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Resonant coherent excitation of surface channeled ions
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(Received 2 September 1997

The resonant coherent excitatidRCE) of surface channeled ions has been theoretically investigated. Solv-
ing the Schrdinger 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*Bions at a SnT@01) surface. Using dreezing distancenodel 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 trajecf@%050-2947®8)04002-5

PACS numbegps): 79.20.Rf, 34.50.Fa, 61.85p

[. INTRODUCTION are shown for various incident angles. Decreasing incident
When an ion passes throuah an axial channel in a sin Iangle, however, the distance of the closest approach to the

P i gh e : NI rface becomes larger. Because the periodic perturbation
cr.ystal, the channeled ion EXperiences sequentllal .CO"'S'Onéecreases very rapidly with distance from the surface, the
with crystal atoms. These collisions cause a periodic perturémall incident angle results in a small RCE probability
bation of frequencw=v/d, wherev is the ion velocity and )

d is the atomi . | the atomic stri If th . Recently, the RCE of surface channeled ions was first
IS the atomic spacing along the atomic string. € EXClypserved through the change of the charge state distribution
tation energy of the iomM\E, coincides with the frequency or

Y ; of surface channeled iond3]. The observed change was
one of its higher harmonics, very weak as expected by the above discussion. It was, how-
ever, suggested that the observed weak effect might be at-

AE=2mh k_v 1) tributed to the large charge exchange probability in the vi-
d’ cinity of the surfacgd13]. In the present paper, the RCE of
surface channeled ions is theoretically investigated. The cal-
the excitation may occur, whetle is an integer. This phe- culated RCE probability is compared with the experimental
nomenon, called resonant coherent excitai®CE), was result in order to see whether the weak effect is due to the
predicted by Okoroko1] and a successful measurementintrinsic difficulty. The effect of the charge exchange process
was done by Datet al.[2]. They observed the reduction of on the surface RCE is discussed using a freezing distance
the incident charge state fraction after passing through thifnodel.
crystal foils at the resonance energy. The observed reduction
was attributed to the large electron loss probability of the Il. EXPERIMENTAL RESULT
excited ions created by RCE. From the detailed observation ) ) )
of the resonance profile, the energy shift and splitting of the The details of the experimental result were Qescrlbed else-
excited states due to the polarization wake in a crystal charvhere[13,14; here only the relevant result is given. A beam
nel were clearly demonstrat¢®,3]. In addition to the obser- ©f B ions from a Tandetron accelerator was collimated by
vation of RCE through the change in the charge state distri-
bution, recent investigations have shown enhancements of
projectile x-ray emissiofi4,5] and of convoy electron emis-
sion[6] under resonance conditions.

Just after the observation of RCE, Kupfer, Gabriel, and
Burgdafer discussed RCE of surface channeled igfisAl-
though several theoretical studies revealed characteristic fea-
tures of the surface RCEB-11], it has been believed that
there is an intrinsic difficulty in the observation of the sur-
face RCE[8,12]. In order to observe a sharp resonance, the
ion has to travel along the atomic string for a long distance.
This can be realized at a small angle of incidence as can be
seen in Fig. 1, where trajectories of surface channeled ions
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Fax number:  +81-75-753-5253. Electronic address: FIG. 1. Trajectories of surface channeled 5.5-Me¥ Bons on
kimura@kues.kyoto-u.ac.jp. a SnT€001) surface at various incident angles.
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B* on SnTe@01)<100> | - [ -

| B> on SnTe(001)<100> ] V(y,2)= 3 J Voo 1) €K@ DXy 3
~@- @; = 2 mrad o
- 0 = 4 mrad ]|

where the single string model is employed avig,.{r) is

the atomic potential. The electron is also affected by an im-
age potentiaV;ny(Rion,I'), Which is induced by the ion lo-
cated atRio[ = (Xion» Yion.Zion) ] Near the surface. We will
focus on a surface channeled hydrogenlike ion of atomic
numberZ, traveling along the on-string trajectory. In the
calculation ofViy,(Rion,r), the hydrogenlike ion is approxi-
mated by a point charge oZ¢—1)e. In the projectile frame,
the total Hamiltonian for the electron is written as

