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We have performed-shell radiative electron captur& {REC) measurements with bare 60.1-MeV/u inci-
dent krypton ions, both in channeling conditions and for random orientation of @an8%ilicon 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 oKtHREC photon lines: for this we
have determined the impact parameter distribution at statistical equilibrium for various beam incidence con-
ditions (direction and angular sprepndising the continuum potential model for channeled ions. Multiple
scattering effects were included. TKeREC 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 distribuyt@mmpton profileswere calculated for
and 2o silicon electrons. A remarkable agreement is found between the spectra measured with very high
statistics, and the calculated ones, which leads to the following reGilf$ie dependence of the-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 literatuiie.Electron Compton profiles are found to vary significantly
with impact parametefiii ) The free electron gas model represents a fair approximation for the description of
valence electron Compton profilés/) The K-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.
[S1050-294{@6)01808-2

PACS numbds): 34.70+¢€, 61.85+p, 34.80.Lx

[. INTRODUCTION the ion inside the crystal determines the accessible transverse
space for the trajectory, and thus the mean electron density
Channeling of swift heavy ions in thin crystals can besampled by the ion. As studied in detail by L'Hat al. [9],
used as a tool for suppressing the interaction between thene can connect the energy loss rate and the charge state at
projectile and the atomic cores of a solid target. Interactioremergence of a channeled ion to its transverse energy. How-
with conduction and valence electrons of the crystal becomesver, since energy loss is not a purely local pro¢&8$ the
observable, and even dominant. Thus channeling allows théetermination of the densities of target electrons in various
observation of charge exchange processes between highdyates sampled by channeled ions remains a major problem in
stripped heavy ions and quasifree electrons, i.e., processé®e interpretation of experiments devoted to a charge ex-
which involve no recoil of the target atom: this is the case forchange process in channeling conditions. If the process stud-
radiative electron capturéREC) [1-3], in which electron ied is also observable in random conditiofisr which all
capture is accompanied by the emission of a photon, res@lectrons of the crystal may participate with the same prob-
nant transfer and excitatiofiRTE) [4—7], in which the cap- ability), the comparison of random and aligned experiments
ture is accompanied by the resonant electronic excitation aghould allow one to extract the specific contributions of each
the projectile, and electron impact ionizati¢&ll) [8,9]. type of target electron.
Moreover, through the study of such localized processes, The momentum distribution of electrorif€ompton pro-
channeling can be used to get more information about théle) reflects the dispersion of the kinetic energy of the target
local electronic structure in a crystal. Basically, an axiallyelectrons. For instance, it is wider f&t-shell electrons than
channeled ion can be viewed as a particle trapped in a twder valence or conduction electrons. These distributions are
dimensional potential, that is, the transverse potential, aveconnected to the electron wave functions and densities. Thus
aged along the atomic rows. Then the transverse energy studies of charge exchange processes taking place at well
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defined distances from atomic strings should provide addithat the free electron model is a good approximation for va-
tional information on the local electron density through thelence electrons.

corresponding electron Compton profile, and then allow a
more detailed confrontation of experiments with the theoreti-
cal description of electron structure in solids. Both RTE and

REC are processes which imply large momentum transfer fo ational d'lons LourdsCaen. Frande in the LISE beam-

the captured electron. They are then expected to be “Iocal'Iine desianed for charae and enerav analvsis of hiahl
processes, and thus, in principle, able to give information on, .” 9 9 9y Y gnly

local electron densities and Compton profiles. Compton pro_stripped lons(Fig. 1. The beam transverse emittance was
files can be deduced from RTE through the study of resog|ven to be isotropic with 0.4 mm mrad[half width at half

maximum(HWHM)] projected along one direction, and the
nance shapes, and from REC through the study of the phot ( )] proj g

. ) X Qbot size on the target was at most equal to the spatial reso-
line shapes. However, in RTE experimentstL-RTE €S- |ytion of the multiwire chambers, which is 1 mm. Under

pecially [6,11,7—the fine structure of the resonance is athese conditions, the beam intensity on the crystal was be-
limiting factor for a precise study of the line shape and thusween 10 and 100 pA. The absolute number of incident ions
of the Compton profile of the target electro@xcept for the  was measured using a rotating beam chopper made of silver
lightest and heaviest ions for which the resonance structure igoated blades, from which the Aga x rays were detected
either negligible or dominant with respect to the Comptonby a SiLi) diode. The crystal target was hold by a three-axis
profile). K-REC is a much more attractive case for the twogoniometer, which could be moved with an accuracy of
following reasons: REC is a nonresonant process, which0 2 degrees. The effective crystal thickness wasu3i, a
makes it easier to observe experimentally, &dREC is thickness that ensures single collision conditions for radia-
monoenergetic. ThE-REC shape has already been used fortive capture by channeled ions, and charge state equilibrium
determining electron densities by Daizal.[11] and by Mi-  for a random orientation, and allows energy loss measure-
ragliaet al. [12] in their interpretation of a previous experi- ments. Two intrinsic Ge detectors viewed the crystal, at
ment by Appletoret al.[1]. In these works the contribution 90° and 125°. Vertical slits were placed in front of the de-
of core electrons to th&-REC line shape could not be tectors,in order to limit Doppler broad.enlng. A(Si) detec-
evaluated, in particular, becauseREC could not be ob- tor was set at 90°, but, as a lead shield masked the crystal
served in random conditions. target, it could view only the radiative decay of long lifetime
The aim of this work is the study dK-shell radiative excited states. lons emerging from the crygtal were ma_gneti—
capture by bare channeled ions. TKReREC line shape has cally charge and energy analyzeq. A multiwire proportional
been studied as a function of the crystal orientation, i.e., of@s counter placed in the dispersive focal plane was used to

the transverse energy distribution of the incident ions alon?;easure charge state fractions and energy losses. The reso-

