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The phenomenon of radiative electron capture (REC) has been studied for 17—40-MeV 0
ions channeled through thin single crystals of Ag and Si. As a consequence of the unique con-

straints imposed on the interactions of well-channeled ions, it is possible to study the REC

phenomenon for ally stripped oxygen ions interacting primarily with the free or weakly bound

electrons in single-crystal channels. Radiation is identified which results from electrons captured

directly tnto the lowest-energy state of the moving oxygen ions as well as that arising from a

number of bremsstrahlung processes. The measured cross sections and widths of the REC radi-

ation and the bremsstrahlung processes are compared to calculations made specifically for the

channeling situation. The calculations incorporate standard radiation theory and a statistical

model of the electron states in the single crystal. The space-varying electron density is averaged

over impact. parameters appropriate for the channeled ions. The measured REC cross sections

show a mar&ed deviation from theory which is not understood at this time. The shapes of the

REC lines and the x-ray background present in the measured spectra are in reasonable agree-

ment with the calculations, but the widths of the REC lines as a function of ion energy show

only fair agreement. Results of these studies are discussed and possible explanations offered for

some of the discrepancies.

I. INTRODUCTION

The phenomenon of radiative electron capture
(REC), whereby an ion captures an electron into one
of its shells and emits a photon, has been known for
some time from studies in astrophysics and in the
physics of laboratory plasmas. Similarly the theoreti-
cal description of this process by Bethe and Salpeter
is well known. ' The first observation of REC by en-
ergetic heavy ions in solids was reported only recent-
ly, however, by Schnopper et aL Since then
numerous experimental studies in solid and gaseous
targets and theoretical investigations have been ini-
tiated in this area, resulting in a significant increase
in the understanding of phenomena associated with
the generation of photons by swift ions. ' " One of
the most promising aspects of the REC phenomena
which was noted by Schnopper et al. 2 in their original
paper was the possibility that the widths of the REC
lines could be interpreted to give information about
the velocity distributions of electrons captured from
the solid. Practical complications, however, arising as
a result of normal ion-solid interaction phenomena,
make such information difficult to extract. It was, in
fact, the solid-state aspects of the REC effect which
prompted our initial investigations6 of which the work
described below is an extension.

The experimental approach taken here has several
advantages for studying the REC effect in solids. It
exploits the unique constraints imposed on the in-

teraction of a channeled heavy ion with the solid in
which it moves. As we shall see, the channeling en-
vironment makes it possible to study the REC effect
for a fully stripped ion, of primarily one charge state,
interacting with a nearly free (valence-electron) gas.
This provides unique insights into the REC
phenomenon itself and, once the experimental tech-
niques are perfected, the velocity distributions for
particular single-crystal orientations will be more
amenable to interpretation than those appropriate to
polycrystalline solids. This channeling technique also
provides well-defined boundary conditions fcr a
theoretical analysis of the effect which is developed
and presented in this paper.

II. EXPERIMENTAL TECHNIQUE

A. Experimental apparatus

The experimental arrangement is shown schemati-
cally in Fig. 1. Oxygen ion beams obtained from a
Tandem Van de Graaff accelerator were energy
selected, passed through a thin carbon-stripper foil,
charge selected in an analyzing magnet, col1imated to
an angu1ar divergence «0.05 full width, and direct-
ed onto a thin single crystal held in a three-axis
goniometer. Thin self-supporting single crystals of
Ag and Si (see Ref. 12) were oriented relative to the
incident ion beams with an accuracy of 0.01 using
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FIG. 1. Schematic diagram of experimental arrange-
ment.

the goniometer. Oxygen ions transmitted through
the crystal were charge and energy analyzed, using ei-
ther an electrostatic analyzed (as shown) or a high-
resolution magnetic spectrometer. Channeling meas-
urements of the transmitted energy distributions of
each emerging charge state as a function of crystal
orientation were obtained in this way. Emergent
charge-state distributions were also determined.
Measurements of the photon spectra excited by the
ions were recorded using Si(Li) detectors with an ac-
tive area of 25 mm and positioned at 90' to the in-
cident beam direction, 5.5 cm directly below the point
where the beam intersected the crystal. The Si(Li)
detectors used were isolated in their own vacuum by
either a 0.0003-in. or 0.0005-in Be window with reso-
lution of 190 or 200 eV, respectively for 5.9.keV x
rays. A calibrated beam moriitor was used to obtain
relative yield measurements.

B. Channeling effect

The phenomena associated with channeling of en-
ergetic positive ions in single crystals have been stu-
died for many years and are well understood in most
instances. " A well-collimated beam of ions directed
parallel to a low-index direction in a single crystal en-
counters symmetrically arranged rows or planes of
atoms and, consequently, thy ions undergo sequential
collisions with the lattice atoms in which the impact
parameters are correlated. The result is that the vast
majority of the incident ions acquire oscillatory trajec-
tories in the open regions (channels) between the
rows or planes of atoms. The main consequence of
channeling is that it imposes unique constraints on
the interactions of the channeled ions in contrast to
the interactions of ions traveling in a polycrystalline
or amorphous solid, or in a random direction in a
single crystal. A number of channeling effects that
are relevant to the present investigations for oxygen
ions have been studied extensively6'0'3 '9 and form
the basis for the experimental technique reported in
this work. ' The behavior of 10—40-MeV 0 ions
transmitted parallel to the low-index planar and axial
directions of thin Au and Ag single crystals are well

understood on the basis of channeling models which
have been used to: (i) deduce the parameters of the
interaction potential between the channeled ions and
atoms of the solid, '4" (ii) relate the stopping power
of channeled ions to the ion trajectory and random
stopping power, '4's (iii) determine the charge-
changing cross sections of channeled versus randomly
directed ions, " " (iv) determine the effects of
dynamic screening and ionic charge state on the stop-
ping po~er of fully and partially stripped, channeled
oxygen ions, 's and (v) characterize completely the
axial channt„ling behavior of oxygen ions as a func-
tion of incident charge states. '

The important consequences of these studies for
the present investigation are that more than 95'/o of
the oxygen ions are channeled along the major axial
directions ([001] and [011])and never approach
closer than -10 cm to atoms on. normal lattice
sites, thereby eliminating interactions such as charac-
teristic x-ray excitation which require close impacts-
(-10 "cm). Because of the channeling effect6" "
oxygen ions incident with charge states 8+ (fully
stripped), 7+, and 6+ are virtually unable to capture
electrons in a channel. This can be seen from the
measured charge distributions for 27.8- and 40-MeV
oxygen ions shown in Fig. 2. '8 %hen 08+, 07+, or
0 + ions are incident in a random direction of the
thin Ag single crystal, the emerging ions have an
equilibrium charge-state distribution independent of
input charge states (dashed curves). However, when
incident in a channeling direction ([011]axis) the
emerging channeled ions are predominantly fully
stripped (Os+), are not at equilibrium, and have some
memory of incident charge state.