. Resonance Energy

F(4+)/F(5+)
w

[
T

h? Z,€?
H:_ﬁ Are_ r +U(Rion(t)ire)+W(Rion(t)ire),
. @

COUNTS

(o}

| ENERGY
1 L

5 6 where
INCIDENT ENERGY (MeV)

U(Rion(t)yre):Vimg(Rion(t)vRion(t)+re)
FIG. 2. Ratio of the B' fraction to the B* fraction observed at
the specular angle wher?Bions are incident on a SnT@01) sur- +Vo(Yion(t) +Ye, Zion(t) +2¢),  (5)
face along th¢100] axis at#,=2 and 4 mrad. The lines are drawn
to guide the eye. The statistical error is smaller than the symbols.
The inset shows an example of the observed energy spectrum of the ~ W(Rion(t),re) = > ViYion(D) + Ve, Zion(D) + Z)
surface channeled ions. k#0
x @~ k(27 ) Xion(t) + %] 6)
a series of apertures to less than>0.1 mnt and to a di-
vergence angle less than 0.3 mrad. The beam was incident @mdr [ = (X.,Ye,Ze)] is the position of the electron with re-
the SnT€001) surface at glancing angles 2—6 mrad underspect to the nucleus of the ion. Whil(R;,(t),r.) changes
[100] surface channeling condition. The ions scattered at &lowly along the trajectoryW(R;on(t),r.) oscillates rapidly
specular angle were energy analyzed by a 90° sector magyith a frequency aboutv/d. Thus the former causes adia-
netic spectrometer. An example of the observed energy spepatic change of the bound state and the latter is responsible
trum is shown in the inset of Fig. 2. The energy spectrumo RCE. Note that the oscillatory term decreases very rapidly
shows several well defined peaks which are related to pawith increasing distance from the surface. This suggests that
ticular ion trajectories. The most pronounced peak labéled RCE occurs mainly around the closest approach of the ion
was found to correspond to an on-string traject$,15. trajectory.
The charge state distribution of the ions of this peak was In the first step, the adiabatic change of the electronic
measured at the incident energies 4.6-6.3 MeV. The B state of the surface channeled ion along the ion trajectory is
fraction was dominant¥50%) and the B fraction was calculated. The Schdinger equation without the oscillatory
small in the present energy region, showing that the incidenterm,
B3* ions were efficiently ionized in the vicinity of the sur-

face. Although we studied the RCE of*Bions, this fact 72 Z,€?

allowed us to use the B beam as an incident beam. The ~om Are™ 7 FURion.Te) | #a(Rion.le)
observed ratio of the B fraction to the B™ fraction, ¢

F(4+)/F(5+), is shown in Fig. 2. There is a small reduc- =E4(Rion) ¥a(Rion.le) )

tion of B*' fraction around 5.5 MeV. This energy agrees
with the resonance enerd$.46 MeV) of the B*" ion from s solved using the first-order perturbation theory. This pro-

n=1 ton=2 states fok=2, showing that the observed B  cedure is the same as the calculation of the energy levels of
reduction is caused by the RCE. hydrogenlike ions in a crystal channel inside a crystal except

for the image potential iV (Riy,,re) [16]. Figure 3 displays
the calculated excitation energy of the 5.5-MeV}*Bion
from n=1 ton=2 states as a function of the distance from
An electron bound to a surface channeled ion is affectethe surface. Then=2 states are split into four states,

Ill. CALCULATION AND DISCUSSION

by a periodic potential (2s*=2p,)-like, 2p,-like, and 2, states due t&J (Rjon,re)-
In the calculation, the image potential given by OhtguKi]

_ —ik(2mld)x was employed. The results calculated without the image po-

vIn) EK Vidy.z)e ’ @ tential are also shown by dotted curves. The good agreement

between these curvéwith and without the image potental
where thex axis is parallel to the string, the axis is per- indicates that the effect of the image potential on the energy
pendicular to the surface, ang(y,z) can be written as shift is negligibly small. Approaching the surface, the exci-
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FIG. 3. Calculated excitation energies fronr 1 ton=2 states FIG. 4. Displayed is the evolution of the probabilities of occu-

for a channeled 5.5-MeV B IOn in the on-string trajectory at the pancy ofn=1 and 2 states along the ion trajectory when a 5.34-
SnTe00)) surface. The & mixes with 2, and 2, to make  MeV B*" ion is incident on a SnTO01) surface along th§100]
(2s%2p,)-like and 2,-like substrates. The ordinate of the right- axis at§,=2 mrad. The D,-like state is mainly excited around the