Il. EXPERIMENT

The experiment was performed at the Grand Aceaéar

. . _ — 4
the crystal axis. A few years ago, we had already observe tion O.f th'.S spectrometer waSp/_ p—5..5>< 10°°. Upstrgam
K- and L-REC with hydrogenlike 25-MeV/u X&' ions rom this wire chamber, two vertical slits could select ions of

channeled in a Si crysta]. However,K-REC was not eas- given energy and charge state. These ions were sent onto an
ily observable in random conditions, because khshell of Al foil, where they produced secondary el_ectr_ons that were
incident X&2* ions was rapidly filled up, mainly by nonra- detected by means of a channeltron. This signal could be

diative capture. Here we use 60.1-MeV/u*k¥ ions inci- used as a trigger for the 90° Ge detector.
dent on a thin silicon crystal. The transmitted ions are still
mostly bare in random as well as in channeling conditions,
which allows us to observi-REC in both cases. In Fig. 2 we present transmitted ion charge state distribu-
In Sec. Il we describe the experimental setup that allows;ons obtained with K#* Kr35* and Kr3* incident ions,
charge state and energy analysis of the transmitted ions, an spectively
detection of photons coming from the impact area. In Sec. ll| '
we present our experimental data, which include charge state
distributions and high statistics x-ray energy spectra, and
also an energy spectrum of photons detected in coincidence
with well channeled ions. In Sec. IV we describe a simula-
tion code that enables us to calculate both the amplitude and
shape of theK-REC line. Compton profiles of silicon core
electrons are calculated via a partial Fourier transform of the

Ill. RESULTS

under random afil10) alignment conditions.

36"
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gx=¢gy=0.1tmm mrad

>, Si (L)
Beam Chopper

Crystal target

wave function as a function of the distance to the target
atomic rows. Valence electrons are treated in a semiclassical
way, as a nonuniform Fermi gas: electrons are considered as
free electrons with exact solid state local densities. The con-
frontation of calculated and measured profiles is discussed in
Sec. V. A fully exhaustive description of tHe-REC line in
terms of core and valence electron contributions is presented,
and shows that silicon core electrons still contribute signifi-
cantly in channeling conditions, and thus should not be ne-
glected as is done in most channeling studies. We also show
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FIG. 1. Scheme of the experimental setup.
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FIG. 2. Charge state distributions obtained for?Krincident FIG. 3. Single spectra corresponding to all the photons detected

ions (q=33,35,36) at 60.1 MeV/u on a 3zm Si crystal for align- 5t 90° for 60.1-MeV/u KF®* ions incident on a 3fm silicon
ment along thé€110) direction. The dashed curve corresponds to acrystal.

calculation for random orientatigri3].
the unchanneled part of the beam. As thet3Baction is

For random orientation the three distributions are found to béargely dominant for random incidence, the above value of
identical, which means that charge state equilibrium isp0 is equal to the unchanneled fracti@r more exactly to
reached within the 37sm-thick Si target, in good agreement the fraction of ions able to lose electrons in close ion-atom
with theoretical prediction13]. Most of the emergent par- collisions, which reflects very good channeling conditions.
ticles are bare ion&74%), which, as noted earlier, will allow Let us consider now the x-ray emission by channeled Kr
one to studyK-REC by fully stripped ions in random condi- jons, which gives a deeper insight into their interaction with
tions also. Nevertheless, since only bare and H-like ions cathe crystal electrons. X-ray spectra were recorded for various
induce K-REC (with probabilities in the ratio of 2)1 the  crystal orientations around tH&10) direction.
K-REC cross section evaluation in random conditions will In Fig. 3 we present two energy spectra of photons de-
require the knowledge of the charge distribution averagedected at 90° from the K" beam direction, for random and
along the ion path in the target: for K¥ incident ions, the (110 crystal orientation, respectively. They are normalized
mean fraction values of KF* and Kr*>" ions inside the to the same number of incident & ions, corrected for
target have been calculated to be 77% and 22%, respegead time, and the background from surrounding radioactiv-
tively. ity has been subtracted. First of all, channeling conditions are
In channeling conditions, Fig. 2 shows that the chargeseen to cause a general reduction of the various components
distributions depend strongly on the incident charge statepf the random spectrum, which is made of peaks due to the
which means that they are far from charge equilibrium. Askr Lyman series and to the radiative electron capture, and
Kr3* and Kr¥* incident ions remain essentially frozen in also of a continuum due to primary and secondary brems-
their initial charge state, we are in a situation of single col-strahlung.
lision for both electron capture and loss. The electron capture The Lyman lines are quite strongly attenuat@duch
probability is found to be about twice larger for bare ionsmore than REC lings the reason is that Lyman photons
than for H-like ions (4% and 2.5%, respectivelAs me-  result mostly from deexcitation after nonradiative capture
chanical capture occurs preferentially in states with quantuninto (n>1) shells or after excitation of K-shell electron,
numbem=2, and aK-REC is by far the dominant radiative both events taking place in close collisions with Si crystal
capture process, such a result confirms that capture by chaatoms: the L, yield is measured to be 2.5% of the value
neled ions is dominated big-REC. The probability of cap- obtained for random incidence, which is to be compared to
turing two electrons successively is quite small, and is repthe above 2% fraction deduced from charge state measure-
resented by the 34 fraction obtained for K" incident ments. In fact, the , yield is slightly higher than 2% be-
ions (about 103, with a large experimental uncertainty in cause some channeled ions may contribute to this yield by
this particular case Channeled K" ions may lose their deexcitation aftet.-REC capture.
electron by Ell since thé&-shell binding energy is lower In opposition to Lyman emission, bremsstrahlung and
than the maximum energy transfer in an electron-electrolREC photons result basically from the interaction of the pro-
collision at this beam velocity: it happens to about 9% ofjectile with target electrons, and the photon yields depend on
them. For K" incident ions the charge distribution is the mean electron density experienced by the projectile.
dominated by Ell, and only 40% of them stay frozen in their  Primary bremsstrahlung is the photon emission by a target
initial charge state: their probability for losing one electron iselectron accelerated in the Coulomb field of the charged pro-
dominated by thé -electron loss. Moreover, as the probabil- jectile. The maximum photon energy is equal to the kinetic
ity for losing successively three electrons is very small forenergyE. in the projectile frame of a target electron at rest
channeled ions, the 36 fraction (2%) is fedessentially by in the laboratory frame. Secondary electron bremsstrahlung



