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Resonant coherent excitation of surface channeled ions

K. Kimura* and M. Mannami
Department of Engineering Physics and Mechanics, Kyoto University, Kyoto 606-01, Japan

~Received 2 September 1997!

The resonant coherent excitation~RCE! of surface channeled ions has been theoretically investigated. Solv-
ing the Schro¨dinger equation numerically along the ion trajectory, the excitation probability of the surface
channeled ion due to the periodic components of the surface potential is calculated. The mixing and energy
shift of the electronic states in the vicinity of the surface due to both the continuum surface potential and the
induced surface wake potential are included. The result is compared with the recent experimental result of the
RCE of surface channeled B41 ions at a SnTe~001! surface. Using afreezing distancemodel for the charge
exchange processes, the characteristic features of the observed result can be well reproduced. This indicates
that the observed RCE occurs mainly in the outgoing trajectory.@S1050-2947~98!04002-5#

PACS number~s!: 79.20.Rf, 34.50.Fa, 61.85.1p
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I. INTRODUCTION

When an ion passes through an axial channel in a sin
crystal, the channeled ion experiences sequential collis
with crystal atoms. These collisions cause a periodic per
bation of frequencyn5v/d, wherev is the ion velocity and
d is the atomic spacing along the atomic string. If the ex
tation energy of the ion,DE, coincides with the frequency o
one of its higher harmonics,

DE52p\
kv
d

, ~1!

the excitation may occur, wherek is an integer. This phe
nomenon, called resonant coherent excitation~RCE!, was
predicted by Okorokov@1# and a successful measureme
was done by Datzet al. @2#. They observed the reduction o
the incident charge state fraction after passing through
crystal foils at the resonance energy. The observed reduc
was attributed to the large electron loss probability of
excited ions created by RCE. From the detailed observa
of the resonance profile, the energy shift and splitting of
excited states due to the polarization wake in a crystal ch
nel were clearly demonstrated@2,3#. In addition to the obser-
vation of RCE through the change in the charge state di
bution, recent investigations have shown enhancement
projectile x-ray emission@4,5# and of convoy electron emis
sion @6# under resonance conditions.

Just after the observation of RCE, Kupfer, Gabriel, a
Burgdörfer discussed RCE of surface channeled ions@7#. Al-
though several theoretical studies revealed characteristic
tures of the surface RCE@8–11#, it has been believed tha
there is an intrinsic difficulty in the observation of the su
face RCE@8,12#. In order to observe a sharp resonance,
ion has to travel along the atomic string for a long distan
This can be realized at a small angle of incidence as ca
seen in Fig. 1, where trajectories of surface channeled
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are shown for various incident angles. Decreasing incid
angle, however, the distance of the closest approach to
surface becomes larger. Because the periodic perturba
decreases very rapidly with distance from the surface,
small incident angle results in a small RCE probability.

Recently, the RCE of surface channeled ions was fi
observed through the change of the charge state distribu
of surface channeled ions@13#. The observed change wa
very weak as expected by the above discussion. It was, h
ever, suggested that the observed weak effect might be
tributed to the large charge exchange probability in the
cinity of the surface@13#. In the present paper, the RCE o
surface channeled ions is theoretically investigated. The
culated RCE probability is compared with the experimen
result in order to see whether the weak effect is due to
intrinsic difficulty. The effect of the charge exchange proce
on the surface RCE is discussed using a freezing dista
model.

II. EXPERIMENTAL RESULT

The details of the experimental result were described e
where@13,14#; here only the relevant result is given. A bea
of B31 ions from a Tandetron accelerator was collimated

d.
FIG. 1. Trajectories of surface channeled 5.5-MeV B41 ions on

a SnTe~001! surface at various incident angles.
1121 © 1998 The American Physical Society
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1122 57K. KIMURA AND M. MANNAMI
a series of apertures to less than 0.130.1 mm2 and to a di-
vergence angle less than 0.3 mrad. The beam was incide
the SnTe~001! surface at glancing angles 2–6 mrad und
@100# surface channeling condition. The ions scattered a
specular angle were energy analyzed by a 90° sector m
netic spectrometer. An example of the observed energy s
trum is shown in the inset of Fig. 2. The energy spectr
shows several well defined peaks which are related to
ticular ion trajectories. The most pronounced peak labeleA
was found to correspond to an on-string trajectory@13,15#.
The charge state distribution of the ions of this peak w
measured at the incident energies 4.6–6.3 MeV. The41

fraction was dominant (.50%) and the B31 fraction was
small in the present energy region, showing that the incid
B31 ions were efficiently ionized in the vicinity of the su
face. Although we studied the RCE of B41 ions, this fact
allowed us to use the B31 beam as an incident beam. Th
observed ratio of the B41 fraction to the B51 fraction,
F(41)/F(51), is shown in Fig. 2. There is a small redu
tion of B41 fraction around 5.5 MeV. This energy agre
with the resonance energy~5.46 MeV! of the B41 ion from
n51 to n52 states fork52, showing that the observed B41

reduction is caused by the RCE.

