stark mixed n� 2 substates as functions of the ion
position. Levels are labeled in the order of in-
creasing level energy. Level splitting near the
channel center is primarily due to the l±s interac-
tion and as the ion approaches the channel wall the
crystal ®eld plays a major role resulting in the in-
termixing between 2s and 2px states to form
2s2px(w) and 2s2px(c) states as level 1 and level 4,
respectively. Here (w) and (c) represent that the
electron cloud is shifted towards the channel wall
and center, respectively. Unlike the cases in rela-
tively low velocities, the e�ect of the wake poten-
tial is negligible and as a consequence, the
projection of the total angular momentum to x-
axis (normal to the plane) is almost a good
quantum number. Thus lx � ��3=2� states, which
are evenly contributed by the 2py and 2pz states
remain pure as the level 4 at the channel center and
as level 3 at the channel wall.

2.5. Transition amplitude

As described above, the energy eigenvalues and
the wave functions for the stationary part of the
Hamiltonian are obtained as Ej and Wj, where
j� 0 denotes the ground state and j� 1, 2, 3 and 4
the n� 2 substates.

Time evolution of the wave function W(r, t) is
governed by

i�h=2p�oW�r; t�=ot � �Hst�r� � H3�r; t��W�r; t�: �17�
Expanding the wave function by those of the sta-
tionary part of the Hamiltonian,

W�r; t� �
X

j

Cj�t�Wj�r�exp�ÿ2piEjt=h�; �18�

we get

i�h=2p�dCj�t�=dt

�
X

j0
hjjH3�r; t�jj0iCj0 �t�exp �2pi�Ej ÿ Ej0 �t=h�

� ÿec
X

j0

X0
kl
hjj/kl�X � x�

� exp �ÿ2piG�k; l� � �r? � czez��jj0iCj0 �t�
� exp �ÿ2piG�k; l� � R?�
� exp �2pif�Ej ÿ Ej0 �=hÿ m�k; l�gt�: �19�

Fig. 3. Composition of the wave functions for Stark mixed

n� 2 substates of Ar17� ions as functions of the ion position in

the �2 2 0� planar channel of Si.
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Only when the RCE condition, DEjj0 � Ej ÿ Ej0 �
hm�k; l�, is satis®ed, the term in the right-hand side
of Eq. (19) makes a signi®cant contribution.

It is worth noting that the factor containing the
ion position, R?, here merely a�ects the phase of
the wave function, but when the wave function of
the ion motion is taken into account, it gives the
momentum change of the ion due to RCE and
consequently the energy transfer between transla-
tional and electronic degrees of freedom.

The strength of the RCE transition is then
given by the matrix element,

Mj0 �
ÿ echjj/kl�X � x�exp �ÿ2piG�k; l� � �r? � czez��j0i:

�20�
Fig. 4 shows the amplitudes of the perturbation

potentials, /kl(X), for (k, l)� (1,1), (1,2), (1, 3),
(1, 5) and (1, 6) as functions of the ion position.

3. Experimental setup

Fig. 5 illustrates top and side views of the ex-
perimental setup. A beam of hydrogen-like Ar17�

ions was accelerated to 390 MeV/u by Heavy Ion
Medical Accelerator at Chiba (HIMAC). A par-

allel beam was provided by a combination of a
doublet and a triplet quadruple-magnetic lenses,
and was collimated by a 5 cm thick iron collimator
with the inner diameter of 1 mm [6].

We used totally depleted Si surface barrier de-
tectors of 78.5 and 94.7 lm in thickness as target
crystals and at the same time as detectors for en-
ergy deposition in them, which technique has been
developed in a preceding work [7]. The crystal
orientation was examined by X-ray di�raction in
advance and was mounted on a high-precision
goniometer capable of rotating about three axes
remotely and of translating along two directions
normal to the beam direction.

Ions transmitted through the target were charge
separated by a magnet of 0.5 T located at 1.3 m
downstream of the target and were detected with a
2D-position sensitive Si detector (2D-PSD) located
at 4.3 m further downstream of the magnet. A
vertical slit of 1mm in width was placed at 0.6 m
downstream of the target to avoid overlapping of
scattered ions with di�erent charge states. The
angular divergence of the incident beam was esti-
mated to be less than 0.15 mrad from the spot size
on the 2D-PSD.

Signals from the target detector and the 2D-
PSD were recorded event by event. The synchrot-
ron was operated in a pulse mode with a repetition
period of 3.3 s and the pulse width of 1.5 s. The
beam intensity was reduced to a few thousand
counts per second to avoid pileup.

