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We have performedK-shell radiative electron capture (K-REC! measurements with bare 60.1-MeV/u inci-
dent krypton ions, both in channeling conditions and for random orientation of a 37-mm silicon crystal. The
sampled electron densities are quite different in each case, which has an influence both on the shape and on the
amplitude of theK-REC photon peak. We have developed simulations of theK-REC photon lines: for this we
have determined the impact parameter distribution at statistical equilibrium for various beam incidence con-
ditions ~direction and angular spread! using the continuum potential model for channeled ions. Multiple
scattering effects were included. TheK-REC photon peak was calculated within the nonrelativistic dipole
approximation,K-REC being assumed to be a purely local process. Solid state electron densities were used,
and impact parameter dependent electron momentum distributions~Compton profiles! were calculated for 2s
and 2p silicon electrons. A remarkable agreement is found between the spectra measured with very high
statistics, and the calculated ones, which leads to the following results:~i! The dependence of theK-REC yield
on the beam incidence angle is obtained separately for silicon core and valence electrons, which was never
observed before. We find that the core electron contribution to REC is still significant for axial alignment,
whereas it is generally neglected in the literature.~ii ! Electron Compton profiles are found to vary significantly
with impact parameter.~iii ! The free electron gas model represents a fair approximation for the description of
valence electron Compton profiles.~iv! TheK-REC cross section is measured with an absolute accuracy better
than 20%, and found to be close to the value calculated within the nonrelativistic dipole approximation.
@S1050-2947~96!01808-2#

PACS number~s!: 34.70.1e, 61.85.1p, 34.80.Lx
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I. INTRODUCTION

Channeling of swift heavy ions in thin crystals can
used as a tool for suppressing the interaction between
projectile and the atomic cores of a solid target. Interact
with conduction and valence electrons of the crystal beco
observable, and even dominant. Thus channeling allows
observation of charge exchange processes between h
stripped heavy ions and quasifree electrons, i.e., proce
which involve no recoil of the target atom: this is the case
radiative electron capture~REC! @1–3#, in which electron
capture is accompanied by the emission of a photon, re
nant transfer and excitation~RTE! @4–7#, in which the cap-
ture is accompanied by the resonant electronic excitatio
the projectile, and electron impact ionization~EII! @8,9#.
Moreover, through the study of such localized process
channeling can be used to get more information about
local electronic structure in a crystal. Basically, an axia
channeled ion can be viewed as a particle trapped in a t
dimensional potential, that is, the transverse potential, a
aged along the atomic rows. Then the transverse energ
541050-2947/96/54~2!/1404~13!/$10.00
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the ion inside the crystal determines the accessible transv
space for the trajectory, and thus the mean electron den
sampled by the ion. As studied in detail by L’Hoiret al. @9#,
one can connect the energy loss rate and the charge sta
emergence of a channeled ion to its transverse energy. H
ever, since energy loss is not a purely local process@10#, the
determination of the densities of target electrons in vario
states sampled by channeled ions remains a major proble
the interpretation of experiments devoted to a charge
change process in channeling conditions. If the process s
ied is also observable in random conditions~for which all
electrons of the crystal may participate with the same pr
ability!, the comparison of random and aligned experime
should allow one to extract the specific contributions of ea
type of target electron.

The momentum distribution of electrons~Compton pro-
file! reflects the dispersion of the kinetic energy of the tar
electrons. For instance, it is wider forK-shell electrons than
for valence or conduction electrons. These distributions
connected to the electron wave functions and densities. T
studies of charge exchange processes taking place at
1404 © 1996 The American Physical Society
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54 1405K-SHELL RADIATIVE ELECTRON CAPTURE WITH . . .
defined distances from atomic strings should provide ad
tional information on the local electron density through t
corresponding electron Compton profile, and then allow
more detailed confrontation of experiments with the theor
cal description of electron structure in solids. Both RTE a
REC are processes which imply large momentum transfer
the captured electron. They are then expected to be ‘‘loc
processes, and thus, in principle, able to give information
local electron densities and Compton profiles. Compton p
files can be deduced from RTE through the study of re
nance shapes, and from REC through the study of the ph
line shapes. However, in RTE experiments—KLL-RTE es-
pecially @6,11,7#—the fine structure of the resonance is
limiting factor for a precise study of the line shape and th
of the Compton profile of the target electrons~except for the
lightest and heaviest ions for which the resonance structu
either negligible or dominant with respect to the Compt
profile!. K-REC is a much more attractive case for the tw
following reasons: REC is a nonresonant process, wh
makes it easier to observe experimentally, andK-REC is
monoenergetic. TheK-REC shape has already been used
determining electron densities by Datzet al. @11# and by Mi-
raglia et al. @12# in their interpretation of a previous exper
ment by Appletonet al. @1#. In these works the contribution
of core electrons to theK-REC line shape could not b
evaluated, in particular, becauseK-REC could not be ob-
served in random conditions.

The aim of this work is the study ofK-shell radiative
capture by bare channeled ions. TheK-REC line shape has
been studied as a function of the crystal orientation, i.e.
the transverse energy distribution of the incident ions alo
the crystal axis. A few years ago, we had already obser
K- and L-REC with hydrogenlike 25-MeV/u Xe531 ions
channeled in a Si crystal@2#. However,K-REC was not eas
ily observable in random conditions, because theK shell of
incident Xe531 ions was rapidly filled up, mainly by nonra
diative capture. Here we use 60.1-MeV/u Kr361 ions inci-
dent on a thin silicon crystal. The transmitted ions are s
mostly bare in random as well as in channeling conditio
which allows us to observeK-REC in both cases.

In Sec. II we describe the experimental setup that allo
charge state and energy analysis of the transmitted ions,
detection of photons coming from the impact area. In Sec
we present our experimental data, which include charge s
distributions and high statistics x-ray energy spectra,
also an energy spectrum of photons detected in coincide
with well channeled ions. In Sec. IV we describe a simu
tion code that enables us to calculate both the amplitude
shape of theK-REC line. Compton profiles of silicon cor
electrons are calculated via a partial Fourier transform of
wave function as a function of the distance to the tar
atomic rows. Valence electrons are treated in a semiclas
way, as a nonuniform Fermi gas: electrons are considere
free electrons with exact solid state local densities. The c
frontation of calculated and measured profiles is discusse
Sec. V. A fully exhaustive description of theK-REC line in
terms of core and valence electron contributions is presen
and shows that silicon core electrons still contribute sign
cantly in channeling conditions, and thus should not be
glected as is done in most channeling studies. We also s
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that the free electron model is a good approximation for
lence electrons.

