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A first-principles calculation of the resonant-coherent excitation of planar-channeled hydrogeni
is presented. The interplay between coherent interaction with the periodic crystal lattice potenti
inelastic electron-electron collisions is shown to be crucial in both intraionic transitions and ele
loss from the ion. The magnitude of resonant-coherent excitation is predicted to oscillate wi
amplitude of the oscillations of the ion trajectory. Good agreement is found with experiments.

PACS numbers: 61.85.+p, 34.50.Fa, 34.80.Dp, 79.20.–m
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A channeled ion moving inside a crystal is expos
to the periodic perturbation of the ordered rows a
planes of atoms in the crystal lattice. When one of t
harmonics of this perturbation coincides with the ener
difference between the actual electronic state of the
and some other state, a transition can occur connec
both states. This is the well-known resonant-coher
excitation (RCE).

The RCE was first experimentally observed in a s
of elegant experiments by Datzet al. [1–4], who first
observed this effect through the reduction in the tra
mission of fixed-charge-state hydrogenic ions of atom
numberZ1  5 9, axially channeled in Au and Ag crys
tals, when the condition of resonance stated above
satisfied between the electron ground state and some
cited state, the latter being more easily ionizable than
former due to stronger interaction with the solid. RC
has been observed under both axial [1–3] and planar
channeling conditions.

When ions of large atomic number are consider
(e.g., Mg11+), they have chances to leave the mediu
after suffering RCE without further ionization, so leadin
to emission of x rays, which have been experimenta
detected and proved to be polarized in a way related
the channel geometry and the ion trajectory [5].

A first-principles quantitative study of this effect i
presented in this Letter, based upon a numerical solu
of the Schrödinger equation.

The interaction between the moving ion and the crys
can be separated into two distinct contributions to the to
potentialV : (a) static crystal potentialV C and (b) induced
potentialV I .

(a) The crystal potential consists of the interaction w
all electrons and nuclei in the unperturbed medium. T
spatial periodicity of the lattice in which those are plac
is experienced by the moving ion as a periodicity in tim
0031-9007y96y76(11)y1856(4)$10.00
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which enables an electron bound to it to suffer transitio
of frequency corresponding to the different harmonics co
tributing to the crystal potential. Experimental eviden
exists that some frequencies can be suppressed due t
terference effects [6]. For ions channeled in ah001j planar
channel of an fcc crystal, the crystal potential can be w
ten in terms of its oscillatory Fourier componentsV C

kl of
frequencies

vkl  2pygyask cosw 1 l sinwd , (1)

where w represents the angle between the ion veloc
y and the [100] direction,g stands for the relativistic
Lorentz factor,a is the lattice constant, andk and l are
integers such thatk 1 l is an even number. One hasV C P

kl V C
kle

2ivkl t . We will focus on this particular trajectory
the generalization to axial and surface channeling adds
extra conceptual difficulty.

(b) The induced potential results from the distortio
produced in the medium by the projectile. The we
known wake potential corresponds to the part of t
induced potential related to the perturbation of valen
band electrons [7–9].

The whole RCE picture incorporates the followin
ingredients: (i) transitions connecting electronic bou
states of the ion via frequencies of the crystal potent
(ii) splitting and mixing of electron states, originating i
the net electric field derived from both the induced wa
potential and the averaged (over the ion trajectory) crys
potential [10,11]; (iii) electron loss due to coherent excit
tion to the continuum; (iv) noncoherent electron-electr
collisions leading to electron (de)excitation and electr
loss; and (v) the ion trajectory, which accompanies t
dynamical evolution of electron states. Electron captu
from inner shells of target atoms may be important
well when the ion finds itself traveling very close to an
© 1996 The American Physical Society
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atomic plane of the crystal—that is, in the region whe
the strong interaction with target atoms leads to very hi
ionization rates, and, therefore, electron capture will
dismissed in this work.

(i) RCE can be regarded as an elastic process in
laboratory frame, in which the lattice acts like a source
momentum. In order to take place, RCE requires that
energy difference between bound states lies near som
the harmonic energies̄hvkl of the crystal potential. The
effect of the rest of the harmonics is negligible.

(ii) The electronic states of the ion are mixed an
energy split by interaction with the target. The ne
basis of adiabatic statesjfll, among which RCE can
occur, change along the trajectory, because the interac
potential depends on the ion-atomic planes separation.
adiabatic states we understand those that diagonalize
continuous interaction potential, that is,X

b

Vabal
b  sEl 2 h̄eadal

a , (2)

where al
a is the projection of perturbed statejfll (of

energyEl) onto unperturbed statejal (of energy h̄ea),
Vab  2kajVI 1 V Cj bl, and V C 

P
vkl0 V C

kl is the
so-called continuous planar potential [12,13].