Very recent measurements suggest that much of
electron capture that is measured for channeled ions
actually occurs in the several monolayers of surface
contamination present on the entrance and exit sur-
faces of the thin single crystals. The results from
such measurements are summarized in Fig. 3 for
27.5-MeV 0 ions transmitted parallel to the (111)
planes of a 0.54-p, m Ag single crystal. Previous in-
vestigations have shown that the stopping power of
an energetic oxygen ion in a single-crystal channel is
proportional to the square of the charge state of the
ion, i.e., that S,o.Z~. ' As examples, the two upper-
most spectra in Fig. 3 show the transmitted energy
spectra measured in a high-resolution magnet for 08+
and 07+ ions emerging when 08+ and 07+ ions
respectively, were incident parallel to (111). This
correlation of input and exit charge state assures that
the ion has not changed charge during its transmis-
sion through the channel. The two spectra peak at
separate emergent energies, marked on Fig. 3 by the
dashed lines which correspond to stopping powers in
the ratio S(8+)/S(7+) =82/7'. Having established
that the charge state of an ion inside the crystal can
be deduced from its measured stoppirig power, en-
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FIG. 2. Measured emergent charge-state distributions for
oxygen ions transmitted in a random direction and parallel
to the (011] axial channels of a 0,8-p.m Ag single crystal.

ables us to draw some interesting conclusions con-
cerning charge exchange in the crystal from the two
remaining spectra. When 0'+ is injected and the en-
ergy spectrum of emerging 0' ions is measured
(middle spectrum) one sees a continuous distribution
in energy from the 8+ to 7+ peak energies, indicat-
ing that the ions changed from 8+ to 7+ throughout
the thickness of the crystal by electron capture.
However, when 0'+ is injected and the emerging 0'+
distribution is measured, two distinct peaks are
present in the transmitted energy spectra centered on
the energies of the 8+ and. 7+ peaks (bottom spec-
tra). This implies that the 08+ ions either captured
an electron at the entrance surface of the crystal and
remained 7+ throughout, or entered and remained
0'+ until the exit surface where an electron was cap-
tured. These Ag crystals are known to have typically
one to three monolayers of oxygen, sulfur, or carbon
surface contamination as determined from Auger and

FIG. 3, Emergent energy distributions measured for 7+
and 8+ oxygen ions transmitted parallel to the (111)chan-
nels of a thin Ag single crystal.

. ion scattering analysis. This means that nonradiative
electron capture of electrons in these surface layers
may account for a substantial portion of the charge-
changing cross sections determined for single-crystal
channels" "(-10 "cm'), and that, in fact, a sub-
stantial fraction of electron capture which actually oc-
curs in the free-electron environment of the channel
is radiative electron capture. 'Whether this specula-
tion is true or not, Fig. 3 is strong evidence for a sur-
face capture mechanism of some sort.

C. Radiative electron capture
(REC) and bremsstrahlung

A wealth of phenomena contribute to the x-ray dis-
tributions observed when solids are bombarded with
energetic heavy-ion beams. ' ' The collision system
for a projectile ion of mass M~, atomic number A,
and incident energy F., bombarding a solid target
(M2, Zq) is shown schematically in Fig. 4 as viewed



4350 B. R. APPLETON et al.

I

—0

TARGET
d----- —----—3

m—E
N)

IN
3p------------2i 2J

S3

REC
LINE WIDTH

BREMSSTRAHLUNG
(FREE- FREE TRANSITIONS)

2p
2s

C9
CL
LJJ

ROJECTILE

&~ +i ~ E~)
2

Z„ fi'„

REC

1s —-E
REC

me 2
EREc —~ E) +&1 ~)

1

FIG. 4. Schematic representation of the radiative electron-capture effect viewed from the rest frame of the projectile ion.

from the rest frame of the projectile ion. Contribut-
ing effects observable for 10—40-MeV 0 ions bom-
barding Ag and Si are:

1. Target characteristic x rays

Incident 0 ions eject inner-shell electrons from tar-

get atoms and these vacancies are filled by outer-shell
electrons with the energy gained in the transition ra-
diated as an x-ray photon. In the present measure-
ments Ag L x rays are most prominent. One should
be aware that numerous complications affect the
understanding of x rays excited by heavy ions: the
charge states of heavy-ion projectiles affect the mag-
nitude of the x-ray emission cross sections' and
fluorescence yields; the strong ionizing effects shift
the energies of the characteristic x rays; molecu-
lar orbital x-ray excitation mechanisms ' can great-
ly increase x-ray emission cross sections and contri-
bute continuua background; and a host of "solid-
state" effects exist for heavy-ion bombardment of
solid targets.

2. Proj ecti le characteristic x rays

If the incident oxygen ion carries electrons into a
collision where it becomes excited, or if it captures an
electron from the solid into an outer shell and then
decays, characteristic oxygen x rays can result. In
Fig. 4, the maximum energy for such x rays can be
seen to be Z~ Ry, which is the series limit
corresponding to a transition from the continuum of
a totally ionized oxygen ion into the K shell. (Ry is
the Rydberg unit, Ry =13.6 eV.)

3. Beschleuni gungsstrahlung

This process, the emission of "acceleration radia-
tion, " results when target electrons are accelerated by
the Coulomb field of the incident nucleus. For a
fixed projectile velocity the cross section is propor-
tional to Zf, and the major contributions to the cross
section occur at distances the order of the Compton
wavelength or shorter (t/m, c =3.85 x 10 " cm and
where I, is the electron mass). 2' However, since
this distance is smaller than the average radius of the
0 EC shell, the beschleunigungsstrahlung yield is not
expected to depend strongly on the charge state of
the incident ion, although this could be investigated
in channeling experiments. The photon distribution
should decrease rapidly with increasing photon, energy
and have a high-energy cutoff at =(m, /M~)E~. One
can see from Fig. 4 that this corresponds to a free-
free transition in which an electron from the solid is
captured into the continuum of the moving oxygen
ion. Recent observations of such radiation from
strongly bound electrons' have been reported. The
channeling technique reported here could easily be
applied to study this emission for both strongly
bound and free (conduction) electrons. Note that
beschleunigungsstrahlung has been termed inverse
bremsstrahlung. However, the latter term is used
in plasma physics to describe a different physical
phenomenon, viz. , the absorptiori of a photon by a
nearly free electron which scatters on an ion in the
absorption process.