II. EXPERIMENT

The experiment was performed at the Grand Acceler´ateur
National d’Ions Lourds~Caen, France!, in the LISE beam-
line, designed for charge and energy analysis of hig
stripped ions~Fig. 1!. The beam transverse emittance w
given to be isotropic with 0.1p mm mrad@half width at half
maximum~HWHM!# projected along one direction, and th
spot size on the target was at most equal to the spatial r
lution of the multiwire chambers, which is 1 mm. Und
these conditions, the beam intensity on the crystal was
tween 10 and 100 pA. The absolute number of incident io
was measured using a rotating beam chopper made of s
coated blades, from which the AgKa x rays were detected
by a Si~Li ! diode. The crystal target was hold by a three-a
goniometer, which could be moved with an accuracy
1023 degrees. The effective crystal thickness was 37mm, a
thickness that ensures single collision conditions for rad
tive capture by channeled ions, and charge state equilibr
for a random orientation, and allows energy loss measu
ments. Two intrinsic Ge detectors viewed the crystal,
90° and 125°. Vertical slits were placed in front of the d
tectors, in order to limit Doppler broadening. A Si~Li ! detec-
tor was set at 90°, but, as a lead shield masked the cry
target, it could view only the radiative decay of long lifetim
excited states. Ions emerging from the crystal were magn
cally charge and energy analyzed. A multiwire proportion
gas counter placed in the dispersive focal plane was use
measure charge state fractions and energy losses. The
lution of this spectrometer wasDp/p55.531024. Upstream
from this wire chamber, two vertical slits could select ions
given energy and charge state. These ions were sent on
Al foil, where they produced secondary electrons that w
detected by means of a channeltron. This signal could
used as a trigger for the 90° Ge detector.

III. RESULTS

In Fig. 2 we present transmitted ion charge state distri
tions obtained with Kr361, Kr 351, and Kr331 incident ions,
respectively, under random and^110& alignment conditions.

FIG. 1. Scheme of the experimental setup.
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For random orientation the three distributions are found to
identical, which means that charge state equilibrium
reached within the 37-mm-thick Si target, in good agreemen
with theoretical predictions@13#. Most of the emergent par
ticles are bare ions~74%!, which, as noted earlier, will allow
one to studyK-REC by fully stripped ions in random cond
tions also. Nevertheless, since only bare and H-like ions
induce K-REC ~with probabilities in the ratio of 2:1!, the
K-REC cross section evaluation in random conditions w
require the knowledge of the charge distribution avera
along the ion path in the target: for Kr361 incident ions, the
mean fraction values of Kr361 and Kr351 ions inside the
target have been calculated to be 77% and 22%, res
tively.

In channeling conditions, Fig. 2 shows that the cha
distributions depend strongly on the incident charge st
which means that they are far from charge equilibrium.
Kr 361 and Kr351 incident ions remain essentially frozen
their initial charge state, we are in a situation of single c
lision for both electron capture and loss. The electron cap
probability is found to be about twice larger for bare io
than for H-like ions (4% and 2.5%, respectively!. As me-
chanical capture occurs preferentially in states with quan
numbern>2, and asK-REC is by far the dominant radiativ
capture process, such a result confirms that capture by c
neled ions is dominated byK-REC. The probability of cap-
turing two electrons successively is quite small, and is r
resented by the 341 fraction obtained for Kr361 incident
ions ~about 1023, with a large experimental uncertainty i
this particular case!. Channeled Kr351 ions may lose their
electron by EII since theK-shell binding energy is lowe
than the maximum energy transfer in an electron-elect
collision at this beam velocity: it happens to about 9%
them. For Kr331 incident ions the charge distribution
dominated by EII, and only 40% of them stay frozen in th
initial charge state: their probability for losing one electron
dominated by theL-electron loss. Moreover, as the probab
ity for losing successively three electrons is very small
channeled ions, the 361 fraction (2%) is fedessentially by

FIG. 2. Charge state distributions obtained for Krq1 incident
ions (q533,35,36) at 60.1 MeV/u on a 37-mm Si crystal for align-
ment along thê110& direction. The dashed curve corresponds t
calculation for random orientation@13#.
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the unchanneled part of the beam. As the 361 fraction is
largely dominant for random incidence, the above value
2% is equal to the unchanneled fraction~or more exactly to
the fraction of ions able to lose electrons in close ion-at
collisions!, which reflects very good channeling condition

Let us consider now the x-ray emission by channeled
ions, which gives a deeper insight into their interaction w
the crystal electrons. X-ray spectra were recorded for vari
crystal orientations around the^110& direction.

In Fig. 3 we present two energy spectra of photons
tected at 90° from the Kr361 beam direction, for random an
^110& crystal orientation, respectively. They are normaliz
to the same number of incident Kr361 ions, corrected for
dead time, and the background from surrounding radioac
ity has been subtracted. First of all, channeling conditions
seen to cause a general reduction of the various compon
of the random spectrum, which is made of peaks due to
Kr Lyman series and to the radiative electron capture, a
also of a continuum due to primary and secondary bre
strahlung.

The Lyman lines are quite strongly attenuated~much
more than REC lines!: the reason is that Lyman photon
result mostly from deexcitation after nonradiative captu
into (n.1) shells or after excitation of aK-shell electron,
both events taking place in close collisions with Si crys
atoms: the La yield is measured to be 2.5% of the valu
obtained for random incidence, which is to be compared
the above 2% fraction deduced from charge state meas
ments. In fact, the La yield is slightly higher than 2% be
cause some channeled ions may contribute to this yield
deexcitation afterL-REC capture.

In opposition to Lyman emission, bremsstrahlung a
REC photons result basically from the interaction of the p
jectile with target electrons, and the photon yields depend
the mean electron density experienced by the projectile.

Primary bremsstrahlung is the photon emission by a ta
electron accelerated in the Coulomb field of the charged p
jectile. The maximum photon energy is equal to the kine
energyEc in the projectile frame of a target electron at re
in the laboratory frame. Secondary electron bremsstrahl

FIG. 3. Single spectra corresponding to all the photons dete
at 90° for 60.1-MeV/u Kr361 ions incident on a 37-mm silicon
crystal.
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54 1407K-SHELL RADIATIVE ELECTRON CAPTURE WITH . . .
is a two-step process, in which a target electron is elastic
scattered by the projectile, and then radiates part of its
ergy during slowing down in the target. The correspond
energy spectrum extends up to;4Ec , since forward scat-
tered electrons can be given twice the velocity of the proj
tile in the laboratory frame.

The attenuation of the bremsstrahlung yield in channe
conditions is measured to be 3.5, which corresponds to
ratio (14/4) of the total number of electrons per Si atom
the number of valence electrons.

The case of radiative electron capture is more interest
and also more complex: not only are theK- andL-REC peak
integrals lowered by channeling, but the line shapes are
strongly modified. In the following we will concentrate o
theK-REC peak, which shows up the most distinctly agai
the continuum. It is clearly seen that for random crystal o
entation theK-REC peak comprises broad wings that van
almost completely in channeling conditions. For random
cidence all types of target electrons may be captured, and
wings are due to the contribution of core electrons t
present a broad Compton profile. In alignment conditio
channeled projectiles capture mainly valence electrons
present a much narrower Compton profile. Between th
two extreme orientations (^110& axial channeling and ran
dom conditions! the body and wings of theK-REC peak
evolve differently, as will be shown later. This means tha
pertinent description of REC along the transition from cha
neling to random conditions requires a study of the pe
shape, which reflects the various Compton profiles of
captured target electrons. Moreover, it has to be noted
not only the amplitude, but also the shape, of the broad c
tribution due to the capture of core electrons varies fr
random to channeling conditions. Since the impact param
distribution inside the crystal is quite different in each ca
this suggests that the Compton profile of core electrons
given atomic shell may depend on the location where
capture occurs.