(iii) RCE can take place in such a way that th
excited state lies in the continuum, leading to electron lo
[14–16]. The bound states can be depopulated via t
effect, introducing in this way a width to the electroni
adiabatic levels. It has been speculated that, for the c
of surface channeling, the electron emitted in this w
should travel with well-defined energy around preferent
directions [16]. Experimental evidence of this type o
electron emission is still lacking. For planar channelin
when very thin films and large projectile velocities ar
contemplated, the ejected electron may have a mean
path against the solid comparable to the film thickness,
that it may leave the target carrying direct information o
the excitation process.

(iv) The excitation of target electrons and plasmo
needs to be considered as well—the simultaneous prom
tion of the moving bound electron can occur by absor
ing energy out of the fast ion motion. These kinds
inelastic collisions constitute a relevant mechanism
both excitation and ionization of the ion, as shown b
Datzet al. [17]. Actually, these processes are well know
in the field of charge states of ions traversing solids: Th
are the so-called Auger excitation and loss, respectiv
[14,15,18].

(v) The ion moves following a nearly classical trajec
tory, which is governed by the crystal planar potential (t
gether with the image potential in the case of surfac
[16]). Moreover, since the trajectory forms a glancin
angle with respect to the channel, the motion perpendi
lar to the crystal planes can be decoupled from the f
motion along the remaining “parallel” (to the channe
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directions. Besides, the electron evolves nonadiabatica
in the sense that the excited electron wave function
tains during long times (of the order of the period of th
trajectory oscillations in the channel) the character of t
original adiabatic state to which it was promoted.

The above considerations permit us to study the ev
lution of the electronic states of the ion by solving th
Schrödinger equation, written in the form of couple
channel equations [19]. The explicit dependence on t
amplitudes of free electronic states can be eliminated
one assumes low ionization rates. In its place, one fin
extra coupling rates that will be denotedG. The remain-
ing system of equations describes the time evolution
the amplitudesaa of bound statesjal as

ih̄
daa

dt


X
b

Sabab 1
X
b.kl

V
crystal
ab,kl eisea2eb2vkl dt

ab ,

(3)

where

Sab  Vab 2
ih̄
2

sGCL
ab 1 G

Auger
ab d (4)

represents complex self-energy matrix elements. T
resonant termV

crystal
ab,kl  kajV C

kl j bl connects statesjal
and j bl via the harmonicsk, ld of the crystal potential
[see point (a) above]. Here, the ratesGab account for the
leaking of electron probability coming from both coheren
excitation to the continuum [i.e., coherent loss,G

CL
ab,kl ;

see point (iii) above] and incoherent Auger process
[G

Auger
ab ; see point (iv) above]. The latter can be in tur

divided into Auger loss (AL) and Auger (de)excitation
(AE) to different bound states:G

Auger
ab  G

AL
ab 1 G

AE
ab .

Notice that whenever an Auger transition takes place, t
target quantum state changes—so one can no longer s
amplitudes, as in Eq. (3). A way to handle this consists
convoluting the electron probability of jumping to a give
bound state at every point of the ion trajectory with th
solution of Eq. (3) derived by considering the new boun
state as the initial condition at that particular point.

A dielectric formalism has been followed to obtain bot
the induced wake potential and the Auger matrix elemen
[15]. Use has been made of the random-phase appro
mation dielectric function [20] corresponding to a homo
geneous electron gas of density equal to the average o
the ion trajectory along several target atom spacings. T
crystal potential has been calculated summing up con
butions coming from all target atoms in the Ziegler, Bie
sack, and Littmark approximation, as has been alrea
done in the theory of RCE at surfaces [16]. For the sa
of simplicity, the excited states will be restricted to thos
of theL shell from now on.

Figure 1 shows the energy difference between grou
and excited states for 25 MeVyamu Mg11+ ions channeled
in a h001j planar channel of a Ni crystal, obtained from
1857
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FIG. 1. Transition energies between thej1sl state and the
hybrid adiabatic states of theL shell of a 25 MeVyamu Mg11+

ion moving parallel to ah001j planar channel of a Ni crystal
as a function of distance from the channel midplane (impa
parameter). The energy differencesDE are given relative to
the vacuum valueDEvac. The shape of the electronic cloud o
the different excited states is shown for various positions in t
channel by means of the accompanying insets. They repre
the radial integral of the squared electron wave functio
The ion moves from top to bottom. A dotted horizontal ba
has been drawn for the state labeledl  1 to represent the
harmonic energyh̄v2,0 corresponding to an anglew  26.2±

with respect to the [100] direction, according to Eq. (1).