4. Secondary-electron bremsstrahlung

Secondary electrons are produced with high proba-
bility by the incident oxygen ions and can emit a
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bremsstrahlung quantum by being accelerated in the
nuclear field of a target atom during the slowing-
down process. The kinetic energy distribution of the
knock-on electrons varies as 1/T2 with transferred
energies T, up to a maximum of T =4(m, /M~)E~ for
free electrons (slightly higher energies are possible
for strongly bound electrons). The resultant
bremsstrahlung energy dependence is nearly the
same, decreasing rapidly for photon energies above
4(m, /Mt) Et. Secondary-electron bremsstrahlung for
nonchanneling situations have also been reported pre-
viously. "' Although secondary-electron
bremsstrahlung is most important for thick targets, it
can also contribute significantly for targets as thin as
those used here (3000—7000 A) especially when
bombarded with heavy-ion beams.

bound or conduction electrons by virtue of their tra-
jectories in the single crystal ~ At sufficiently high-ion
velocities radiative charge transfer can become the
dominant mechanism even for bound electrons. "

The energetics of the REC process are depicted
schematically in Fig. 4. Fully stripped ions (M~.Z~)
with incident energy Fi, which capture electrons from
the conduction band of the metal target (M2, Z2), will

give rise to a photon line centered at an energy
E«&=(m, /M&)E&+Z& Ry. The width of the line is

determined by the momentum distribution of the
captured conduction electrons. As we shall see, the
channeling technique offers not only the possibility of
studying the REC process itself but of obtaining in-

formation about the solid-state aspects of the target.
It was this latter prospect which prompted our initial
investigations in this area.

5. Projectile bremsstrahlung

Bremsstrahlung resulting from collisions between
the incident ions and target atoms is greatly
suppressed compared to electron bremsstrahlung be-
cause the cross section depends inversely on the mass
of the ion. Furthermore, channeled ions do not ap-
proach close enough to target atoms to emit appreci-
able bremsstrahlung. The photon continuum from
this process would have a high-energy cutoff of =E&.

6. Radiative electron capture (REC)

Capture of a target electron by a highly-stripped
projectile ion can proceed either radiatively or nonra-
diatively. Normally, no'nradiative electron capture is
the dominant mechanism, but two important con-
straints imposed on channeled heavy ions, tends to
make the radiative process relatively more important
than in the random case.

(a) Since channeled ions never approach closer
than -10 cm to atoms on normal lattice sites, their
probability of capturing bound electrons is reduced
over that for ions interacting in a random fashion
with the atoms of a solid. This tends to suppress
nonradiative capture and certainly contributes in part
to the greatly reduced-charge exchange cross sections
observed for channeled ions. Capture of valence
electrons can occur through Auger processes, howev-
er.

(b) Although the cross sections for radiative cap-
ture are, in general, smaller than those for nonradia-
tive capture because of the smallness of the coupling
of the electron with the electromagnetic field, the
REC process can proceed by capture of free, as well
as bound electrons, since the photon emission allows
for energy and momentum conservation. Further-
more, channeled ions interact freely with the weakly

III. MEASUREMENTS

A. Basis of channeling measurements

As we have discussed, the basis of the experimen-
tal technique derives from the restricted interactions
experienced by channeled heavy ions. The conse-
quences of the channeling effect are illustrated in Fig.
5, which contrasts the observed photon spectra for
27.78-MeV 07+ ions incident parallel to the [011] axi-
al channels, and along a random orientation of a
0.62-p, m Ag single crystal. %hen the single crystal is

purposely misoriented so that the ions encounter the
lattice atoms at random as they would in an amor-
phous or polycrystalline Ag sample, one obtains the
spectrum labeled random (solid circles) in Fig. 5.
The prominant features above 2.S keV are charac-
teristic Ag L x rays excited by the incident oxygen
ions. When the beam is channeled along the [011]
(open circles, Fig. 5) the yield of Ag L x rays is re-
duced to =3% of that observed for the random
orientation, i.e., only those ions not channeled, the
so-called minimum yield fraction, excite Ag L x rays.
The two spectra in Fig. 5 have been normalized by
the minimum yield fraction for comparison purposes
and have also been corrected for estimated x-ray ab-
sorption effects in the beryllium window, and the
Si(Li) detector Au contact and dead layer. The effect

& of the normalization is to make the Ag L-x-ray peaks
coincident, as expected. The most striking difference
between the two spectra, however, is the prominent
peak evident in the channeling spectrum between 1.5
and 2.0 keV. This peak results from radiative elec-
tron capture of target conduction electrons. As we
shall see later, the energy of the peak is consistent
with capture of a free electron by a fully stripped 0
ion into its innermost shell and the width of the
peak, which is determined by the velocity distribution
of the electrons in the [011] channel which are cap-
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tured, shows reasonable agreement with expectations.
There are several advantages of the present tech-

nique for studying REC in single-crystal channels as
opposed to studying REC in polycrystalline targets:

(i) Channeled 0 ions are predominantly of one
charge state for the reasons discussed earlier. In con-
trast, heavy ions incident in polycrystalline targets
have a distribution of charge states, ' and the energies
and widths of the REC photons for the different

charge states will interfere and complicate interpreta-
tion. This can be illustrated by taking a closer look at
the random spectrum of Fig. 5, which is reported on
an expanded scale in Fig. 6. Close scrutiny shows
evidence of a poorly resolved broad peak at about 1.3
keV, which is likely due to REC to various oxygen'

charge states.
(ii) The channeling effect greatly reduces close en-

counters between the ions and bound target electrons
without diminishing the ion interactions with the free
or conduction electrons. This renders the REC of
free electrons a much more prominent feature rela-
tive to the characteristic target x-ray background (as
Fig. 5 clearly shows) and thus more amenable to
direct investigation.

(iii) In the channeling configuration most of the in-
cident ions appear to be in a single charge state in-

teracting primarily with conduction electrons. This
imposes well defined boundary conditions on the
REC effect which should be more amenable to
theoretical calculations (i.e., a hydrogen-like ion in a
free electron gas).