54 K-SHELL RADIATIVE ELECTRON CAPTURE WITH ... 1407

is a two-step process, in which a target electron is elastically 1500 =
scattered by the projectile, and then radiates part of its en- K-REC
ergy during slowing down in the target. The corresponding
energy spectrum extends up te4E., since forward scat-
tered electrons can be given twice the velocity of the projec-
tile in the laboratory frame. 10001

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

The case of radiative electron capture is more interesting, 500
and also more complex: not only are tkeandL-REC peak
integrals lowered by channeling, but the line shapes are alsc
strongly modified. In the following we will concentrate on
theK-REC peak, which shows up the most distinctly against
the continuum. It is clearly seen that for random crystal ori- 0
entation theK-REC peak comprises broad wings that vanish
almost completely in channeling conditions. For random in- 10 20 30 40 50
cidence all types of target electrons may be captured, and the Energy (keV)
wings are due to the contribution of core electrons that
present a broad Compton profile. In alignment conditions, FIG. 4. Photon spectrum recorded at 90° for 60.1-MeV/u
channeled projectiles capture mainly valence electrons thagr 36* incident ions in coincidence with well channeled ions which
present a much narrower Compton prof”e_ Between thesbave captured one electron inside the/am-silicon crystal aligned
two extreme orientations({10) axial channeling and ran- along the(110 axis. The corresponding single spectrum is also
dom conditions the body and wings of th&-REC peak Shown.
evolve differently, as will be shown later. This means that a
pertinent description of REC along the transition from chan-of the wings that are visible in the single spectrum, and that
neling to random conditions requires a study of the pealare due to the radiative capture of inner-shell target electrons
shape, which reflects the various Compton profiles of théy poorly or nonchanneled ions. The coinciden¢eREC
captured target electrons. Moreover, it has to be noted thateak shows that well channeled ions can capture only elec-
not only the amplitude, but also the shape, of the broad cortrons with a narrow Compton profile, i.e., valence electrons.
tribution due to the capture of core electrons varies from It is not easy to determine with precision the absolute
random to channeling conditions. Since the impact parametanean energy of th&-REC peak: as the crystal was tilted by
distribution inside the crystal is quite different in each case35.2° when aligned along thd10) direction, a small varia-
this suggests that the Compton profile of core electrons in &on of the beam spot position on the crystal caused a signifi-
given atomic shell may depend on the location where theant shift of theK-REC peak, due to the Doppler effect.
capture occurs. Nevertheless, the comparison of the energiesKeREC