In order to study more accurately radiative electron c
ture by channeled ions, we have performed a coincide
measurement using incident Kr361 ions. The x-ray detecto
was triggered by the detection of a Kr ion transmitted w
the charge 351 ~resulting from one electron capture!, and
with a reduced energy loss. We have selected channeled1
ions that have lost less than half of the random energy
value. They represent (4567)% of the transmitted Kr351

ions. The x-ray spectrum presented in Fig. 4~along with the
corresponding single spectrum, similar to that already sho
in Fig. 3!, is then uniquely due to channeled Kr ions th
have captured one electron of the crystal by REC. Bre
strahlung is largely washed out since only;2% of the total
transmitted beam is selected for triggering the coinciden
The REC peaks appear nicely~includingM -REC!, as well as
L a , L b , and Lg lines that result from deexcitation afte
radiative electron capture into theL, M , and N shells, re-
spectively. In particular,L-REC and La peaks are found
equal within 15%~after correction for detector efficiency!.
The small discrepancy~in favor of L-REC! is probably due
to slight differences in angular distributions of La and
L-REC photons. The comparison of the coincidence sp
trum with the corresponding single spectrum yields the m
important feature related to theK-REC peak: the vanishing
ly
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of the wings that are visible in the single spectrum, and t
are due to the radiative capture of inner-shell target electr
by poorly or nonchanneled ions. The coincidenceK-REC
peak shows that well channeled ions can capture only e
trons with a narrow Compton profile, i.e., valence electro

It is not easy to determine with precision the absolu
mean energy of theK-REC peak: as the crystal was tilted b
35.2° when aligned along thê110& direction, a small varia-
tion of the beam spot position on the crystal caused a sig
cant shift of theK-REC peak, due to the Doppler effec
Nevertheless, the comparison of the energies ofK-REC
peaks and La peaks~observed at 90° and 125°) indicate
that, with respect to the theoretical energy@see below Eq.
~4!#, there is no shift of theK-REC peak greater than 50 eV
We observe a significant variation of the mean energy of
K-REC peak between random and channeling conditi
which can be explained~due to the drastic decrease
K-REC cross section with increasing photon energy! by the
cumulative effects of the reduced energy loss and of the
rowing of the target electron Compton profile.

Moreover, we have also obtained an x-ray spectrum~not
shown! in coincidence with well channeled Kr341 ions that
have captured two electrons in the crystal. The 341 fraction
is very small for 361 incident ions in channeling condition
~see Fig. 2!. We found no evidence for doubleK-REC
~double electron capture accompanied by emission of
photon!, which would correspond to photons around 94 ke
at 90° in the laboratory frame. This was expected beca
the probability, for a channeled ion, to undergo a close in
action with two valence electrons simultaneously is qu
low, much smaller than during binary collisions with atom
in which core electrons, more localized around the nucle
can be captured.

Finally, as mentioned above, we also recorded spectr
delayed x-rays with a Si-Li detector that could detect~at

FIG. 4. Photon spectrum recorded at 90° for 60.1-MeV
Kr 361 incident ions in coincidence with well channeled ions whi
have captured one electron inside the 37-mm silicon crystal aligned
along the^110& axis. The corresponding single spectrum is a
shown.
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1408 54S. ANDRIAMONJEet al.
90°) only photons emitted downstream from the crystal t
get. These spectra were obtained in coincidence with tra
mitted Kr351 and Kr341 well channeled ions. The results o
this study of delayed photons are published separately@14#.
They show that intrashell excitation plays a major role in
evolution of metastable states of then52 levels in channel-
ing conditions. A value of the cross section for 2s-2p mixing
has been obtained.

IV. SIMULATIONS

As noted above we have performed Monte Carlo simu
tions, in order to reproduce the experimentalK-REC peaks.
First we establish the ion flux in the crystal, i.e., the imp
parameter distribution of moving ions with respect to atom
strings, and then their corresponding encounter probabi
On the other side, electron momentum distributions of tar
electrons to be captured are determined as a function o
impact parameter~i.e., of the place where the capture o
curs!. Finally, we discuss theK-REC cross sections that ar
needed to obtain absolute yields. Moreover, the compar
with experimental data requires one to substract the bre
strahlung continuum, which is also discussed.

A. Distribution of transverse energy for channeled ions:
Corresponding ion flux

An ion penetrating the crystal with an energyE is given a
transverse energyET05E(c01dc)21V(rW0') where c0 is
the mean angle between the beam direction and the cry
lographic axis.rW0' and dc are random variables which ac
count, respectively, for the distribution of entrance positio
~which is uniform! and entrance directions~which corre-
sponds to the beam angular divergence aroundc0). V is the
continuum transverse potential. It was calculated in Ref.@9#
in the case of thê110& axis of Si. Near the atomic strings
we have taken into account the influence onV of the thermal
vibrations of the crystal atoms~1D rms thermal vibration
amplitude at room temperature,u150.077 Å! by using the
single string potential proposed in Ref.@15#. The beam an-
gular divergence is supposed to be Gaussian in any tr
verse direction. Various values of the angular width we
considered in the simulations, in order to check the va
given by the accelerator staff~HWHM of the angular spread
projected along one direction, 0.1 mrad!.

We assumed that statistical equilibrium is reached in
4D transverse phase space. As a consequence, a partic
given transverse energyET has a uniform probability to be a
any point of the accessible transverse space, i.e., at anrW'

whereV(rW'),ET @16#. This is true only sufficiently far from
the crystal entrance, since the incoming ions may kee
‘‘phase memory’’ at the beginning of their path@17#, over a
characteristic path lengthL. In our case the crystal thicknes
(t537mm! is much greater thanL ('2.5 mm! and one
may consider that statistical equilibrium prevails all alo
the crystal.

In Fig. 5 we present impact parameter distributions
statistical equilibrium F(b,c0) inside the ^110& crystal
channel for various mean incidence anglesc0 . Here we de-
fine the impact parameter as the distanceb to the closest
atomic string.F(b,c0) is normalized as*F(b,c0)db5 1.
-
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In the random incidence case, all positions in the transve
space are equiprobable. Then, for a single string~cylindrical
geometry!, the distributionF(b) increases linearly withb:
F(b)52b/b0

2 , 0<b<b0 , whereb0 is the radius of a unit
cell in the transverse plane, associated with a single st
@pb0

251/(Nd), whered is the interatomic distance along th
^110& strings andN is the number of Si atoms per unit vo
ume#. The departure from this distribution aboveb50.7 Å
is simply due to multistring effects.