(iv) The channeling environment as viewed from
the rest frame of, say, a 40-MeV 0 + ion, is the ex-
perimental analogue of a fully stripped oxygen ion
being bombarded by an electron gas having a density
the order of 10 to 10 electrons/cm and moving
with kinetic energy -1.4 keV. This situation may
sufficiently approximate the interactions experienced
by an impurity ion in a dense controlled
thermonuclear-reactor-type plasma to make the chan-.
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neling technique a useful simulation method for
studying interactions relevant to this problem. '

B. Measurements on Ag

Measurements were made for oxygen ions of vari-

ous selected charge states with energies from 17.8 to
40 MeV, transmitted parallel to the [001] and [011]
axes, and (100) planes of Ag single crystals ranging
in thickness from 0.40 to 0.80 p, m. A typical chan-
neling spectrum is shown in Fig. 7 before and after
absorption corrections. The major interests from
such spectra were the energies, widths, and areas of
the REC peaks. The REC peaks were extracted by

assuming background su'btractions like those shown
as light dashed curves. Although it mattered„ little.
whether corrected or uncorrected spectra were used,
the REC results quoted were obtained from
absorption-corrected spectra.

In addition to the REC features which are the ma-

jor focus of this paper, it is clear from the rapidly ris-

ing portion of the spectrum below 1 keV in Fig. 7

that substantial contributions occurred from
bremsstrahlung and/or x rays from 0 ions, .as dis-
cussed in Sec. II C. Since the expected cut-off ener-

gy, (m, /M[) E[, for beschleunigungsstrahlung coin-
cides closely with the energy Z& Ry, for series-limit 0
x rays, it is difficult to deduce from the data of Fig. 7

the relative contributions from these two.mechan-
isms. It was, possible to deduce qualitatively, howev-

er, from the, results of a "beam-foil" type experiment
shown in Fig. 8, arid the Si measurements discussed
in Sec. III C that both mechanisms were probably
contributing. The two channeling spectra shown in

Fig. 8 were obtained for 27.78-MeV 0'+ ions incident
parallel to the [011]and [001] axes, respectively, of a
Ag single crystal. (Neither spectrum is corrected for
absorption effects. ) More significantly, however, be-
cause of the sample-detector geometry, when the cry-
stal was tilted so that the beam was incident parallel
to the [011]axes the Si(Li) detector had an unob-
structed view of the crystal, but in the [001] orienta-
tion the Si(Li) could only see x rays originating out-
side the exit surface of the single crystal. No charac-
teristic Ag L x rays or REC x rays are seen in the
[001] spectrum, nor would one expect
bremsstrahlung to originate outside the crystal, but a
definite peak is seen just below 1 KeV. These are
likely x rays emitted by highly excited 0'+ ions which
have lifetimes -10 ' sec. ' Such x rays could ori-
ginate either as a result of the incident 0'+ ions being
excited inside the crystals and de-exciting after em-
erging, or as 0' ions which become 0 + ions inside
the crystal, capture an electron to the continuum, and
then decay to the ground state after leaving the single
crystal. Although the first process would seem most
likely, since 0 + ions are incident on the crystal, one
must recall that measurements like those discussed in
connection with Figs. 2 and 3 indicate that 07+ ions
rapidly up-strip to 08+ in the channel. Experimental
difficulties in the present experiments prevented a
quantitative differentiation between the mechanisms
of brergsstrahlung, excitation and de-excitation, and
capture to the continuum, which might contribute to
the x rays observed below 1 keV in the spectra of
Fig. 8, but the channeling technique is a promising
method for studying these phenomena in detail. Fu-
ture experiments are planned in an ultrahigh vacuum
e'nvironment using samples with we11-characterized
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surfaces and a windowless Si(Li) detector and/or an
x-ray crystal spectrometer.

C. Measurements on Si.

Measurements on Si for 0 ions in the energy range
17,8—40 MeV were complicated because Si K x rays
have an energy (1.74 keV) quite close to the REC x

rays under investigation and because this energy
range is near the maximum in the Si K excitation
cross section. A sample spectrum is shown in Fig. 9
for 40-MeV 0 + ions incident in a random direction
(solid circles) and parallel to the [011]axes (open cir-
cles) of a 2.8-p, m-thick Si single crystal. ' These spec-
tra are normalized by the minimum yield fraction
(i.e., the Si K peak intensities coincide) and they
have not been corrected for absorption effects. At
this energy the bremsstrahlung cut off (m, /Mt) E~

and the 0-series limit (Z~' Ry) are separated and
there appears to be an excess of x rays in the chan-
neling spectrum in this general region. Similarly an
excess exists on the high-energy tail of the intense Si
K peak which, when the channeling and random
spectra are subtracted, might be interpreted as a radi-
ative electron-capture peak (dashed curve). Howev-

er, in both cases the evidence is much too tentative
to draw any firm conclusions. If the REC feature
were real it would signal a cross section considerably
lower than observed for Ag.

A more meaningful series of measurements in Si
would require O.energies higher than those attainable
with the present Tandem accelerator in order to
separate further the REC peak from the Si K x rays.
At such energies one can expect additional complica-
tions from beam initiated background radiation at de-
fining aperatures and from nuclear reactions in the
target.

IV. THEORY

' 1/2

~g X
217 e««0(a'-„+a «I)

is the interaction energy between them. A term in
H' which is quadratic in the vector potential has been
neglected. Atomic units (@=e=m =1) are used
throughout this section. The mass of the ion is M,
a-k„ is the annihilation operator of a photon with po-
larization index X and wave vector k; cok is the fre-
quency of a photon of wave vector k, and 0 is the
normalization volume of the radiation field. The
operator 0 is

A M — 10 =exp ik ~ R+ r P+ p1+M 1+M
t 't

Z& .— — 1 — M
exp ik R — r —P+ p1+M 1+M

(4)

Consider a solid through which a swift heavy ion of
charge Z~e and velocity v passes. Let r be the coor-
dinate of a given one of the electrons in the solid
relative to the ion and R be the coordinate of the
center of mass of the ion and that electron. Capture
of an electron accompanied by the emission of a sin-

gle photon can occur. The nonrelativistic Hamiltoni-
an of the system may be written H = Hp+ H d + H',
where

1 1+M 2 1 2 Z)
2 M " 2(1+M) ' r

is the Hamiltonian of the electron-ion system,

H„„=X co„(a-„,a-«, + —,')
kA,

is that of the free radiation field and
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The first term in 0 represents the effect of electronic
motion in coupling with the radiation field, whil|; the
second term originates in ionic motion. The momen-
tum operators of relative and of center-of-mass mo-
tion are written p and P, respectively.