In order to study more accurately radiative electron cappeaks and |, peaks(observed at 90° and 125°) indicates
ture by channeled ions, we have performed a coincidencthat, with respect to the theoretical enefgee below Eq.
measurement using incident ¥ ions. The x-ray detector (4)], there is no shift of th&-REC peak greater than 50 eV.
was triggered by the detection of a Kr ion transmitted withWe observe a significant variation of the mean energy of the
the charge 3% (resulting from one electron captyreand  K-REC peak between random and channeling conditions
with a reduced energy loss. We have selected channeted 35which can be explaineddue to the drastic decrease of
ions that have lost less than half of the random energy losk-REC cross section with increasing photon engigy the
value. They represent (457)% of the transmitted K¥* cumulative effects of the reduced energy loss and of the nar-
ions. The x-ray spectrum presented in Figatbng with the  rowing of the target electron Compton profile.
corresponding single spectrum, similar to that already shown Moreover, we have also obtained an x-ray spectfoot
in Fig. 3), is then uniquely due to channeled Kr ions thatshown in coincidence with well channeled Kt ions that
have captured one electron of the crystal by REC. Bremshave captured two electrons in the crystal. The-Jaction
strahlung is largely washed out since orly2% of the total is very small for 36+ incident ions in channeling conditions
transmitted beam is selected for triggering the coincidencesee Fig. 2 We found no evidence for doublg-REC
The REC peaks appear nicdipcludingM-REC), as well as  (double electron capture accompanied by emission of one
L., Lg, and L, lines that result from deexcitation after photon, which would correspond to photons around 94 keV
radiative electron capture into tie M, andN shells, re- at 90° in the laboratory frame. This was expected because
spectively. In particularL-REC and L, peaks are found the probability, for a channeled ion, to undergo a close inter-
equal within 15%(after correction for detector efficiency action with two valence electrons simultaneously is quite
The small discrepancgin favor of L-REC) is probably due low, much smaller than during binary collisions with atoms,
to slight differences in angular distributions of,Land in which core electrons, more localized around the nucleus,
L-REC photons. The comparison of the coincidence specsan be captured.
trum with the corresponding single spectrum yields the most Finally, as mentioned above, we also recorded spectra of
important feature related to tH€-REC peak: the vanishing delayed x-rays with a Si-Li detector that could detéat

— Single
— Coincidence

Counts
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90°) only photons emitted downstream from the crystal tar- T T T T
get. These spectra were obtained in coincidence with trans-

mitted Kr*®" and Kr**" well channeled ions. The results of 1.2
this study of delayed photons are published separaiefy

They show that intrashell excitation plays a major role in the

evolution of metastable states of the=2 levels in channel- -

ing conditions. A value of the cross section f@-2p mixing g 08L
has been obtained. 3

IV. SIMULATIONS 041

As noted above we have performed Monte Carlo simula-
tions, in order to reproduce the experimerfaREC peaks.
First we establish the ion flux in the crystal, i.e., the impact 0L L I :
parameter distribution of moving ions with respect to atomic 0 0.5 1.0 L5 20
strings, and then their corresponding encounter probability. Impact parameter b (,&)

On the other side, electron momentum distributions of target

electrons to be captured are determined as a function of the FIG. 5. Simulation of impact parameter distributiofgb, i)
impact parametefi.e., of the place where the capture oc- relative to the nearest atomic strings, obtained for different incident
cursg. Finally, we discuss th&-REC cross sections that are anglesy,. Dotted curve:y,=0, no beam angular divergence and
needed to obtain absolute yields. Moreover, the comparisono multiple scattering. Dashed curve: random incidence. In the
with experimental data requires one to substract the brem®ther curves one takes into account a beam angular divergence of

strahlung continuum, which is also discussed. 0.1 mrad (HWHM) and multiple scattering. Solid lineg,=0.
Dash-dotted curveg,=0.03°.

A. Distribution of transverse energy for channeled ions:

Corresponding ion flux In the random incidence case, all positions in the transverse

) ) . o space are equiprobable. Then, for a single sttayjindrical

An ion penetrating the crystal with an energyis given a  geometry, the distribution®(b) increases linearly wittb:
transverse energro=E(yo+ 6¢9)°+V(ro,) where i is & (b)=2b/b3, 0O<b=<b,, whereby is the radius of a unit
the mean angle between the beam direction and the crystatell in the transverse plane, associated with a single string
lographic axis.r*m and 6y are random variables which ac- [wb§= 1/(Nd), whered is the interatomic distance along the
count, respectively, for the distribution of entrance positiong110 strings andN is the number of Si atoms per unit vol-
(which is uniform) and entrance directionévhich corre- umel. The departure from this distribution abole=0.7 A
sponds to the beam angular divergence arogig)d V is the is simply due to multistring effects.
continuum transverse potential. It was calculated in Raf. In the same figure, we show first the distribution
in the case of thé110) axis of Si. Near the atomic strings, ®(b,,=0) corresponding to an incident beam parallel to
we have taken into account the influence\oof the thermal  the(110) strings without any angular divergence. In this case
vibrations of the crystal atom&lD rms thermal vibration the flux is strongly enhanced at large impact parameters, i.e.,
amplitude at room temperature;=0.077 A) by using the many ions are confined close to the center of the channel
single string potential proposed in R¢L5]. The beam an- (hyperchanneling Conversely, small impact parameters are
gular divergence is supposed to be Gaussian in any transtrongly inhibited: channeled ions cannot approach the target
verse direction. Various values of the angular width wereatom cores.
considered in the simulations, in order to check the value The drawback of using a quite thick crystal is that mul-
given by the accelerator staffWHM of the angular spread tiple scattering, which tends to increase the transverse energy
projected along one direction, 0.1 mjad of a particle, is not negligible. Both electronic and nuclear

We assumed that statistical equilibrium is reached in theontributions(the latter being significant only for largé;
4D transverse phase space. As a consequence, a particlewvaflues are taken into account in our calculations. Particles
given transverse enerdy; has a uniform probability to be at entering the target with a transverse enelgy suffer, when
any point of the accessible transverse space, i.e., ar any traversing the crystal, a mean transverse energy increase
whereV(r ) <E; [16]. This is true only sufficiently far from AEr induced by multiple scattering on target electrons and
the crystal entrance, since the incoming ions may keep Erget nuclei. A good estimation of the contribution of target
“phase memory” at the beginning of their pafth7], over a  electrons tAAE; can be obtained, following Bonderg al.
characteristic path length. In our case the crystal thickness [18], from the mean energy loss of these particles through
(t=37 um) is much greater thal\ (~2.5 um) and one the crystal. For instance, for ions with very siiaj, values,
may consider that statistical equilibrium prevails all alongwe find AE;/Q=6 eV (whereQ is the projectile charge
the crystal. For the contribution of target nuclei, we used the treatment