In the same figure, we show first the distributio
F(b,c050) corresponding to an incident beam parallel
the^110& strings without any angular divergence. In this ca
the flux is strongly enhanced at large impact parameters,
many ions are confined close to the center of the chan
~hyperchanneling!. Conversely, small impact parameters a
strongly inhibited: channeled ions cannot approach the ta
atom cores.

The drawback of using a quite thick crystal is that mu
tiple scattering, which tends to increase the transverse en
of a particle, is not negligible. Both electronic and nucle
contributions~the latter being significant only for largeET
values! are taken into account in our calculations. Partic
entering the target with a transverse energyET0 suffer, when
traversing the crystal, a mean transverse energy incre
D̄ET induced by multiple scattering on target electrons a
target nuclei. A good estimation of the contribution of targ
electrons toD̄ET can be obtained, following Bonderupet al.
@18#, from the mean energy loss of these particles throu
the crystal. For instance, for ions with very smallET0 values,
we find D̄ET /Q56 eV ~whereQ is the projectile charge!.
For the contribution of target nuclei, we used the treatm
proposed in Ref.@16# and developed in Ref.@19#. The prob-
ability of REC events is small enough to ensure the valid
of the hypothesis of the single collision regime; cons
quently, the probability for a REC event to occur at giv
penetration depthz is uniform over @0,t#, where t is the

FIG. 5. Simulation of impact parameter distributionsF(b,c0)
relative to the nearest atomic strings, obtained for different incid
anglesc0 . Dotted curve:c050, no beam angular divergence an
no multiple scattering. Dashed curve: random incidence. In
other curves one takes into account a beam angular divergenc
0.1 mrad ~HWHM! and multiple scattering. Solid line:c050.
Dash-dotted curve:c050.03°.
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54 1409K-SHELL RADIATIVE ELECTRON CAPTURE WITH . . .
target thickness. We have thus calculated the probability
REC event for a particle entering the crystal withET0 by
considering that its transverse energy when the REC e
may occur isET 5ET01hDET , h being a random variable
uniformly distributed over@0,1#.

In Fig. 5 we show a distributionF(b,c050) for which a
realistic beam angular divergence is taken into account:
assume an isotropic Gaussian shape characterized by a
of 0.1 mrad HWHM when projected along one directio
Multiple scattering~before capture! is also taken into ac-
count in this calculation ofF(b). Multiple scattering and
incident beam angular divergence are seen to reduce hy
channeling strongly. In the following, these effects will b
included in the calculated distributionsF(b) used in our
simulations. We also show in Fig. 5 the distributio
F(b,c0) corresponding to a beam entering the crystal w
c050.03° ~the relativistic Lindhard critical angle for chan
neling @16# is cc50.05° in our experimental conditions!.
The distribution is very close to the one corresponding to
random case, except for small impact parametersb<0.2 Å .

B. Electron densities in the channel

In order to simulate REC events, we have assumed
interactions with target electrons are binary events that
be considered independently. We have then to describe
interaction between an ion of well defined positionrW' in the
transverse plane and a target electron with a well defi
wave function. The classical description of the ion trajec
ries is justified, owing to their high mass and velocity.
such a situation, REC yields could be calculated within
impulse approximation, following the treatment of Ref.@12#.
In fact, we use here a simpler approach assuming that
probability for a REC event to occur atrW' is proportional to
the mean electron densityr̄(rW') at this point of the trans-
verse space, i.e., averaged along the ion trajectory:

r̄ ~rW'!5
1

dE2d/2

d/2

r~rW' ,z!dz ~1!

whered is the interatomic distance along the^110& string. In
fact, such a hypothesis is supported by comparing the de
dence of REC probability on impact parameter calculated
Ref. @12# for target Si electrons in various initial atom

FIG. 6. Comparison between theK-REC yield bPK -REC(b),
from Ref. @12# ~dashed curve! for the capture ofL Si electrons by
25-MeV/u Xe531 ions at given impact parameterb to br̄L(b) ~solid
curve!. r̄L(b) is the meanL-electron density atb @see Eq.~1!#.
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quantum states (nlm) captured by high velocity Xe ions to
the mean corresponding electronic densityr̄nlm(rW'). The
comparison is shown in Fig. 6 for the capture ofL-shell Si
electrons. In fact, taking into account the axial symme
around a string, we comparebPK -REC(b) to br̄L(b)
@r̄L(b)5 r̄2s(b)1 r̄2p(b)#. The shapes are nearly identica
the only difference consists in a small shiftdb50.03 Å on
the abscissa of the two curves. This shift is small when co
pared both to the extension ofbr̄L(b) and to the uncertainty
in the impact parameter dependence of the channeled
fluxes. We thus decided to neglect it.

The electron encounter probability of incident projectil
depends on the flux distributionF(b,c0) and on the densi-
ties r̄st(b) associated with given electronic states of silic
(1s,2s,2p,valence! averaged overz. In Fig. 7 we show the
mean electron encounter probabilityg(b,c0), together with
the variousr̄st(b), as a function of impact parameterb. The
g(b,c0) values are obtained from produc

r̄ (rW')F(rW' ,c0) in the Monte Carlo calculations,r̄(rW') be-
ing the total mean electronic density forrW' . The three dis-
tributionsg(b) shown correspond to the three incident bea
orientations~random,c050, andc050.03°) already con-
sidered in Fig. 5. For the random orientation,g(b) is simply
proportional tor̄(b). The densitiesr̄st(b) were calculated
from the atomic wave functions of Ref.@20# in the case of
core electrons and, for valence electrons, using the Fou
coefficient of Ref.@21# obtained with nonlocal pseudopoten
tials.

The analysis of Fig. 7 provides information on the cont
bution to g(b,c0) of each electronic state. Forc050, the
capture of valence electrons takes place preferentially
large distance from the target strings: more electrons are
tured atb.0.8 Å than in the random case. However, t
overall valence capture yield, i.e., the integral overb of the
valence encounter probability, is lower than in the rand
case, for which the encounter can also occur at smalleb,
i.e., in regions of higher valence electron densities. This
illustrated by the map of Fig. 8, which shows that the valen

FIG. 7. Mean sampled electron density distributiong(b,c0)
~solid lines! for three different incidence anglesc0 . Mean electron
densitiesr̄st(b) ~dotted lines!.
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electron density is maximum between the closest strin
these electrons are the binding electrons of the crystal lat
They cannot be captured by well channeled ions since
potential in this region is rather high~around 19 eV per unit
charge!, although much smaller than the critical transve
energyETC @ETC /Q5Ecc

2/Q.V(b.0.15 Å )/Q5110 eV#.
As a consequence, the overall valence electron encou
probability is smaller than in the random case only for
anglesc0 significantly smaller thancc . One can see in Fig
7 that, already for a tilt anglec050.03°50.6cc , there is no
longer an effect.