In order to find an expression for the rate of pho-
ton emission accompanying capture of an electron
into a bound state, the initial state vector,

~ I), is tak-
en to be

~1') =(1/n'")e' ' uo(r)~0)

E„„(keVj

FIG. 9. Normalized photon spectra from 40-MeV 0 +

ions transmitted parallel to t011] and in a random direction
of a 2.&-p,m Si single crystal.

The final state vector,
~ f), is written in the form

[f) =(1/t1' 2)e uf(r)a«t„(0) (6)

Pp and Pf are the center-of-mass rnornenta in the ini-
tial and final states, respectively, and ~0) is the vacu-
um state of the radiation field.
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The probability of radiative capture p, per unit path
length of the heavy ion may be written, in first-order
perturbation theory,

/,

~=' gxgl(fiIf'I &I'8«, -E,),
f k)t

where sums over initial and final states of the
electron-ion system, as well as sums over the
momentum and polarization index of the photon, are
indicated. If the dipole approximation is made in
evaluating the matrix element (f ~

H'~i), only the
term corresponding to electronic current contributes
to p, . If one retains the lowest-order nonvanishing
terms in the power series expansions of each of the
exponentials entering Eq. (4), and uses the fact that
M &&1, one finds

t ]/2

(f)H'ii) = i — 83(Po —P)
0Nk

!

of volume in the solid at position r is characterized
by the total electronic density n (r) there, and that
the response of this volume element is the same as
that of an electron gas at the same density, indepen-
dent of other parts of the solid. %e employ fairly
realistic n (r) values which are computed from a rela-
tivistic Hartree-Fock program using the%'igner-
Seitz (WS) boundary condition.

Assume that the wave function of electrons in a
given part of the solid may be represented in terms
of momentum eigenfurictions. Then if Po; =A/fr is
the-initial momentum of the ion and ko is that of an
electron,

Ii) = 0 exp(IPo, r;) exp(iko'r )
1

=0 'exp I'(Po;+ko) .R

+ '
(M ko —Po;) r, (10)M+1

dru '(r)f

t.

zlk v-
x e-„, rr„—k v—H', uo(r), (8)

c

where u = Po//ldis the initial ion velocity, and eof is
the energy corresponding to the specified electronic
transition. In obtaining the second term in the large
parenthesis of Eq. (8), the matrix element
equivalence (r)„=—(V)„ /e„has been used. At
velocities v and photon energies of interest here the
second term in Eq. (8), which originates in ionic mo-
tion, is &10% of the first. It will be neglected in the
remainder of this paper. Then we have

p, = X X X d r uf(r)e „„'7 u(o-r)
(2m)' 1

00
/ k

x 8(&; —of —ook)

(9)

where. the sum runs over initial states of relative mo-
tion, ~; and ~f are energies of relative motion in the
initial and final states, respectively. Center-of-mass
energies subtract in the argument of the energy-
conserving delta function because of center-of-mass
momentum conservation.

A rigorous evaluation of the matrix element in Eq.
(9) would require a knowledge of the many-electron
wave function of the solid through which the ion
penetrates. In order to simplify the evaluation of p,
we adopt a statistical approximation similar to that
used successfully in computing energy loss of s~ift
ions in rnatter and in obtaining theoretical Compton
x-ray profiles in solids. " This general approach in-
volves the assumption that an infinitesimal element

where r; and r, are the coordinates of the ion and
electron, respectively. Then the initial energy of rela-
tive motion is

t

M +1 I'ol

2M, M+1 ko = —(v —ko)
M

M+1

Taking

uf (r) = (Z&' /rr) ' ' exp( —Zt r)

corresponding to a E-shell orbital of the swift ion,
one finds

& u k &o (Zl .+p )

x 5(Es + —P —Qlk)

where the sum over polarization index has been car-
ried out. Integration may be carried out over direc-
tions of ko referred to v as the z axis in a spherical
polar system of coordinates. The integral over the
magnitude of ko may be transformed into an integral

where 0)k = ck, F& =
2

Z&' is the binding energy of an
electron in the K orbital and p =ko —v. The integral
over ko covers a Fermi sphere of electrons. A factor
of 2 for the possible spin states has been incorporated
into Eq. (11). This result has been obtained by
neglecting M ' compared with unity throughout the
development.

Transforming the integral over wave vector of the
radiation field to an integral over photon energy cvk

and direction of emission Ok by setting
d k = cokdcokd Qk/c, one finds

(2Z))' [, p2
p, = ' dkp3''c' (Z' +p')'
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over ~k
—= e, the photon energy. After some algebra

an expression is obtained for d/l/de, the differential
inverse mean free path (D1MFP), for emission of a
photon with energy e per unit energy. The result is

16Z5diM, 16zi 8 C8
{ [(

.

) i/2 ( ) /2]2}
3 ~@2&3

(13)

where eF is the Fermi energy, ~~ is the binding ener-

gy of the captured electron, and e~ =—v is the energy

of an electron having the ion velocity. The large
parenthesis in Eq. (13) should be set equal to zero
unless we have

88+ (ai/' —eF/')' & a & as+ (ai" +etj')' . (14)

e must also be larger than e8. Equation (13) is taken
as i central result. in connection with the statistical
approximation to the capture process. One may also
use the Bethe-Salpeter cross section in deriving an
expression for dp, /de. This is equivalent to assuming
that each electron uridergoing capture from the-solid
experiences the full Coulomb field of the projectile,
and hence is in a continuum hydrogenic state of the
bare ion before capture. Screening by other electrons
of the solid may vitiate this assumption to some de-
gree. One may show that use of Bethe-Salpeter cross
section gives

and where the square bracket is understood again to
be set equal to zero for values of e not satisfying Eq.
(14).