In Fig. 5 we present impact parameter distributions afproposed in Refl16] and developed in Ref19]. The prob-
statistical equilibrium®(b,y,) inside the (110 crystal ability of REC events is small enough to ensure the validity
channel for various mean incidence angles Here we de- of the hypothesis of the single collision regime; conse-
fine the impact parameter as the distaficéo the closest quently, the probability for a REC event to occur at given
atomic string.®(b, ) is normalized ag ® (b, #y)db= 1. penetration deptltz is uniform over[0t], wheret is the
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FIG. 6. Comparison between the-REC yield bPy re(b), 0 g yaence Yo
from Ref.[12] (dashed curvefor the capture ot Si electrons by AF o
25-MeV/u Xe>** ions at given impact parameterto bp  (b) (solid 0= ! !
curve. p (b) is the mearl-electron density ab [see Eq(1)]. 0 05 1.0 15 20
target thickness. We have thus calculated the probability of a b (:gx)

REC event for a particle entering the crystal wi, by o
considering that its transverse energy when the REC event FIG. 7. Mean sampled electron density distributig(b, )
may occur isE; =Eqq+ ﬂET, 7 being a random variable (sollo! _Im@ for three dn‘f_erent incidence anglek . Mean electron
uniformly distributed ovef 0,1]. densitiesp,(b) (dotted lines.

In Fig. 5 we show a distributio® (b, ¢/o=0) for which a : . .
realisticgbeam angular divergence (is goken )into account; wguanum statesnim) cgptured by h,'gh veIo'_C|ty Xe lons to
assume an isotropic Gaussian shape characterized by a widflf mean corresponding electronic densim(r.). The
of 0.1 mrad HWHM when projected along one direction. comparison is shown in Fig. 6 for the capturelothell Si
Multiple scattering(before capturgis also taken into ac- €lectrons. In fact, taking into account the axial symmetry
count in this calculation ofb(b). Multiple scattering and @round a string, we compar@Py grec(b) to bp (b)
incident beam angular divergence are seen to reduce hypaeL(P)=pas(b) +p2p(b)]. The shapes are nearly identical;
channeling strongly. In the following, these effects will be the only difference consists in a small sh#h=0.03 A on
included in the calculated distributior(b) used in our the abscissa of the two curves. This shift is small when com-
simulations. We also show in Fig. 5 the distribution Pared both to the extension bp, (b) and to the uncertainty
® (b, ) corresponding to a beam entering the crystal within the impact parameter dependence of the channeled ion
1o=0.03° (the relativistic Lindhard critical angle for chan- fluxes. We thus decided to neglect it. o
neling [16] is ¢.=0.05° in our experimental conditions The electron encounter probability of incident projectiles
The distribution is very close to the one corresponding to thélepends on the flux distributioi (b, ¢o) and on the densi-
random case, except for small impact parameer®.2 A . ties ps(b) associated with given electronic states of silicon
(1s,2s,2p,valence averaged over. In Fig. 7 we show the
mean electron encounter probabilgyb, ¢,), together with
the variousp<(b), as a function of impact parameter The
. In Or-der to -Sli]mulate RIEC eVentS, V\k;e haVe assumhed th@(bywo) values are obtained from products
interactions with target electrons are binary events that carr, - > . L
be considered indegendently. We have thgn to describe trﬁa(rl)q)(rL ¥0) in the Monte Carlo calculationg(r, ) be-

interaction between an ion of well defined positionin the Ing the total mean electronic density for . The three dis-

transverse plane and a target electron with a well definegibUtionSg(b) shown correspond to the three incident beam
wave function. The classical description of the ion trajecto- rientations(random, 4,=0, and ¢,,=0.03°) already con-

S . S : sidered in Fig. 5. For the random orientatigifh) is simply
ries is justified, owing to their high mass and velocity. In . — L. —
such a situation, REC yields could be calculated within th roportional top(b). The densitieps(b) were calculated

impulse approximation, following the treatment of Riif2] rom the atomic wave functions of Re20] in the case of
h bp ! 9 ' core electrons and, for valence electrons, using the Fourier

In fact, we use here a simpler approach assuming that thgoefficient of Ref[21] obtained with nonlocal pseudopoten-

probability for a REC event to occur at is proportional to tials.

B. Electron densities in the channel

the mean electron densiy(r,) at this point of the trans- The analysis of Fig. 7 provides information on the contri-
verse space, i.e., averaged along the ion trajectory: bution to g(b, ;) of each electronic state. Faf,=0, the
o capture of valence electrons takes place preferentially at
TN } e d 1 large distance from the target strings: more electrons are cap-
p(ry) p(r, ,z)dz 1) -
dJ-ar tured atb>0.8 A than in the random case. However, the

overall valence capture yield, i.e., the integral oleof the
whered is the interatomic distance along thl0) string. In  valence encounter probability, is lower than in the random
fact, such a hypothesis is supported by comparing the depegase, for which the encounter can also occur at smaéller
dence of REC probability on impact parameter calculated in.e., in regions of higher valence electron densities. This is
Ref. [12] for target Si electrons in various initial atomic illustrated by the map of Fig. 8, which shows that the valence
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(¥ F= W |
F (Bycp,) (Arb. Units)

AN

FIG. 8. Map of the mean valence electron dens_il;y,(rl) av-
eraged along. Densities in electron per & 1, 0.032; 2, 0.08; 3,
0.15; 4, 0.225; 5, 0.275; 6, 0.35; 7, 0.45. The black circles represent Bycpz(keV)
the position of thg/110) atomic strings.