4. Results and discussions

4.1. RCE conditions

The survived fraction of Ar17� ions passing
through the present Si crystal of ca. 100 lm
thickness in the random direction was less than
1´10ÿ3. Under the channeling condition, however,
we observed several tens percent of emerged Ar17�

ions. Varying the incident angle from the �1 1 0�
axis in the �2 2 0� plane, the survived Ar17� frac-
tion was monitored. As can be seen in Fig. 6, a
series of sharp decreases in the survived Ar17�

fraction are observed. These dips are identi®ed as
Fig. 4. Fourier potentials, /kl, for (k, l)� (1,1), (1,2), (1,3),

(1,5) and (1,6) strings in the �2 2 0� plane.
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(k, l)� (1, 1), (1, 2), (1, 3), (1, 5) and (1, 6) reso-
nances for the electronic transition from 1s to n� 2
states in hydrogen-like Ar ions. We changed the
tilt angle, h, also in the �0 0 4� and �1 1 1� planes.
As also shown in Fig. 6, resonances corresponding
to (k, l)� (1, 1), (1, 2), (1, 3), (1, 4) and (1, 5) for
the �0 0 4� plane and those to (k, l)� (1, 1), (1, 3)
and (1, 5) for the �1 1 1� plane were observed.

It is noticed that there exists a selection rule,
which governs whether the (k, l) resonance should
appear or not, speci®c to the channeling plane and
to the crystal structure. The extinction of the res-
onance occurs when the 2D unit cell is not a
primitive cell, i.e., the unit cell contains plural,
equivalent atoms. In the case of �2 2 0� plane in the
diamond structure, as seen in Fig. 1, a unit cell
contains two atoms at 0A+0B (closed circles) and
(1/2)A+(1/4)B (open circles). While the former
atom is always on the (k, l) string, the latter atom
lies right in the middle of two strings when
2k+ l� 4n +2, resulting in a completely destructive
interference. In the case of �111� plane in cubic
crystals, if the 2D cell is chosen as a rectangle with
a side ratio of 1 :

���
3
p

, (k, l) resonances with
k+ l� 2n +1 should be absent.

The relative strength of the observed reso-
nances for the �2 2 0� plane can be well explained
by the calculated Fourier potential, /kl, shown in
Fig. 4, i.e., (1,1) and (1,2) resonance strengths are

nearly the same and (1,6) resonance is even
stronger than (1, 5) resonance. Absence of the (1, 4)
resonance is the result of destructive interference
described above.

4.2. Fine structure of the resonance

Regardless of the channeling plane, each ob-
served resonance dip is split into several lines. Fig.
7 shows a detailed angular scan of the (1,1) reso-
nance for the �2 2 0� plane. For a given resonance,
a given tilt angle can be converted into a transition
energy through the relation of Eq. (7), which is
also shown as the upper scale in Fig. 7. Two ar-
rows in the ®gure represent the resonance posi-
tions in vacuum, 3.318 and 3.323 keV, for J� 1/2
and 3/2 states, respectively. The major feature of
the ®ne structure is that the resonance splits into
two dips, the lower transition energy dip further
splits into two dips, the lowest transition energy
dip has a wide tail to the lower energy side and the
highest energy dip has a short tail to the higher
energy side. These characteristics are well ex-
plained by the calculated transition energies shown
in Fig. 2. Comparison between Figs. 7 and 2 in-
dicates that the shape of the resonance curve is
closely connected to the position dependence of
the transition energies.

Fig. 5. Top and side views of the experimental setup.
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4.3. Correlation between resonance angle and the
energy deposition

In the present, we simultaneously measured the
energy deposited by the ion in the crystal, which
we simply call Ôenergy lossÕ. Disregarding the dif-
ference in energy losses between Ar17� and Ar18�,
which is considered to be at most 10%, i.e.,
(182)172)/182, the survived Ar17� fraction, f(h, e),
as a function of the tilt angle, h, and the energy
loss, e, was re-histogrammed for the (1,1) reso-
nance of the �2 2 0� plane.

As mentioned above, the tilt angle, h, can be
converted to the transition energy, DE. Further-
more, we converted the energy loss, e, to the am-
plitude, A, of the ion trajectory by the help of a
simulation [8]. Thus we get the survived fraction as
a function of the transition energy and the trajec-
tory amplitude, f(DE,A). The survived Ar17�

fraction, f(A), from only 1s electron ionization is
observed at the region of o�-resonance condition.
Then F(DE,A)� 1) f(DE,A)/f(A) can be regarded
as the ionized fraction through RCE. Fig. 8 shows
a contour map of F(DE,A) thus obtained. The
calculated transition energies at the trajectory
amplitude obtained from Fig. 2 are also shown in
Fig. 8 by solid lines.

Fig. 7. Detailed angular scan of the (1,1) resonance for the

�2 2 0� plane.

Fig. 6. Survived fraction of 390 MeV/u Ar17� as function of

angle between the ion velocity and the [110] axis along the

�2 2 0�, (004) and �1 1 1� planes.
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At the lowest energy deposition, the RCE
probability shows two narrow peaks and as the
trajectory amplitude increases, the higher transi-
tion energy RCE broadens without shifting and
the lower transition energy RCE splits into two
peaks. These features are excellently reproduced
by the calculated lines. This means that the oscil-
latory ion trajectory with a ®nite amplitude results
in various transition energies, which induces the
broadening, however, the channeled ions spend the
longer time at the maximum amplitude and the
oscillating perturbation generally increases with
distance from the channel center, thereby, the
RCE process tends to take place at the largest
amplitude of the trajectory.
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