Relativistic Hartre'e-Fock-Slater calculations of
n (r), the electronic density in the WS sphere for a
given solid, are available. '4%e assume that the local
Fermi energy is er(r) =

2
[3' n(r)] when capture

occurs from the vicinity of I in the Wigner-Seitz
.sphere. To account, approximately, for the fact that
electrons at small r tend to be bound in the solid
more strongly than those at larger values of r, the en-
ergy eq is decreased by an amount equal to a con-
stant times the local Fermi energy eF, i.e.,

1

l Zi Ker(r—). The constant is K & 1 and may

be chosen to fit the experimental datg.
In order to obtain a distribution of photon energies

appropriate to all trajectories of an ion in a given
channeling state the simplifying assumption is made
that the ion samples, on straight-line trajectories, all

portions of the %S sphere corresponding. to impact

parameters b greater than b;„. This minimum value

b;n, in general, depends on v, Z~, and the lattice po-
tentials. On this model the average of the DIMFP
over straight trajectories for the case of axial channel-
ing may be written

d& 2IW3S min ~ -(r —x ) - dg

&8

d p,as 16Zj6 ~ ~a,
3 lie ~ (6- 68)

x {gr—[(g,)'/' —(e —e8)' ']'} (15)

(17)

~here r =x +y . Transforming to spherical polar
coordinates one finds

~here

exp[ —4(x)' 'tan '(1/x' ')]'
f(x) =

e
—2n (x)

(16)

( +
) =

{ r(rl —b ) ~ [er(r)] dr
dt . res min

(1g)

Then the distribution of emitted photons is taken to be

Z5 t"ws(- —(e)) =
3 J r(r —bm;„)' —(eF(r) —{(ei)' —[e —es(r)]' } ) dr (19)

Use of the Bethe-Salpeter cross section gives the alternative expression

(
PBS

)
i

Jl
" min fi 8

{ [( )i/2 ( )i/2]2}
rWSC u "min e [e —e8(r)] e —e8

(20)

ln the present applications, Eqs. (19) and (20) predict
essentially the same dependence of DIMFP and
IMFP on projectile velocity and differ in magnitude
only slightly. The value of b;„appropriate to a
given experiment, may be taken from theory. In the
present application this schematic distribution of im-

pact parameters will suffice to demoristrate the use-
fulness of this model. Further work could employ
more accurate information about the impact parame-
ter distribution.

As discussed above, two sources of bremsstrahlung
should contribute importantly to the measurements
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for the DIMFP for emission of a photon of energy e,
if the ion velocity is ~. All quantities entering Eq.
(17) are expressed in atomic units, and (n) is the
mean density of electrons seen by the ion.

The distribution of photons generateQ in collisions
of knock-on electrons with lattice-ions should be
computed accounting for the buildup of electron Aux
in the energy degradation process. An ion of charge
Z~ moving in a uniform solid in which the electron
density is (constant at) no, gives rise to a spectrum of
knock-on electrons described by

d Xa' 2rrnoZ&
max (22)

where d Xx /dT is the differential probability per unit
length of ion travel for generation of an electron with
kinetic energy T per unit energy interval. Struck

described here. The distribution of photons originat-
ing from the direct acceleration of target electrons in
the Coulomb field of the swift ion (beschleuni-
gungsstrahlung) may be estimated by assuming that
the struck electrons are free and at rest. Using the
Bethe-Salpeter result for the differential
bremsstrahlung cross section at nonrelativistic ener-
gies, one finds

r

d boa 16 (n ) Zt „+(„2 2a) &/2

In (A)
de 3 c v a p —(p2-2&)t~2

electrons are assumed initially at rest. T,„, appear-
ing in the argument of the Heaviside step function
e(x), is equal to 2mv' (in ordinary units) and is the
maximum energy in the knock-on distribution. %e
may approximate the degradation spectrum created in
the solid by knock-on electrons from

max dh, x
dT S(T) ~ r dT'

. 27rflpzi

v2S(T) T T,„
where d$/dT is the probability of finding an electron
with energy T anywhere in the solid per unit energy
interval, and S(T) is the stopping power of the solid
for electrons with energy ~. Note that this wi11 tend
to overestimate the distribution since it is derived
neglecting, (i) loss of electrons through the surfaces
of the foil and (ii) binding. of struck electrons. Elec-
trons at each energy in the distribution Eq. (19) may
generate bremsstrahlung photons in scattering on lat-
tice atoms. The number of photons with energy e

resulting will be given by the convolution of Eq. (21)
and Eq. (23), where in Eq. (23) we set no = (n) in
Eq. (21) we set (n) Z~~ nqZq2, where n„ is the nu-
clear density in the solid and Z& is the charge on the
nucleus. ' Thus the number of photons with energy ~

produced per unit path length of the ion, may be
computed from

1

dpi' 16~ (n)n~ZtZ& t mxx dT 1 1 1 T' +(T—a)'
de 3 @ca ~x T T Tm,„S(T) T~ —(T —g) ~

j

(24)

As discussed above in Sec. III C there are many
solid-state effects, as well as "atomic" effects which

may contribute to the continuum background of x-
rays in these experiments. Hence an absolute com-
parison of the predictions of Eqs. (19), (20), and
(24) with experiment is not feasible. We show
below, however, that normalization of the experi-
mental REC peak to theory using Eqs. (19) or (20)
brings the- background continuum of x rays into rea-
sonable agreement with the results for
bremsstrahlung from knock-ons as computed from
Eq. (24).

3.0

2.0

REC PEAK ENERGIES
0~ —oe Ag to«]

Si I01 1]

(~oo) .

0'+, and 0'+ ions in [011],(100), and random direc-
tions of Ag single crystals, and in Si[011] are sum-
marized in Fig. 10. The two solid lines on the figure
are the calculated REC energies assuming capture

V. RESULTS 'I.O

A. REC peak energy dependence

The energetics of the REC process indicate that the
REC peak energy should vary with incident ion ener-

gy E/ and charge Zt as & aa(cm, /~ )Ett+Z]' Ry.
Results for a variety of measurements using 0 +,

10 20
E„(Mev)

30

FIG. 10, Measured REC peak energies versus incident
ion energies compared to calculations.
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into a 7+ or 8+ ion as noted. The data points are
not labeled according to incident charge state since no
systematic variation could be detected. It appears
from Fig. 10 that, excepting the random value, the
measured REC peak energies agreed most nearly with
the energies expected for capture into a fully stripped
0 + ion regardless of input charge state. This obser-
vation is consistent with earlier charge-state measure-
ments for channeled 0 ions which show that the ions
rapidly up-strip to 0 + in a single-crystal channel. " '.

The agreement is quite good considering the uncer-
tainties in the theoretical model and the possibility of
contributions from other solid-state processes (see
Sec. II C). We also indicate the small contribution
expected from the beschleunigungsstrahlung process
(the short-dashed curve) in which electrons of the
solid are accelerated by the projectile and emit radia-
tion in the process (see Sec. II C).