III. CALCULATION AND DISCUSSION

An electron bound to a surface channeled ion is affec
by a periodic potential

V~r !5(
k

Vk~y,z!e2 ik~2p/d!x, ~2!

where thex axis is parallel to the string, thez axis is per-
pendicular to the surface, andVk(y,z) can be written as

FIG. 2. Ratio of the B41 fraction to the B51 fraction observed at
the specular angle when B31 ions are incident on a SnTe~001! sur-
face along the@100# axis atu i52 and 4 mrad. The lines are draw
to guide the eye. The statistical error is smaller than the symb
The inset shows an example of the observed energy spectrum o
surface channeled ions.
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Vk~y,z!5
1

d E
2`

1`

Vatom~r !eik~2p/d!xdx, ~3!

where the single string model is employed andVatom(r ) is
the atomic potential. The electron is also affected by an
age potentialVimg(Rion,r ), which is induced by the ion lo-
cated atRion@5(Xion ,Yion ,Zion)# near the surface. We wil
focus on a surface channeled hydrogenlike ion of atom
numberZ1 traveling along the on-string trajectory. In th
calculation ofVimg(Rion ,r ), the hydrogenlike ion is approxi
mated by a point charge of (Z121)e. In the projectile frame,
the total Hamiltonian for the electron is written as

H52
\2

2m
D r e

2
Z1e2

r e
1U„Rion~ t !,re…1W„Rion~ t !,re…,

~4!

where

U~Rion~ t !,re!5Vimg„Rion~ t !,Rion~ t !1re…

1V0„Yion~ t !1ye ,Zion~ t !1ze…, ~5!

W„Rion~ t !,re…5 (
kÞ0

Vk„Yion~ t !1ye ,Zion~ t !1ze…

3e2 ik~2p/d!@Xion~ t !1xe#, ~6!

andre@5(xe ,ye ,ze)# is the position of the electron with re
spect to the nucleus of the ion. WhileU„Rion(t),re… changes
slowly along the trajectory,W„Rion(t),re… oscillates rapidly
with a frequency aboutkn/d. Thus the former causes adia
batic change of the bound state and the latter is respons
to RCE. Note that the oscillatory term decreases very rap
with increasing distance from the surface. This suggests
RCE occurs mainly around the closest approach of the
trajectory.

In the first step, the adiabatic change of the electro
state of the surface channeled ion along the ion trajector
calculated. The Schro¨dinger equation without the oscillator
term,

S 2
\2

2m
D r e

2
Z1e2

re
1U~Rion ,re! Dca~Rion ,re!

5Ea~Rion!ca~Rion ,re!, ~7!

is solved using the first-order perturbation theory. This p
cedure is the same as the calculation of the energy leve
hydrogenlike ions in a crystal channel inside a crystal exc
for the image potential inU(Rion ,re) @16#. Figure 3 displays
the calculated excitation energy of the 5.5-MeV B41 ion
from n51 to n52 states as a function of the distance fro
the surface. Then52 states are split into four state
(2s62pz)-like, 2px-like, and 2py states due toU(Rion ,re).
In the calculation, the image potential given by Ohtsuki@17#
was employed. The results calculated without the image
tential are also shown by dotted curves. The good agreem
between these curves~with and without the image potential!
indicates that the effect of the image potential on the ene
shift is negligibly small. Approaching the surface, the ex

ls.
the
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57 1123RESONANT COHERENT EXCITATION OF SURFACE . . .
tation energy and so the resonance energy changes. The
dinate in the right-hand side shows the resonance energy
k52.