FIG. 9. Shape of the momentum distributioRg,(p,;q) of
electron density is maximum between the closest strings2s () and 2o (b) electrons captured for beams incident at various
these electrons are the binding electrons of the crystal lattice’o. Solid line: random orientation; dashed ling;=0.03°; dotted
They cannot be captured by well channeled ions since théne: o=0. Multiplying factors were applied to bring the curves
potential in this region is rather higlaround 19 eV per unit together equzo. Electron momenta are converted into REC pho-
chargg, although muchzsmaller than the critical transversefon €nergies.
erle;gﬁ?sgiace;%e' E#glgveé(”b va?éfc? <)9/I§ctrgoeer:ﬂ;)unt omentum distribution of the electrons at this point of the
probability is smaller than in the random case only for tilt ran;verse space: FOI‘.thIS pgrpose, we havg usied the elec-
anglesyy significantly smaller thamy, . One can see in Fig. tronic wave functions in a mixed representatid{r, ,p,)

7 that, already for a tilt angleé;,=0.03°=0.6¢., thereisno =¥ (b.p;) (we recall trjatb is the distance to the closest

longer an effect. string for a particle atr;). We thus calculate the partial
Since small impact parameters are forbidden for chanfourier transform:

neled ions, their encounter probability with core @nd 2o

electrons which are rather localized near the nuclei is much 1 toe -

smaller than in the random case. As the spatial extension of © nim(D.P2)= \/—ﬁf_w Sri(VD*+2°)Y n(0) P2 dz

pnim(b) is quite similar for these two states, the correspond- )

ing encounter probabilities are reduced by about the same

amount in channeling. Of course the smaller the impact pawhere ta=Db/z, ¢, is the radial atomic wave function, and

rameter the stronger this reduction. The reduction of the 1Y, its angular part.

electrons contribution is still stronger. At the intermediate tilt  The probability densityW¥ ,;(b,p,)|? is the conditional

angle (,=0.03°), the encounter probability withs2and momentum distributiond,,(p,|b)=J.(p,/b) of a core

2p electrons increases markedly but is still much smallerelectron at giverb. This distribution is normalized through:

than in the random cag@ote that & electrons are still al-

most entirely hidden It must be pointed out that not only f”’ f“’ 200 _

the overall encounter probability but also the variation of the 0 2mbdb —w [V rim(D,P)[*dp,= 1. )
local encounter probability with impact parameter depends

strongly ony,. From J,(p,/b) one may easily deduce the momentum dis-

tribution Jn|(pz|r1) in the channel. In our simulations we
have determined the momentum distributidhs(p,, o) of
electrons of a given state captured by incident ions, when the
beam enters the crystal with an incident angg Such a
‘The shape of the measured REC lines is mainly deterdistribution is obtained by averaging the distributions
mined by the momentum dls_trlt_)uthn of the_ captured elec-\]m(pzm) with a weight g, (F, %) =pn(r ) (. o)
trons. A calculation of this distribution requires the knowl- L - .
edge of the target electrons wave functions. We havénOte that for random incidence,(r, , o> i) is constark
considered separately the contribution of core and valence In Fig. 9 we present the shape_sﬁm(pz,zpo) correspond-
electrons. In Sec. IV B we have shousee Fig. 6that REC Ing to 2s and 2 electrons for varioug, values. The calcu-

ke pl ven with babili ional lations were performed as in Fig. 7 fgip=0, #7=0.03°,
events take place at given with a probability proportional 5,4 o> b, (random). For convenience, the momentum val-

to p(r,). We shall now assume that the shape of the REGues on the abscissa are converted to REC photon energy
peak of capture events taking placerat depends on the dispersion in the projectile framighe p, are multiplied by

C. Momentum distribution of target electrons
at a given impact parameter
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Bvc, see Eq(4) below]. For an easier comparison of shapes, S
the profiles are represented with the same maximum ampli-
tude. There is a clear dependenceygnof the shape of the
distributions corresponding top2electrons, which provide
the major contribution to the total core Compton profile.
Such an effect is much weaker on the distributions corre-
sponding to 2 electrons. The general trend is that the mo-
mentum distribution of captured electrons is narrower in
aligned than in random conditions. As the ion flux distribu-
tion for an aligned beam favors larde values, the effect
observed can be understood in a classical picture, consider-
ing that target electrons of a given state have a lower mean
kinetic energy at largeb, where the potential energy is
higher.