C. REC cross sections

8. REC line shapes
and bremsstrahlung

EXPERIMENT NORMALIZED TO THEORY AT & = 67 O. u.——THEORY-BRE'MSSTRAHLUNG FROM KNOCK-ON ELECTRONS

THEORY-RADiATIVE ELECTRON CAPTURE, b~iq = 0.2 A

THEORY- 6ESCHLEUNI GUNGSSTRAHLUNG

I

EXPERIMENT-REC
PEAK SUBTRACTED

AND EXPERI MENTAL
POINTS SMOOTHED

0 0

2.5

2.0

O

4I

) 5
'b

O

E)= 27.8 MeV

0.5

\

0 I

30 4p 50 60 70 80
e- PHOTON ENERGY (a. u. j

0
0

90 300

FKi. l 1, Comparison of measured REC peak and sub-
tracted background to theoretical calculations described in

the text. The pertinent theoretical parameters are shown on
the figure.

Figure 11 sho~s comparisons between measure-
rnents of a typical distribution of photon energies in a
REC peak, and calculations of the REC distribution
from Eq. (19).'T A smoothed background was sub-
tracted from the experimental points after correction
for window absorption and the distribution was nor-
malized to the theoretical curve at a photon energy of
67 a.u. Also shown in this figure is the experimental
x-ray distribution remaining after the REC peak is
subtracted, shown as a dot-dashed line. For compari-
son the brernsstrahlung yield from knock-on elec-
trons computed from Eq. (24) is shown as a dashed
line. 38

It is also possible to extract REC cross sections and
line widths from the measurements. The yield of
REC relative to Ag L x rays for a channeling situa-
tion can be obtained from the areas under the respec-
tive peaks in a corrected spectrum such as Fig. 7.
%hen the Ag target is in a random orientation, the
area under the Ag L x-ray peak can be related to
measurements of the absolute Ag L cross sections
which have been made in separate experiments. In
going from a random to a channeling target confi-
guration, the Ag L-x-ray yield is reduced by the
minimum yield fraction as a result of the channeling
effect. The minimum yield can be accurately meas-
ured using the beam monitoring arrangement. Thus
by- comparing the areas of the REC and Ag L-x-ray
peaks in the channeling spectrum, and relating these
to the random spectrum and absolute cross-section
measurements through the minimum yield it is possi-
ble to obtain cross sections for REC. Note that, to
conform with practice in this'area, the cross sections
given are in cm per atom of Ag in the solid. The
theoretical differential inverse mean free paths com-
puted as described in Sec. IV have been divided by
the atomic density of Ag in order to compare with
experimentally derived cross sections.

Results from our measurements on Ag and Si are
compared in Fig. 12 to measurements by Schnopper
et aI. ' for REC by o'xygen ions in N2 and 02 gases
and to theoretical calculations. Consider first the
left-hand side of Fig. 12. The symbols in the upper
portion of the figure are marked with the incident ion
charge state and represent our measured results. A
line is drawn through the data points for cognizance.
One can see that there does not appear to be a strong
input charge-state effect. Measured REC cross sec-
tions for planar channeling (100), appear to be lower
than axial results at the same energy, and the one Si
point appears considerably lower than the comparable
Ag result. The Si measurement is, however, some-
what speculative because of the difficulty in extract-
ing the REC peak from the tail of an intense Si K-x-
ray line. The data corrections for absorption which
are applied are listed on the left-hand side portion of
the figure.

Now consider the right-hand half of Fig. 12, The
curved solid line in the upper portion of the figure is
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FIG. 12. Corrected REC cross sections measured for various incident charge states, energies and targets, and con&pared to
the theoretical calculations in the text.

simply the line drawn through the data points in the
left-hand half of the figure transferred to the right-
hand side for comparison. The dashed curve above
this line shows the effects of correcting thc data for
target self-absorption, for the angular dependence of
the REC effect, and a charge-state correction. The
charge-state correction was made on the assumption
that only the fraction of oxygen ions. which are ini-
tially 8+ inside the single-crystal channel contribute
substantially to the observed REC effect. This
charge-state correction was also applied to the data of
Schnopper et al. (lower portion of right-hand side)
and the results are sho~n as the dashed line above
this data. The correction is actually more straight
forward for the gas measurements of Schnopper
et al. than for our case because the charge-state dis-
tributions for oxygen ions in gases are well known
and unambiguous. As discussions in Secs. I—IV have
shown, the actual charge-state distribution for chan-
neled oxygen ions inside the single-crystal solid are
difficult to know. The charge-state distribution which
we used in our correction procedure are deduced
from measurements such as those represented in Fig.
2, which indicate the charge fractions of emerging
ions. Measurements like. those corresponding to Fig.
3 indicate that a substantial portion of this charge ex-
change can occur at the entrance and exit surfaces of
the. crystal. Consequently, the charge-state correc-
tions applied to our results are somewhat artificial
and are likely to make the REC cross section appear
larger than it really is. The rationale for estimating
the charge-state correction was to see if this could ac-
count for the discrepancy between measurement and
theory evident from Fig. 12. Furthermore, theoreti-

cal calculations" indicate that free electrons are most
likely captured into the innermost shell, and 0 cap-
ture is more probable than 0'+ capture because of
the density-of-states agrument. There is also experi-
mental evidence such as that argued in Secs. I—IV

, that the ions are largely 8+ in the channel regardless
of input charge.

The lines labeled Theory in Fig. 12 were calculated
by integrating Eq. (18) numerically over photon ener-

gy for two different values of b;„,0.2 and 0.3 A. In
order to convert the inverse mean free paths so ob-
tained to a cross section per Ag atom, we have divid-
ed by the atomic density of the solid. Although the
theory agrees reasonably well in magnitude with ex-
periment, the energy dependences are quite different.

D. REC line vridths

Radiative electron capture line widths extracted
from measurements such as those in Fig. 7 and
corrected for detector resolution are shown in Fig. 13
as solid bars. Measurements were made using ions
with various input charge states and energies, with
crystals of various thickness, and using several dif-
ferent Si(Li) detectors with both 0.0003-in. and
0.0005-in. Be windows. The vertical extent of thc
bars encompasses all such effects at each incident en-
ergy. The solid line labelled Theory shows line
widths calculated from the distributions described by
Eq. (18) for b;„=0.2 and 0.3 A for REC by 08+

ions channeled in Ag single-crystal channels. The
dashed line was taken from a free-electron model cal-
culation by Schnopper et al. '
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FIG. 13. Measured REC line widths compared to theoret-
ical calculations.