In the next step, the time-dependent Schro¨dinger equation
including the oscillatory term,W„Rion(t),re…, is solved in
order to estimate the RCE probability of the surface cha
neled ion. The electron wave function can be expressed
terms of the adiabatic wave functions,

C~re ,t !5 (
a51

5

aa~ t !ca„Rion~ t !,re…e
2 i @Ea„Rion~ t !…/\#t, ~8!

wherea denotesn51 and 2 states. We consider only thes
states because we are considering the RCE fromn51 to
n52 states. Substituting Eq.~8! into the time-dependent
Schrödinger equation, the differential equation foraa(t) is
obtained,

ȧa~ t !5
i

\
aa~ t !

d

dt
@Ea„Rion~ t !…#t

2(
b

F E ca„Rion~ t !,re…
dcb„Rion~ t !,re…

dt
dre

1
i

\
^auW„Rion~ t !,re…ub&Gab~ t !

3ei $@Ea„Rion~ t !…2Eb„Rion~ t !…#/\%t. ~9!

Employing an approximation,

W~Rion ,re!.W~Rion ,0!1re

]W~Rion ,re!

]r e
U

re50

, ~10!

Eq. ~9! was solved numerically. The 2py state cannot be
excited in the on-string trajectory because the oscillato
field does not have ay component. An example of the cal-
culated result is shown in Fig. 4. The probabilities of occ

FIG. 3. Calculated excitation energies fromn51 to n52 states
for a channeled 5.5-MeV B41 ion in the on-string trajectory at the
SnTe~001! surface. The 2s mixes with 2px and 2pz to make
(2s62pz)-like and 2px-like substrates. The ordinate of the right
hand side shows the corresponding resonance energy fork52 reso-
nance. Arrows show the closest approaches for the surface ch
neled ions atu i52, 4, and 6 mrad.
or-
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pancy ofn51 and 2 states of a surface channeled B41 ion
are shown along the on-string trajectory together with the
trajectory when a 5.34-MeV B41 ion in the ground state is
incident atu i52 mrad. The probability of the 2px-like state
increases rapidly along the trajectory and the excitation pr
ability of about 60% is obtained after reflection from th
surface while other substates are hardly excited. This st
selective excitation can be understood by the following: T
RCE mainly occurs around the closest approach, where
oscillatory term has a large value and the ion travels alm
parallel to the surface. In the present case, the ion ene
~5.34 MeV! coincides with the resonance energy from 1s to
the 2px-like state at the closest approach~1.5 a.u.!, as can be
seen from Fig. 3. Thus the 2px-like state is mainly excited. It
should be noted that the occupation probability of t
2px-like state reaches almost 100% around the closest
proach, and the probability decreases after this point~reso-
nant coherent deexcitation!.

Figure 5 displays the calculated RCE probability of th

n-

FIG. 4. Displayed is the evolution of the probabilities of occ
pancy ofn51 and 2 states along the ion trajectory when a 5.3
MeV B41 ion is incident on a SnTe~001! surface along the@100#
axis atu i52 mrad. The 2px-like state is mainly excited around th
closest approach. The short-dashed curve shows the ion trajec

FIG. 5. Calculated RCE probability (n51→n52) of the sur-
face channeled B41 ion at u i52 mrad as a function of the ion en
ergy. Arrows indicate the calculated resonance energies at the c
est approach of the surface channeled ion atu i52 mrad.
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1124 57K. KIMURA AND M. MANNAMI
surface channeled B41 ion atu i52 mrad as a function of the
ion energy. The probability shows oscillatory structu
These oscillations are similar to the oscillations observed
the case of the potential-curve crossing. Aside from the
cillations, the RCE probability has a large value arou
;4.4, ;5.3, and;5.8 MeV. These energies are in agre
ment with the calculated resonance energies for
(2s12pz)-like, 2px-like, and (2ss22pz)-like states, respec
tively. The calculated large RCE probability clearly indicat
that there is no intrinsic difficulty to observe the surfa
RCE. However, the observed RCE was very small, as is s
in Fig. 2. In addition, the calculated resonance profile
tends from 4.2 to 6 MeV, while the RCE was observed in
energy region from 5.3 to 5.8 MeV. These disagreeme
might be attributed to the charge exchange processes nea
surface which were neglected in the calculation. The B51 ion
created by the prompt ionization of the excited B41 ion pro-
duced by RCE may capture an electron near the surf
Thus the effect of surface RCE on the charge state distr
tion might be erased by the subsequent charge exchange
cesses near the surface.