Since small impact parameters are forbidden for ch
neled ions, their encounter probability with core 2s and 2p
electrons which are rather localized near the nuclei is m
smaller than in the random case. As the spatial extensio
rnlm(b) is quite similar for these two states, the correspo
ing encounter probabilities are reduced by about the s
amount in channeling. Of course the smaller the impact
rameter the stronger this reduction. The reduction of thes
electrons contribution is still stronger. At the intermediate
angle (c050.03°), the encounter probability with 2s and
2p electrons increases markedly but is still much sma
than in the random case~note that 1s electrons are still al-
most entirely hidden!. It must be pointed out that not onl
the overall encounter probability but also the variation of
local encounter probability with impact parameter depe
strongly onc0 .

C. Momentum distribution of target electrons
at a given impact parameter

The shape of the measured REC lines is mainly de
mined by the momentum distribution of the captured el
trons. A calculation of this distribution requires the know
edge of the target electrons wave functions. We h
considered separately the contribution of core and vale
electrons. In Sec. IV B we have shown~see Fig. 6! that REC
events take place at givenrW' with a probability proportional
to r̄(rW'). We shall now assume that the shape of the R
peak of capture events taking place atrW' depends on the

FIG. 8. Map of the mean valence electron densityr̄val(rW') av-
eraged alongz. Densities in electron per Å3: 1, 0.032; 2, 0.08; 3,
0.15; 4, 0.225; 5, 0.275; 6, 0.35; 7, 0.45. The black circles repre
the position of thê 110& atomic strings.
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momentum distribution of the electrons at this point of t
transverse space. For this purpose, we have used the
tronic wave functions in a mixed representationC(rW' ,pz)
5C(b,pz) ~we recall thatb is the distance to the closes
string for a particle atrW'). We thus calculate the partia
Fourier transform:

Cnlm~b,pz!5
1

A2p\
E

2`

1`

fnl~Ab21z2!Ylm~u!eipzz/\dz

~2!

where tanu5b/z, fnl is the radial atomic wave function, an
Ylm its angular part.

The probability densityuCnlm(b,pz)u2 is the conditional
momentum distributionJnlm(pzub)5Jnl(pzub) of a core
electron at givenb. This distribution is normalized through

E
0

1`

2pbdbE
2`

1`

uCnlm~b,pz!u2dpz51. ~3!

From Jnl(pzub) one may easily deduce the momentum d
tribution Jnl(pzurW') in the channel. In our simulations w
have determined the momentum distributionsFnl(pz ,c0) of
electrons of a given state captured by incident ions, when
beam enters the crystal with an incident anglec0 . Such a
distribution is obtained by averaging the distributio
Jnl(pzurW') with a weight gnl(rW' ,c0)5rnl(rW')F(rW' ,c0)
@note that for random incidence,F(rW' ,c0@cc) is constant#.

In Fig. 9 we present the shapes ofFnl(pz ,c0) correspond-
ing to 2s and 2p electrons for variousc0 values. The calcu-
lations were performed as in Fig. 7 forc050, c050.03°,
andc0@cc ~random!. For convenience, the momentum va
ues on the abscissa are converted to REC photon en
dispersion in the projectile frame@the pz are multiplied by

nt

FIG. 9. Shape of the momentum distributionsFnl(pz ;c0) of
2s ~a! and 2p ~b! electrons captured for beams incident at vario
c0 . Solid line: random orientation; dashed line:c050.03°; dotted
line: c050. Multiplying factors were applied to bring the curve
together atpz50. Electron momenta are converted into REC ph
ton energies.
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bgc, see Eq.~4! below#. For an easier comparison of shape
the profiles are represented with the same maximum am
tude. There is a clear dependence onc0 of the shape of the
distributions corresponding to 2p electrons, which provide
the major contribution to the total core Compton profi
Such an effect is much weaker on the distributions co
sponding to 2s electrons. The general trend is that the m
mentum distribution of captured electrons is narrower
aligned than in random conditions. As the ion flux distrib
tion for an aligned beam favors largeb values, the effect
observed can be understood in a classical picture, cons
ing that target electrons of a given state have a lower m
kinetic energy at largeb, where the potential energy i
higher.

For 1s electrons of silicon, the spatial extension of t
wave function is of the same order as the target atom ther
vibrations. Thus, even for a beam entering the crystal para
to the ^110& rows, the particles which can capture 1s elec-
trons are those which approach very close to the strin
They experience strong multiple scattering, and they can
idly be considered as unchanneled particles which sam
the crystal uniformly. Thus we directly used the atom
Compton profile of 1s silicon electrons tabulated in Re
@22#, which is already averaged overb.

In principle, the calculation of the Compton profile ass
ciated with the capture of valence electrons should be
formed in a similar way as forL silicon electrons. Unfortu-
nately, we are dealing with an extremely large number
wave functions~Bloch waves!. Moreover, these Bloch wave
are obtained as linear combinations of plane waves; th
Fourier transformation@Eq. ~2!# raises very severe computa
tional problems, related to the fact that the Fourier transfo
of a plane wave is a Dirac distribution. We then decided
use a semiclassical treatment based on a description o
lence electrons as a nonuniform free electron gas. In su
description, the only relevant parameters are the den

r(rW' ,z) and the associated momentum distributi

JF(pzurW' ,z)5 1
2pF(rW' ,z) with 2pF(rW' ,z)<pz<pF(rW' ,z)

and wherepF(rW' ,z)5 \@3p2r(rW' ,z)#1/3 is the Fermi mo-
mentum experienced by an ion along its trajectory. The d

sity r(rW' ,z) to be considered to calculatepF is the total

electron densityrval(rW' ,z)1rcore(rW' ,z): a valence electron
captured in regions where the core electron densityrcore is
significant has a momentum distribution which is broaden
by these core electrons. Calculating the shape of the Co
ton profile associated with the capture of valence electr
within the framework of this semiclassical treatment is qu
tionable; however, in aligned geometry, valence electrons
mostly captured in regions wherercore is negligible and

r(rW' ,z) varies rather smoothly with the coordinates, and
seems appropriate to use a free electron gas model. An
teresting feature of the results of Ref.@12# is, as stated in
Sec. IV B, that the range of the interactions leading to a R

event is very limited@a capture inrW' has a probability pro-

portional tor̄(rW') to occur; see Fig. 6#. In our semiclassica
treatment, it is thus natural to assume that REC is a lo
process, taking place at a well defined coordinate (rW' ,z)
,
li-

.
-

-

-

er-
n

al
el

s.
p-
le

-
r-

f

s,

o
a-
a

ity

n-

d
p-
s
-
re

t
in-

C

al

with a probability proportional tor(rW' ,z) and that the mo-
mentum distribution of the electron captured at this poin
given byJF(pzurW' ,z).