For 1s electrons of silicon, the spatial extension of the
wave function is of the same order as the target atom thermal
vibrations. Thus, even for a beam entering the crystal parallel
to the (110 rows, the particles which can capturs &lec-
trons are those which approach very close to the strings.
They experience strong multiple scattering, and they can rap- Bycpz(keV)
idly be considered as unchanneled particles which sample
the crystal uniformly. Thus we directly used the atomic FIG. 10. Comparison of Compton profiles, (p,|b) (dashed
Compton profile of % silicon electrons tabulated in Ref. lines) andC, (p,|b) (solid lineg (see text at various impact pa-
[22], which is already averaged ovbr rametersb. Electron momenta are converted into REC photon en-

In principle, the calculation of the Compton profile asso-ergies.
ciated with the capture of valence electrons should be per-
formed in a similar way as foc silicon electrons. Unfortu-  with a probability proportional te(r, ,z) and that the mo-
nately, we are dealing with an extremely large number ofmentum distribution of the electron captured at this point is
wave functiongBloch waves. Moreover, these Bloch waves  gjyen by Je(p,|r, ,2).
are obtained as linear combinations of plane waves; thus, We have checked the validity of the semiclassical treat-
Fourier transformatiofiEq. (2)] raises very severe computa- ment by applying it to both core and valence Si electrons,
tional problems, related to the fact that the Fourier transformsuch a treatment being indeed much more doubtful for the
of a plane wave is a Dirac distribution. We then decided toformer than for the latter. In this way we obtained Compton
use a semiclassical treatment based on a description of vgroﬁ|escpl(pz| b) calculated by averaging:(pzm ,Z) over

lence electrons as a nonuniform free electron gas. In such ZaWith the weight (F 7). They are compared in Fig. 10 to
description, the only relevant parameters are the densit gntplr. ,2). y P 9.

- ) . profiles sz(pzlb) calculated by the quantum treatment
p(r, ’22 andl th? assogated rzlomentum dI§mbm'0nthrough Eqg.(2) for core electrons and semiclassically for
Je(pr.,2)=2pe(ry,2) W'trz‘ ipF(ril;sz?gng PE(rL.2)  valence electrons by averagidg(p,|F. ,2) overz with the
and wherepg(r, ,z)= A[37°p(r, ,2)]""Is the Fermi mo- \eiont o (¥ 7). As in Fig. 9 the scaling factoByc is
menturP experienced by an ion along its trajectory. The denggaq forp,. At low impact parametersb<0.3 A), i.e., in
sity p(r, ,z) to be considered to calculag: is the total regions of high and stronglp-dependent electronic densi-
electron density, o (1, ,2)+ peore(T, ,2): @ valence electron ties, the profile<C; (p,|b) are markedly too broad and thus
captured in regions where the core electron density. iS  the semiclassical treatment is not appropriate. On the con-
significant has a momentum distribution which is broadenedrary, the agreement between the widths(‘q;‘l(pz| b) and
by these core electrons. Calculating the shape of the Com@p (p,|b) is fair for b=0.3 A (the discrepancy never ex-
ton profile associated with the capture of valence electrongeéds 10%). However, a significant difference remains for
within the framework of this semiclassical treatment is q“es1arge p, values: the semiclassical treatment does not repro-
tionable; however, in aligned geometry, valence electrons arg,,ce the wings predicted by the quantum treatment. Still, the
mczstly captured in regions whelg., .. is negligible and comparison Ofcpl(pz|b) and sz(pzlb) demonstrates that
p(r, ,z) varies rather smoothly with the coordinates, and itthe semiclassical treatment applied to all target electrons pro-
seems appropriate to use a free electron gas model. An iRides already rather correct Compton profiles in regions
teresting feature of the results of R¢12] is, as stated in  where the overall electron density is not too high. It can thus
Sec. IV B, that the range of the interactions leading to a REGe applied with confidence to the valence gas, for which, as

event is very limitedla capture ir, has a probability pro- indicated above, a full quantum treatment is out of reach.
portional toﬂrl) to occur; see Fig. B In our semiclassical _ The momentum distributions of valence electrons at point

treatment, it is thus natural to assume that REC is a locdl.+ Cp, ,(P2r.), obtained from the semiclassical treat-
process, taking place at a well defined coordinzﬁg,t) ment, can be averaged over, leading to the distribution

Cp (Byep,|b) (keV')
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. , Eq. (5). In this equation,ok rec Can be considered as a
function of the photon energhiv. As seen in Eq(4), hv
depends on both the initial binding energy and the momen-
tum of the electron. The influence of the initial state on
ok -rec Was thus taken into account through these depen-
dences.
i hv depends alsgand mainly on the ion kinetic energy
E.. This energy decreases quasilinearly inside the target. In
order to fit the experiment#-REC peak we have thus taken
into account in the calculations the mean energy Ib&sof
the projectile inside the crystal, which differs from channel-
ing to random conditions. As a REC event can take place at
Bycp, (keV) any penetration dgpth, this_ induces_ a dgcrgase
—(my/Mion)AE of hv in expression4), ranging quasiuni-
FIG. 11. Comparison of valence momentum distributionsformly from zero to—(mg/M;j,,)AE.
Fual-randor{ P,) Uniformly averaged over the transverse spaga- The REC peak was determined in the ion frame by a
form flux). Dotted line:F 4 andor{ Pz) from Ref.[23]; solid line:  Monte Carlo simulation in the following way. For an inci-
Fual -randon{ P2) from a nonuniform Fermi gas description of valence dent ion indexed by, a transverse energg; is chosen,
electrons. according to the distribution of incident impact parameters
and angles, and according to the mean transverse energy in-