hand side shows the corresponding resonance energy=farreso-  closest approach. The short-dashed curve shows the ion trajectory.
nance. Arrows show the closest approaches for the surface chan-

led i ®,=2, 4, and 6 d.
neled ions av, and b mra pancy ofn=1 and 2 states of a surface channeléd Bn

tation energy and so the resonance energy changes. The @€ Shown along the on-string trajectory together with the ion
dinate in the right-hand side shows the resonance energy fédiectory when a 5.34-MeV B ion in the ground state is
k=2. incident at6;=2 mrad. The probability of the 2-like state

In the next step, the time-dependent Sclimger equation inc_r_eases rapidly along the trz_ijectory and the e_xcitation prob-
including the oscillatory termW(R,(t),r,), is solved in  ability of about 60% is obtained after reflection from the
order to estimate the RCE probability of the surface chansurface while other substates are hardly excited. This state-

neled ion. The electron wave function can be expressed iﬁelective_excitation can be understood by the following: The
terms of the adiabatic wave functions, RCE mainly occurs around the closest approach, where the

oscillatory term has a large value and the ion travels almost
5 _ parallel to the surface. In the present case, the ion energy
V(re,0)= 2 a,(t)¥a(Rion(t),re)e BRIl - (8) (534 MeV) coincides with the resonance energy fromita
a=1 the 2p,-like state at the closest approadh5 a.u), as can be
seen from Fig. 3. Thus thep2-like state is mainly excited. It
should be noted that the occupation probability of the
2p,-like state reaches almost 100% around the closest ap-
proach, and the probability decreases after this pgago-
nant coherent deexcitatinn

wherea denoten=1 and 2 states. We consider only these
states because we are considering the RCE froal to
n=2 states. Substituting Eq8) into the time-dependent
Schralinger equation, the differential equation fay(t) is

obtained, Figure 5 displays the calculated RCE probability of the
. i d
aa(t)z g aa(t) a [Ea(Rlon(t))]t 15 . " i . | . . . . ; . .
L B* on SnTe(001)<100> 6, = 2 mrad ]
d¢ (R (t)rr) I s+2p,)-like state s-2p,)-like state )
_% [J ¢a(Rion(t)-re) % dre : ’ Zpl) o 2p,-like St:tze " l'k - :
= L ) i
i =3 ! ]
+ 7 <a|W(Rion(t)are)|B> aﬁ(t) 5
< |
x @ {Ea(Rion(1)—Eg(Rion(tN 1A}t 9) Zosl
m o [~ —
Employing an approximation, L
IW(Rion,Te) r
W(Rionare):W(Rionao)—Fre% , (10 04 — SA " I g
€ re=0 ENERGY (MeV)

Eq. (9 was solved numerically. Thepg state cannot be FIG. 5. Calculated RCE probabilityne 1—n=2) of the sur-
excited in the on-string trajectory because the oscillatonface channeled B ion at 6,=2 mrad as a function of the ion en-

field does not have g component. An example of the cal- ergy. Arrows indicate the calculated resonance energies at the clos-
culated result is shown in Fig. 4. The probabilities of occu-est approach of the surface channeled io®;at2 mrad.
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surface channeled® ion at §;=2 mrad as a function of the
ion energy. The probability shows oscillatory structure.
These oscillations are similar to the oscillations observed in
the case of the potential-curve crossing. Aside from the os-
cillations, the RCE probability has a large value around
~4.4, ~5.3, and~5.8 MeV. These energies are in agree-
ment with the calculated resonance energies for the
(2s+2p,)-like, 2p,-like, and (Zs—2p,)-like states, respec-
tively. The calculated large RCE probability clearly indicates
that there is no intrinsic difficulty to observe the surface
RCE. However, the observed RCE was very small, as is seen
in Fig. 2. In addition, the calculated resonance profile ex-
tends from 4.2 to 6 MeV, while the RCE was observed in the
energy region from 5.3 to 5.8 MeV. These disagreements
might be attributed to the charge exchange processes near the
surface which were neglected in the calculation. TRé Bn
created by the prompt ionization of the excitei"Bon pro-
duced by RCE may capture an electron near the surface.
Thus the effect of surface RCE on the charge state distribu-
tion might be erased by the subsequent charge exchange pro-
cesses near the surface.