We have checked the validity of the semiclassical tre
ment by applying it to both core and valence Si electro
such a treatment being indeed much more doubtful for
former than for the latter. In this way we obtained Compt
profilesCp1

(pzub) calculated by averagingJF(pzurW' ,z) over

z with the weightr(rW' ,z). They are compared in Fig. 10 t
profiles Cp2

(pzub) calculated by the quantum treatme
through Eq.~2! for core electrons and semiclassically f
valence electrons by averagingJF(pzurW' ,z) over z with the
weight rval(rW' ,z). As in Fig. 9 the scaling factorbgc is
used forpz . At low impact parameters (b<0.3 Å!, i.e., in
regions of high and stronglyb-dependent electronic dens
ties, the profilesCp1

(pzub) are markedly too broad and thu
the semiclassical treatment is not appropriate. On the c
trary, the agreement between the widths ofCp1

(pzub) and

Cp2
(pzub) is fair for b>0.3 Å ~the discrepancy never ex

ceeds 10%). However, a significant difference remains
large pz values: the semiclassical treatment does not rep
duce the wings predicted by the quantum treatment. Still,
comparison ofCp1

(pzub) and Cp2
(pzub) demonstrates tha

the semiclassical treatment applied to all target electrons
vides already rather correct Compton profiles in regio
where the overall electron density is not too high. It can th
be applied with confidence to the valence gas, for which
indicated above, a full quantum treatment is out of reach

The momentum distributions of valence electrons at po
rW', Cp1 -val

(pzurW'), obtained from the semiclassical trea

ment, can be averaged overrW' , leading to the distribution

FIG. 10. Comparison of Compton profilesCp1
(pzub) ~dashed

lines! and Cp2
(pzub) ~solid lines! ~see text! at various impact pa-

rametersb. Electron momenta are converted into REC photon
ergies.
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1412 54S. ANDRIAMONJEet al.
Fval(pz). If we attribute to each positionrW' a weight pro-
portional to r̄val(rW'), we simulate the Compton profil
Fval -and(pz) associated with a uniform ion flux in the cryst
~random situation!. Such a profile can be compared to t
experimental determination performed in high resolut
x-ray measurements@23#. The comparison is shown in Fig
11. The agreement is satisfactory and confirms again the
lidity of the semiclassical approach that we have used.

D. Intensity and shape of the REC peak

After obtaining the longitudinal target electron mome
tum distribution, we determined theK-REC peak shape ac
cording to the following procedure. In the projectile fram
the relation between the energyhn of theK-REC photon and
the captured target electron momentum for a given posi
rW' in the channel is

hn5Ec1EK2gEi2bgcpz ~4!

whereEK andEi are, respectively, the final and initial bind
ing energies of the electron,g is the Lorentz factor, and
Ec5(g21)mec

2 is the kinetic energy of an electron wit
the ion velocityv ion .

We calculated theK-REC capture probability within the
impulse approximation. We used the nonrelativistic dip
approximation@24#. For the radiative recombination of a fre
electron in the ionK shell, the cross section is

sK-REC5
27p

3

e2

mec
2

h

mec

EK
3

h2n2~hn2EK!

3expS 2
4ztan21~1/z!

12exp~22pz! D ~5!

wherez5AEK /(hn2EK). In our experiment, the capture
electrons are initially bound. As these binding energies
significantly smaller thanEc , we decided, however, to us

FIG. 11. Comparison of valence momentum distributio
Fval -random(pz) uniformly averaged over the transverse space~uni-
form flux!. Dotted line:Fval -random(pz) from Ref. @23#; solid line:
Fval -random(pz) from a nonuniform Fermi gas description of valen
electrons.
a-

,

n

e
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Eq. ~5!. In this equation,sK -REC can be considered as
function of the photon energyhn. As seen in Eq.~4!, hn
depends on both the initial binding energy and the mom
tum of the electron. The influence of the initial state
sK -REC was thus taken into account through these dep
dences.

hn depends also~and mainly! on the ion kinetic energy
Ec . This energy decreases quasilinearly inside the targe
order to fit the experimentalK-REC peak we have thus take
into account in the calculations the mean energy lossDE of
the projectile inside the crystal, which differs from chann
ing to random conditions. As a REC event can take place
any penetration depth, this induces a decre
2(me /Mion)DE of hn in expression~4!, ranging quasiuni-
formly from zero to2(me /Mion)DE.

The REC peak was determined in the ion frame by
Monte Carlo simulation in the following way. For an inc
dent ion indexed byi , a transverse energyEiT is chosen,
according to the distribution of incident impact paramet
and angles, and according to the mean transverse energ

crease induced by multiple scattering,DET . Then therW i'

position is sampled uniformly in the accessible transve
space. At this position an electron momentumpz is chosen
according to the corresponding distribution. Forpz , the dis-
tribution can correspond to either core or valence electr

with weights proportional tor̄core(rW i') and r̄val(rW i'), re-
spectively. We then calculated, via Eqs.~4! and~5!, the pho-

ton energy hn i and the probabilityPi 5sK -RECr̄(rW i')t
~wheret is the target thickness! for a K-REC event to occur.
This procedure was iterated: thePi values added at the cor
responding abscissahn i give the REC peak.

This calculation can be performed for any beam entra
conditions. It has been applied to various mean entra
anglesc0 with respect to thê 110& rows. It has also been
used in the random incidence case for which all incid
particles sample the whole transverse plane uniformly.

In order to simulate our experimental results, we have
determine the shape and intensity of the REC peak in
laboratory frame from the calculation performed above in
ion rest frame. We must then perform the Lorentz transfo
of the photon peak. We assumed a sin2ulab dependence of the
angular distribution of theK-REC photons@25#. We also
convoluted the photon peak with a distribution function r
sulting from the measured detector resolution and Dopp
broadening associated with the detector collimator apert
The combined contribution to theK-REC peak width of ion
energy loss inside the crystal, Doppler effect, and dete
resolution is quite small compared to the width of the Com
ton profile: for the valence electron contribution~i.e., with
smallest momenta!, the Compton profile width is still three
times larger. Higher order REC (L-, andM -REC! lines were
obtained in the same way as theK-REC line. The relative
normalization factors ofL- and M -REC with respect to
K-REC were deduced from the coincidence spectrum of F
4, where the various contributions are resolved without a
background. We did not distinguish between the radiat
capture into the separate 2s, 2p1/2, and 2p3/2 sublevels; this
separation causes an additional broadening (;80 eV! of the
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54 1413K-SHELL RADIATIVE ELECTRON CAPTURE WITH . . .
L-REC that is much smaller than the Compton profile, a
thus negligible.

E. Calculation of the background induced by bremsstrahlung

In order to estimate with precision the background bel
the REC peaks to be subtracted, we have calculated for
spectrum the shape of the bremsstrahlung contribution.
primary bremsstrahlung~bremsstrahlung of a target electro
in the field of the bare projectile! is obtained within the
Sommerfeld-Mau¨e method~distorted wave–unscreened p
tential @26#!. Then the theoretical profile is convoluted wi
the silicon Compton profile, which depends on the crys
orientation. The secondary electron bremsstrahlung is ca
lated as in Ref.@27# by applying the McKinley-Fesbach
equation for elastic scattering and the treatment of Koch
Motz @28# on electron bremsstrahlung to atomic silicon. U
ing these calculations to adjust our experimental backgro
is questionable for three reasons.~i! In the calculation, all
secondary electrons are assumed to stop inside the cryst
fact the range of a ‘‘knockon’’ electron with highest ener
Emax52g2b2mec

25136 keV is about 300mm in silicon
@29#, which is much larger than our crystal thickness.~ii ! In
the calculations, the secondary electron bremsstrah
emission is assumed to be isotropic. This is doubtful, part
larly for hard photons which are emitted by energetic bin
electrons, i.e., electrons scattered in the forward direct
~iii ! The bremsstrahlung yield depends strongly on ion ch
neling effects~see Sec. III!. However, as one observes th
the calculations reproduce quite well the shape of the exp
mental background, we have decided to set primary and
ondary electron bremsstrahlung amplitudes as free par
eters in the fits of the spectra and to keep the calcula
shape. For random spectra, typical multiplying factors u
to adjust the calculations to the experimental background
in the range 0.8 to 1.5.