In a recent study, we demonstrated that 2-MeV Cq1 ions
have large charge exchange probabilities in the vicinity
the SnTe~001! surface@18#. A simple model called the freez
ing distance model was introduced to explain the charge s
dependence of the observed energy losses of the carbon
specularly reflected from the SnTe~001!. In the model, the
surface region is divided into two regions by a so-cal
freezing distanceDF . At z,DF , the charge exchange prob
abilities are so large that an equilibrium charge state dis
bution is attained within a short distance. On the contrary
z.DF , the ion does not change its charge state. This sim
model explained the observed energy losses very well
the freezing distance was determined to be about 3 a.u.@18#.
Applying the freezing distance model to the present case,
reduction of the B41 fraction caused by RCE is erased
z,DF . Only the RCE occurring atz.DF in the outgoing
trajectory can be observed.

Based on the freezing distance model, the probability
RCE, which occurs atz.DF in the outgoing trajectory, can
be estimated from the observed result. The B41 fraction,
F0(41), without RCE was estimated by the general trend
the energy dependence of the observed ratio, which is sh
by a solid line in Fig. 2. Assuming that the excited B41 ion
loses its bound electron even atz.DF , the RCE probability
can be estimated by$F0(41)2F(41)%/F0(41). Figure 6
displays the RCE probability estimated from the observ
result. The ion energy shown in Fig. 6 is the exit ener
which is smaller than the incident energy by about 100 k
due to the energy loss. The estimated RCE probability
2–3 % for incident angles 2–6 mrad. These results can
compared with the probability calculated by solving Eq.~9!
after z5DF in the outgoing trajectory. The RCE probabil
ties calculated with variousDF are shown in Fig. 7 togethe
with the experimental result. The calculated RCE probabi
shows three peaks corresponding to the excitations to
(2s12pz)-like, 2px-like, and (2s22pz)-like states. The
RCE probability decreases rapidly and the outer peaks s
towards the center with increasingDF . These can be under
stood by the fact that the RCE occurs mainly just af
z5DF in the outgoing trajectory because the periodic pert
.
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bation decreases very rapidly withz. The decrease of the
RCE probability is a simple reflection of the rapid decrea
of the periodic perturbation. The shift can be explained
the z-dependence of the Stark shift~see Fig. 3!. The calcu-
lated result withDF'2 a.u. agrees reasonably well with th
experimental one except for the calculated peak aroun
MeV @which corresponds to the excitation to th
(2s12pz)-like state#, which does not appear in the exper
mental result. This might be attributed to the short lifetime
the (2s12pz)-like state in the vicinity of the surface. Th

FIG. 6. RCE probability of the surface channeled B41 ion esti-
mated from the observed charge state distribution.

FIG. 7. Comparison between the calculated and observed R
probabilities. The agreement is reasonably good except for the p
around 5 MeV@corresponding to (2s12pz)-like state# in the cal-
culated results, which is not seen in the observed result. The
sence of the (2s12pz)-like state might be attributed to the sho
lifetime of the state near the surface.
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57 1125RESONANT COHERENT EXCITATION OF SURFACE . . .
bound electron in the (2s12pz)-like state is localized in the
lower side~surface side! of the ion, where the bound electro
is subject to frequent collisions with surface atoms. Th
frequent collisions make the (2s12pz)-like state unstable
and the corresponding RCE peak disappears.

The obtained freezing distance,DF'2 a.u., is slightly
smaller than the previous result,DF'3 a.u., for 2-MeV car-
bon ions@18#. This is consistent with the fact that the char
exchange probability decreases and soDF decreases with ion
energy. This suggests that more pronounced RCE can
observed using ions of higher energy.

IV. CONCLUSIONS

The adiabatic changes of the bound states of the sur
channeled B41 ions on the SnTe~001! along the on-string
trajectory are calculated taking account of the continu
string potential as well as the induced image potential.
cluding these adiabatic changes, the RCE probability du
the periodic component of the surface potential is calcula
F.
r,

F.
r,

.
ri,

F
Y.
ts

R

e

be

ce

-
to
d

by solving the time-dependent Schro¨dinger equation along
the trajectory. The calculated RCE probability is much larg
than the observed result, suggesting that the subseq
charge exchange processes erase almost completely
change in the charge state distribution due to the RCE. Us
a freezing distance model for the charge exchange proce
at the surface, the RCE probability is calculated. The cal
lated result agrees well with the observed result except
the disappearance of the excitation to the (2s12pz)-like
state in the observation. The disappearance of the excita
to the (2s12pz)-like state can be understood by the fact th
the (2s12pz)-like state is unstable near the surface.
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