In a recent study, we demonstrated that 2-MeV Gons
have large charge exchange probabilities in the vicinity o
the SnT€001) surface18]. A simple model called the freez-
ing distance model was introduced to explain the charge sta
dependence of the observed energy losses of the carbon iog
specularly reflected from the Sn{D®1). In the model, the
surface region is divided into two regions by a so-called
freezing distanc® . At z<Dg, the charge exchange prob-
abilities are so large that an equilibrium charge state distriz
bution is attained within a short distance. On the contrary, aE/I
z>D¢g, the ion does not change its charge state. This simpl
model explained the observed energy losses very well an
the freezing distance was determined to be about 3 &8
Applying the freezing distance model to the present case, the
reduction of the B" fraction caused by RCE is erased at
z<Dg. Only the RCE occurring az>D¢ in the outgoing
trajectory can be observed.

Based on the freezing distance model, the probability of
RCE, which occurs az>D¢ in the outgoing trajectory, can
be estimated from the observed result. Th& Braction,
Fo(4+), without RCE was estimated by the general trend of
the energy dependence of the observed ratio, which is shown
by a solid line in Fig. 2. Assuming that the excited'Bon
loses its bound electron evenzt D¢, the RCE probability
can be estimated b{F(4+)—F(4+)}/Fq(4+). Figure 6
displays the RCE probability estimated from the observed
result. The ion energy shown in Fig. 6 is the exit energy
which is smaller than the incident energy by about 100 keV
due to the energy loss. The estimated RCE probability is
2—-3 % for incident angles 2—6 mrad. These results can be
compared with the probability calculated by solving E®).
after z=D¢g in the outgoing trajectory. The RCE probabili-
ties calculated with variouB ¢ are shown in Fig. 7 together
with the experimental result. The calculated RCE probability
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FIG. 6. RCE probability of the surface channeleti Bon esti-
fmated from the observed charge state distribution.

ation decreases very rapidly with The decrease of the
CE probability is a simple reflection of the rapid decrease
P the periodic perturbation. The shift can be explained by
the z-dependence of the Stark shitee Fig. 3. The calcu-
lated result withD~2 a.u. agrees reasonably well with the
.experimental one except for the calculated peak around 5
eV [which corresponds
2s+2p,)-like statd, which does not appear in the experi-
ental result. This might be attributed to the short lifetime of
e (2+2p,)-like state in the vicinity of the surface. The

the
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shows three peaks corresponding to the excitations to the g1 7. comparison between the calculated and observed RCE
(2s+2p,)-like, 2p,-like, and (Z—2p,)-like states. The grobabilities. The agreement is reasonably good except for the peak

RCE probability decreases rapidly and the outer peaks shi

round 5 MeV[corresponding to (&+2p,)-like statd in the cal-

towards the center with increasiil: . These can be under- culated results, which is not seen in the observed result. The ab-
stood by the fact that the RCE occurs mainly just aftersence of the (8+2p,)-like state might be attributed to the short
z=D¢ in the outgoing trajectory because the periodic perturdifetime of the state near the surface.
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bound electron in the (& 2p,)-like state is localized in the by solving the time-dependent ScHinger equation along
lower side(surface sidgof the ion, where the bound electron the trajectory. The calculated RCE probability is much larger
is subject to frequent collisions with surface atoms. Thes¢han the observed result, suggesting that the subsequent
frequent collisions make the é2-2p,)-like state unstable charge exchange processes erase almost completely the
and the corresponding RCE peak disappears. change in the charge state distribution due to the RCE. Using
The obtained freezing distanc®r~2 a.u., is slightly a freezing distance model for the charge exchange processes
smaller than the previous resu-~3 a.u., for 2-MeV car- at the surface, the RCE probability is calculated. The calcu-
bon ions[18]. This is consistent with the fact that the chargelated result agrees well with the observed result except for
exchange probability decreases andsodecreases with ion the disappearance of the excitation to thes{2p,)-like
energy. This suggests that more pronounced RCE can Is#ate in the observation. The disappearance of the excitation
observed using ions of higher energy. to the (X+2p,)-like state can be understood by the fact that
the (2s+2p,)-like state is unstable near the surface.

IV. CONCLUSIONS
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