VI. DISCUSSION OF RESULTS

There are both encouraging and perplexing aspects
to the results obtained in the present investigation.
The functional dependence of our measured REC
cross sections on ion energy, Fig. 12, are not in good
agreement with either the calculations based on the
Bethe-Salpeter method' or the more pertinent calcu-
lations detailed in Sec. IV. The phenomena of elec-
tron capture in general are not well understood. Only
the simplest cases for nonradiative capture of bound
electrons by hydrogen and helium ions have been
treated. ' There are essentially no treatments applica-
ble to bound electron capture for heavy ions, particu-
larly for partially stripped heavy ions. Radiative elec-
tron capture is, by comparison, based on a more reli-
able framework if one accepts the Bethe-Salpeter ap- .

proach to the problem. Furthermore, our experimen-
tal technique should, as we have already discussed,
be particularly amenable to the Bethe-Salpeter ap-

proach since we are dealing with a hydrogen-like ion
(Os+) in a free-electron gas (conduction electrons).
We, therefore, would expect much better-agreement
than we have achieved.

It is also instructive to consider the behavior of
other experimental results. As Fig. 12 shows, the
results of Schnopper et al. ' for REC by oxygen ions
in N2 and 02 gases are in quite good agreement with
calculations based on a free-electron theory once they
are corrected for charge-state effects. In this case the
oxygen ions are mostly 8+ at the higher energies so
the charge-state corrections are, in general, small.
The measurements are, however, in gaseous targets.
Lindskog et al. s measured REC for 9 to 58 MeV
chlorine ions in thin polycrystalline foils of carbon
and nickel. In this case the chlorine ions had a distri-
bution of charge states from 7+ to 13+ which com-
plicate the interpretation as discussed in earlier parts
of this paper. Furthermore, competition between
characteristic Kn and KP x-ray transitions and the
REC process, requires assumptions concerning the
radiative decay rates for the K vacancy and compli-
cates inter'pretation somewhat. Nevertheless,
Lindskog et al. ' report good agreement between
measured REC cross sections in the carbon foils and
calculations using the Bethe-Salpeter theory; but they
reported quite anomalous results for the nickel foils.

Recently Koyama and Ohtsuki reported calcula-
tions of REC based on a model which accounted for
the electronic structure of the metal surface, and
Ulehla and Davis reported corrected REC calculations
utilizing this same model. ' These calculations are
stimulating in that they include the surface features
of the metal, but it is doubtful that surface REC
plays a significant role in the results reported here.
The electron-capture effects observed in measure-
ments of energy-loss spectra as a function of charge-
state, like those discussed in connection with Fig. 3,
are probably nonradiative capture events which occur
in the few monolayers of contarninants on the Ag
crystal surfaces. These effects may alter REC by
altering the charge-state population of the channeled
beam but are not related to the surface-capture
phenomenon calculated in the above papers.
Nevertheless, it is possible that some solid-state ef-
fect may prove instrumental in explaining our meas-
urements.

As Fig. 11 shows, the shape of the measured REC
lines can show good agreement with REC distribu-
tions calculated from Eq. (19). Furthermore, the
remaining x-ray background is in reasonable agree-
ment with calculations of the bremsstrahlung yield
from knock-on electrons computed from Eq. (24).
These results are encouraging since they indicate that
REC experiments in the channeling configuration
may be a viable tool for determining the velocity dis-
tributions of electrons in single-crystal channels. On
the other hand, the measured widths of REC lines
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obtained from many measurements at various ion en-
ergies, Fig. 13, show only fair"agreement with calcu-
lations. Widths extracted at the same incident ion
energy and crystal orientation but for different cry-
stals, input charge states, and experirnerits show an
unusually large variation, and the general trend of
the curve is not well reproduced. The reasons for
this scatter are under investigation. The differences
may be related to varying surface conditions on the
Ag crystals from ex'periment to experiment or differ-
ing absorption characteristics from one Si(Li)-
detector —Be-window combination to another'.

At present we do not have a quantitative explana-
tion for the major disagreement-betweeri the energy
dependence of our measured-REC cross sections and
the calculations. The theory on REC presented here
does not account for some effects due to the dynamic
interaction between the ion and the solid. For exam-
ple, collision broadening of the energy of an electron
captured in the K shell of the projectile should tend
to make the distribution of photons wider than calcu-
lated above; this effect may become more important
as the projectile velocity decreases and as impact
parameter relative to strings of atoms-in the solid de-
creases. The time-varying potential of the lattice
seen at the position of the ion may contain Fourier
components which coincide with important transition
frequencies of an electron from the K shell of the
ion. 42 In this case, the probability of capture of an
electron into this- shell could be affected appreciably.
In addition, at small impact parameters the binding
energy of a K electron to the projectile must be af-
fected by its proximity to a string. The presence of a
wake of density fluctuations4' trailing the projectile is
also expected to affect the binding. The present
theoretical state of art does not permit one to make
accurate estimates of the effect of these mechanisms
of REC probability. It is conceivable, howeve'r, that
these phenomena might account for the trend of the
experimental REC IMFP with increasing energy (Fig.
12).

The primary interest of this. work was to utilize the
unique constraints of the channeling technique to in-
vestigate the REC effect under well-defined condi-
tions, and to provide a theoretical interpretatiori

specifically modified to include these constraints.
The measurement technique itself shows great prom-
ise. Our measurements indicate that it is possible to
prepare a beam of 40-MeV 08+ ions which, when
channeled, remains in the 8+ charge state and in-

teracts with the atoms of the solid at large impact
parameters only. Consequently, this technique
should be a valuable tool for extracting the velocity
distributions of electrons along various crystallo-
graphic directions in single-crystalline solids. In order
to exploit this capability to the fullest, one needs to
do high-resolution experiments on single crystals with
well-characterized surfaces, in ultrahigh vacuums, so
as to eliminate or understand the surface capture ef-
fects observed in the present experiments. The gen-
erally good agreement between the calculated and
measured REC line shapes which we see is a further
encouraging indication. Similarly, many of the other
effects-contributing to the observed x-ray spectra
(Sec. II C) can be manipulated by the channeling ef-
fect and studied under unique circumstances. On the
other hand, the major disagreement between the en-
ergy dependence of our measured REC cross sections
and the calculations is disturbing. The measurement
technique employing the channeling effect should
have improved the applicability of the calculations in-
stead of complicating them. It is possible that chan-
neling effects are responsible for contributing or
enhancing some competing mechanism or solid-state
effect. At the present time, we do not have a suit-
able explanation for the observed discrepancies but
rely on future investigations to reveal their origins.
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