FIG. 12. Decomposition of the single x-ray spectra of Fig.
The dashed line represents the sum of the various simulated co
butions.
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V. COMPARISON TO EXPERIMENTS

A. Fitting the x-ray spectra

In Fig. 12 we compare experimental and simulated x-
spectra in the case of random and^110& aligned geometries
For the simulations, the contributions of primary and seco
ary electron bremsstrahlung and the contributions of c
and valence electrons to the REC peaks are indicated s
rately. The respective weights of all these contributions w
adjusted in order to obtain the best fit: here, the simulati
are only used to predict shapes. The random spectrum ca
lated this way is seen not to fit perfectly the experimen
spectrum on the high energy side of theK-REC peak, corre-
sponding to the capture of electrons with high initial mome
tum. This discrepancy is not related to the uncertainty in
calculated contribution of secondary bremsstrahlung, si
this contribution is quite small in this region. Most probab
the use of the impulse approximation in Eqs.~4! and~5! is no
longer valid when the binding energy of the electron to
captured becomes non-negligible as compared to its kin
energy viewed from the projectile frame, and thus the win
of the REC peaks are not perfectly estimated. Except for
small discrepancy, the agreement between simulations
experiments in both spectra of Fig. 12 is remarkable.

B. Fitting the REC yield dips

As mentioned in Sec. III, we estimated, for each be
incidence anglec0 , the mean fraction of ions that captur
mechanically one or more electrons inside the target.
Kr 351 ions we assigned aK-REC probability divided by 2;

.
tri-

FIG. 13. Channeling dips forK-REC. ~a! silicon valence elec-
tron contribution; the curves correspond to simulations for vario
beam angular divergences;~b! core electron contribution; the cal
culated dips corresponding to various states are represented
beam angular divergence is 0.1 mrad HWHM. The calculated
experimental dips in~a! and ~b! are normalized to the random
K-REC calculated yield.
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1414 54S. ANDRIAMONJEet al.
of course, for lower charge states, there is noK-REC. In Fig.
13 we show the comparison of experimental and calcula
K-REC dips, corresponding to the capture of valence e
trons @Fig. 13~a!# and of core electrons@Fig. 13~b!#. All the
dips are normalized with respect to the random REC yie
measured or calculated forc0@cc . The experimental dips
were obtained from the best fits of the spectra as show
Fig. 12, i.e., by adjusting each contribution to the REC pe
Here the error bars are due to the uncertainties in the
~subtraction of bremsstrahlung, partition between core
valence contributions when both are large!, and to the uncer-
tainty in the evaluation of the corrective term for the fracti
of ions with one or more electrons inside the crystal. T
calculated dips were obtained from the simulations, as
scribed in Sec. IV D. Simulations were performed assum
an isotropic Gaussian beam angular divergence with var
widths. The best agreement, for the dips corresponding
both valence and core electrons, is obtained for a value
0.1 mrad HWHM projected along one direction, in go
agreement with the value given by the accelerator staff.

Concerning the behavior of the valence electron contri
tion, the experiments and the calculations are in good ag
ment and show unambiguously the existence of a narrow
The uncertainty in the fit is here negligible since both brem
strahlung background and core electron contributions
K-REC are very small close to thê110& orientation. The
agreement is also very good for the core electron contr
tion. The value of the calculated minimum yie
(xcore50.055, with a 10% uncertainty due to the statist
of the simulations! reproduces correctly the measured ra
between axial and random orientation:xcore50.060
60.017. Although strongly attenuated in alignment con
tions, the core electron contribution to the totalK-REC yield
is found to be 15%, which is not negligible.

The shoulder effect observed on the experimental
aroundc050.06°, i.e., for entrance angles slightly grea
thancc , cannot be predicted by our simulations. The lat
are based on rather simple approximations to describe c
neling effects~see Sec. IV A!. In particular, we assume tha
~i! particle trajectories are determined by a continuum a
potential,~ii ! the ion flux distributions correspond to statis
cal equilibrium, and~iii ! all entrance directions with given
c0 are equivalent, i.e., that planar channeling effects can
neglected. These three hypotheses, which are valid
c0< cc , do not allow us to reproduce experimental sho
der effects that depend markedly on the scanning direct
One important result of Fig. 13~b! is that xcore is signifi-
cantly higher than the valuexmin50.025, measured for La
emission, for instance. This is due to the fact that the den
associated with 2s and 2p Si electrons is significant even a
distances of.0.3 Å from the nuclei~see Fig. 7!, which are
much larger than the rms amplitude of thermal vibrations.
a consequence, core electrons contribute to.13% of the
total K-REC yield when the beam enters along the^110&
direction.

C. Determination of the K-REC cross section

TheK-REC cross section can be extracted from the ab
lute yield values measured for random orientation@Figs.
13~a! and 13~b!#. They are found to be nearly identical an
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close to the prediction of the nonrelativistic dipole appro
mation (sK -REC539310224 cm2): the cross sections pe
target electron obtained from the valence and from the c
electrons contribution are, respectively,sK -REC5(38.5
61.265.8)310224 cm2 and sK -REC5(42.962.466.4)
310224 cm2. The first uncertainty corresponds to the err
bars in Fig. 13, and is thus related to the fitting procedu
The second one is our experimental absolute uncerta
(15%).

It is of interest to compare thesK -REC values that we
obtain to the compilation of experimental cross sections p
sented in Ref.@30#, where cross sections are compared to
prediction of the nonrelativistic dipole approximation for
large variation range of the adiabaticity parame
h51/z25(Eion /Z2EBohr)(me /Mion) where EBohr513.6
eV. Most of the results correspond to experiments perform
with gas targets, and very often the measured values
systematically'30% lower than the theoretical prediction
However, forh values in the 1–3 range, which correspon
to our experimental situation (h51.86), the compiled data
are in good agreement with the predictions. Also, in thish
range, no difference is observed between cross sections
sured for gas and solid targets. In a paper devoted to
study of REC by channeling, the authors of Ref.@3# have
assumed, in order to interpret their results, that the R
yield for ions traveling into solids could be strongly e
hanced by the so-called ‘‘wake effect’’ which modifies th
electron density and momentum distribution around the i
In fact, their conclusions on REC cross sections rely on
estimate of the mean electron density that is quite quest
able.~They consider that the whole ion flux in̂110& align-
ment conditions is strictly restricted within the central regi
of the channels. This is erroneous, since it is clear that e
with a perfect beam, the particle flux extends to the wh
transverse space, although in a nonuniform way, cf. our S
IV A. ! It is, nevertheless, worthwhile to discuss the influen
of the wake effect on REC, which, according to Pitarkeet al.
@31#, should in principle affect the REC yield and also th
shape and energy position of the REC lines. These aut
show that the amplitude of the response of the target e
trons to the ion passage scales asz5h21/2, which should
affect REC yields significantly forz values above unity. In
our case,z50.73 and the wake effects on the yield should
quite small.