Eq. (2). The shape of the four adiabatic states of theL
shell is shown in the insets. Notice that statel  1 is
oriented towards the channel wall, and, consequently
can be more easily populated by RCE than the rest [5]. T
dotted horizontal bar corresponds to the harmonic ene
h̄v2,0 obtained from Eq. (1) forw  26.2±. The resonance
conditionh̄v2,0  El 2 E1s can only be fulfilled for state
l  1. No other low-index harmonicssk, ld lie near the
energy range considered in the figure.

Under the same conditions as in Fig. 1, the impa
parameter dependence of transition rates involved
Eq. (4) are represented in Fig. 2 in order to illustra
the interplay between coherent (GCL, solid curves) and
Auger (GAL, dashed curves) electron loss mechanism
Incoherent Auger processes are dominant near the cha
1858
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FIG. 2. Impact-parameter dependence of the transition ra
involving statesj1sl and l  1. GCL (coherent-loss, solid
curves), GAL (Auger loss, dashed curves), andGAE (Auger
excitation, dot-dashed curves) are calculated under the sa
conditions as in Fig. 11. Insets are intended to show schem
cally the processes under consideration.

midplanes, whereas coherent ionization dominates in
vicinity of the atomic walls. The rate of Auger excitation
is also shown for completeness (GAE, dot-dashed curves).

When the bound electron is originally prepared in sta
j1sl at point I of the trajectory schematically shown in
the inset of Fig. 3, numerical evaluation of Eq. (3) show
that the probability of finding it in the same state at poi

FIG. 3. Upper curves: Probability that an electron prepar
in the ground state of a Mg11+ ion at positionI of the trajectory
sketched in the inset survives in that state at positionF as a
function of the amplitude of the trajectoryzA, under the same
conditions as in Fig. 1. Lower curves: Probability of findin
the electron in theL shell at pointF. Solid (broken) curves
represent the result obtained with (without) including cohere
loss and Auger processes [G terms in Eq. (4)]. The angle with
respect to the [100] direction has been taken asw  26.2±.
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FIG. 4. Survival fraction of 25 MeVyamu Mg11+ ions after
passing through ah001j planar channel of a 4000 Å thick Ni
single crystal. w is the angle between the velocity and th
[100] direction. The inset represents a top view of the chann
The faces of the crystal are perpendicular to that directio
Solid line: present theory, multiplied by a factor of 0.3 t
fit the experimental point corresponding tow  28±. Circles:
experiment (Datzet al., Ref. [5]).

F depends on the trajectory amplitudezA as plotted in
Fig. 3 (upper curves). Solid (broken) curves represe
the result obtained with (without) including ratesG in
Eq. (4). Lower curves stand for the probability of findin
the electron in theL shell at pointF. Each point of the
curves corresponds to a different trajectory amplitude.
vertical dotted line indicates the amplitude for which th
condition of resonance between ground state and statel 
1 [Eq. (1); see Fig. 1] is fulfilled at the turning point (poin
A). The oscillations observed in the figure are familia
in the study of potential-curve crossing in low-energy io
collisions [21]. The maxima (minima) in the oscillation
occur for those amplitudes in which the contribution to th
coherent excitation in the path from pointI to A is in phase
(completely out of phase) with respect to the contributio
from A to F.

Finally, Fig. 4 represents the probability that a Mg11+

ion survives after crossing a thin Ni film as shown i
the inset (i.e., Mg11+ fraction on exit). By changing the
angle within the planar channel, one tunes the energy
resonance according to Eq. (1), giving rise to the structu
shown in the figure. In order to compare the prese
theory with available experimental data (black point
Ref. [5]) the calculated result has been multiplied by
factor of 0.3 to fit the experimental point correspondin
to w  28±. This quantitative disagreement might b
due to an underestimate of the range of Auger ra
for target inner shells, connected with the local dens
approximation employed here. In the calculation, th
beam has been considered to enter the film parallel
the channel planes with no divergence. An average o
initial impact parameters has been performed.

In summary, electron intraionic processes and electr
loss taking place in fast planar-channeled ions are sho
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to receive contributions from both coherent and incohe
ent mechanisms. The former, dominant in the vicini
of the channel walls, is due to coherent interaction wi
the static crystal potential, while the latter, dominant
the channel midplanes, involves inelastic electron-electr
collisions via the dynamically screened interaction. Mor
over, the impact-parameter dependence of the mixing a
energy splitting of electronic states of the ion, origina
ing in the perturbation exerted by the solid on the bou
electron, determines, together with the time evolution
the basis of adiabatic states along the ion trajectory,
magnitude of the RCE effect; this oscillates with the am
plitude of the trajectory oscillations in the channel. F
nally, reasonable agreement is found between this the
and experiment.
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