Concerning the position of the REC peak, the wake eff
shift predicted by Pitarkeet al. @31# should be around 20 eV
i.e., a value too small to be evaluated owing to our expe
mental precision. The REC yield is proportional, in a fir
approximation, to the electron densityr* around the ions,
which should depend on the wake effect. The dependenc
the K-REC peak width onr* is weaker: in the simple cas
of a Fermi gas, this dependence scales as (r* )1/3. As indi-
cated above, in theh range corresponding to our experimen
neither the results obtained on gas targets nor those co
sponding to solid targets~i.e., our measurements, but als
experiments performed with 295-MeV/u uranium ions on b
ryllium and carbon@30#! show any significant departure from
the predicted cross sections. As, moreover, we find a g
agreement between calculated and measured line shape~see
Fig. 12!, we conclude that forz,1 ~i.e.,h.1), wake effects
have a negligible influence on REC.
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D. K-REC of valence electrons

The coincidence spectrum shown in Fig. 4 is associa
with the x-ray emission induced by the 45% ions havi
suffered the smallest energy losses~see Sec. III!. Assuming
to a first order a biunivocal relationship between the ene
loss and the transverse energy of an ion, i.e., neglecting
ergy loss fluctuations, one can consider that these ions
the best channeled ones, with a well defined upper limi
transverse energy (ET /Q)max. The K-REC peak observed
~which we will call Sexpt) corresponds thus essentially to th
capture of target valence electrons. In Fig. 14~a! we compare
Sexptto the K-REC peak (Scalc) calculated using the exper
mental Compton profile of Si valence electrons determin
in Ref. @23# and taking for theK-REC cross section the valu
sK -REC538.5310224 cm2 that we have experimentally de
termined. In Fig. 14~a!, the integral ofScalc was adjusted to
that of Sexpt, using a normalizing factork5 0.56. Scalc cor-
responds to the valence contribution toK-REC for the whole
incident beam at random incidence. AsSexpt arises from an
aligned incident beam and corresponds to a selection of
of this beam, it is natural to expect differences both in
integral~this explains whyk had to be introduced! and in the
shape ofSexpt and Scalc. In fact, one can observe in Fig
14~a! that Sexpt and Scalc have quite comparable shape
However, the FWHM of Sexpt is slightly narrower,
1.6460.05 keV against 1.8 keV forScalc. As this width is
related to the electron density of the captured electrons,
result demonstrates that the ions selected in the coincid
experiment sample valence electron densities hardly sm
than those sampled by a uniform ion flux.

We have used our Monte Carlo simulations in order
determine the characteristics of the channeled ions sele

FIG. 14. Comparison of theK-REC line shape in the coinci
dence spectrum of Fig. 4~solid line! to ~a! the REC line associated
with the valence electron Compton profile measured in Ref.@23#
~dashed line! and ~b! the REC line obtained from a Monte Carl
simulation with a nonuniform Fermi gas description of valen
electrons~dashed line!. The calculated small contribution of th
core electrons is also represented.
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in the coincidence experiment. As shown in Sec. IV C, t

simulations provide in particular the location (rW i' ,zi) at
which an ion with transverse energyEiT , leaving the crystal
with a charge state 351, has suffered aK-REC event. One
can then determine to what fraction of the incident be
correspond the 45% best channeled ions with 351 outgoing
charge state which were selected, and which electron de
ties they sampled. From our simulations~where we deter-
mine a cutoff in transverse energy in order to adjust
Scalc integral toSexpt), we find that the selected ions origina
from 65% of the incident beam, with a cuto
(ET /Q)max516 eV. As theV(rW')/Q value is around 19 eV
in regions where the valence electron density is maximu
i.e., close to the cutoff value, we conclude that many of
selected ions may sample regions of highrval . The simula-
tions provide mean values of explored electron densi

^r̄val& i5(1/n)( i 51
i 5nr̄val(rW i')50.157 Å23 and ^rval& i5

(1/n)( i 51
i 5nrval(rW i' ,zi)50.223 Å23. These mean values ar

slightly smaller than those sampled by a uniform flux, whi
are, respectively, equal to 0.2 Å23 ~four valence electrons
per Si atom! and 0.255 Å23. This is consistent with the fac
thatSexpt is slightly narrower thanScalc in Fig. 14~a!. It is also
consistent with the fact that the normalizing factork50.56
applied toScalc is slightly smaller than the value 0.65 whic
corresponds to the fraction of the incident beam which w
selected. Another conclusion of the simulation is th
97.5% of the selected ions have captured a valence elec
and only 2.5% have captured a core electron.

In Fig. 14~b!, we compareSexpt to the K-REC peakSsim
obtained from the simulation~see Sec. IV C!. Let us recall
that this calculation relies on a rather crude description of
valence electron momentum distribution. However,Ssim re-
produces surprisingly well the shape ofSexpt. In particular,
the full width at half maximum ofSsim (1.61 keV! is found to
be in good agreement with the experimental value (1
keV!. There is still a small discrepancy in the wings corr
sponding to high longitudinal electron momenta, which a
underestimated inSsim. This discrepancy sets the limits o
the free electron model that we have used.

VI. SUMMARY AND CONCLUSION

We have measuredK-REC by channeled and unchan
neled bare krypton ions in a thin silicon crystal. We ha
analyzed in detail the contribution of each electronic subs
of the target atoms. A complete decomposition of t
K-REC peak has been obtained with the help of simulati
which calculate the momentum distribution of captured v
lence, 2s, and 2p electrons of silicon~the latterL-shell elec-
trons contribute significantly—by 15%—to the REC peak
channeling conditions!. The comparison between exper
ments and simulations provides information on the dep
dence of the electron momentum distributions on the po
tion rW' in the transverse plane perpendicular to the^110&
strings. This dependence is strong for both valence andp
electrons. TheK-REC cross section is found very close
the value obtained from the nonrelativistic dipole approxim
tion calculation. We thus conclude that, for the value of t
adiabaticity parameterh corresponding to our experimen
wake effects have a small influence on REC.
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Beam angular divergence and multiple scattering of io
inside the quite thick crystal did not enable us to perform
specific study of hyperchanneled ions, i.e., ions which
plore only regions in the transverse space very far from
atomic rows where valence electron Compton profiles
expected to be very narrow. However, we have measure
K-REC peak corresponding to the capture of valence e
trons by the best channeled ions selected through their
ergy loss. This peak is well reproduced by simulations
which the valence electrons are described in the frame
nonuniform Fermi gas model.
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