F,ai(p,)- If we attribute to each position, a weight pro-  crease induced by multiple scatterinyE;. Then ther,,
portional to p,.(r,), we simulate the Compton profile position is sampled uniformly in the accessible transverse
F,al -and(P,) associated with a uniform ion flux in the crystal space. At this position an electron momentpmis chosen
(random situation Such a profile can be compared to the according to the corresponding distribution. Fgr, the dis-
experimental determination performed in high resolutiontribution can correspond to either core or valence electrons
x-ray measuremen{23]. The comparison is shown in Fig. \yith weights proportional tqee(fi,) and pyal(iy), re-

11. The agreement is satisfactory and confirms again the V&pectively. We then calculated, via E¢4) and(5), the pho-
lidity of the semiclassical approach that we have used. . —
ton energyhv; and the probabilityP; =ok reco(ri)t

(wheret is the target thicknegsor a K-REC event to occur.
D. Intensity and shape of the REC peak This procedure was iterated: tife values added at the cor-
After obtaining the longitudinal target electron momen-responding abscisda; give the REC peak.
tum distribution, we determined thH€-REC peak shape ac- This calculation can be performed for any beam entrance
cording to the following procedure. In the projectile frame, conditions. It has been applied to various mean entrance
the relation between the energy of the K-REC photon and  anglesy, with respect to th€110 rows. It has also been
the captured target electron momentum for a given positioused in the random incidence case for which all incident

Fo o (Bycp,) eV

FL in the channel is particles sample the whole transverse plane uniformly.
In order to simulate our experimental results, we have to
hv=E.+Ex—vyEi— ByCp, (4)  determine the shape and intensity of the REC peak in the

laboratory frame from the calculation performed above in the

whereEy andE; are, respectively, the final and initial bind- ion rest frame. We must then perform the Lorentz transform
ing energies of the electrony is the Lorentz factor, and Of the photon peak. We assumed &gjp dependence of the
E.=(y—1)mec? is the kinetic energy of an electron with angular distribution of theK-REC photons[25]. We also
the ion velocityvo, . convoluted the photon peak with a distribution function re-

We calculated thé<-REC capture probability within the sulting from the measured detector resolution and Doppler
impulse approximation. We used the nonrelativistic dipolebroadening associated with the detector collimator aperture.
approximatior{24]. For the radiative recombination of a free The combined contribution to th€-REC peak width of ion

electron in the iorK shell, the cross section is energy loss inside the crystal, Doppler effect, and detector
resolution is quite small compared to the width of the Comp-
ol e h = ton profile: for the valence electron contributidine., with
K

Ox pEe=—— — smallest momenjathe Compton profile width is still three
K-RECT 3 mec? mec h2v2(hv—Ey) : : -

times larger. Higher order REQ._¢, andM-RECQC) lines were
actan 1(1/¢) obtained in the same way as theREC line. The relative
X D(—m (5)  normalization factors ofL- and M-REC with respect to

K-REC were deduced from the coincidence spectrum of Fig.

4, where the various contributions are resolved without any

where {=Ex/(hv—Ey). In our experiment, the captured background. We did not distinguish between the radiative
electrons are initially bound. As these binding energies areapture into the separates,22p,,,, and 25, sublevels; this
significantly smaller tharE., we decided, however, to use separation causes an additional broadenin@@ eV) of the
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FIG. 12. Decomposition of the single x-ray spectra of Fig. 3. Tilt Angle (degrees)
The dashed line represents the sum of the various simulated contri- ) ] -
butions. FIG. 13. Channeling dips fdK-REC. (a) silicon valence elec-

tron contribution; the curves correspond to simulations for various
dbeam angular divergencedy) core electron contribution; the cal-
culated dips corresponding to various states are represented; the
beam angular divergence is 0.1 mrad HWHM. The calculated and
experimental dips in(@ and (b) are normalized to the random

E. Calculation of the background induced by bremsstrahlung K-REC calculated yield.

L-REC that is much smaller than the Compton profile, an
thus negligible.

In order to estimate with precision the background below
the REC peaks to be subtracted, we have calculated for each
spectrum the shape of the bremsstrahlung contribution. The A. Fitting the x-ray spectra
primary bremsstrahlun@oremsstrahlung of a target electron
in the field of the bare projectileis obtained within the
Sommerfeld-Maa method(distorted wave—unscreened po-

V. COMPARISON TO EXPERIMENTS

In Fig. 12 we compare experimental and simulated x-ray
spectra in the case of random afid.0) aligned geometries.
For the simulations, the contributions of primary and second-
ary electron bremsstrahlung and the contributions of core
bind valence electrons to the REC peaks are indicated sepa-
l1‘351tely. The respective weights of all these contributions were
djusted in order to obtain the best fit: here, the simulations
re only used to predict shapes. The random spectrum calcu-
ted this way is seen not to fit perfectly the experimental
pectrum on the high energy side of tReREC peak, corre-

? onding to the capture of electrons with high initial momen-
um. This discrepancy is not related to the uncertainty in the
culated contribution of secondary bremsstrahlung, since

orientation. The secondary electron bremsstrahlung is calc
lated as in Ref[27] by applying the McKinley-Fesbach
equation for elastic scattering and the treatment of Koch an
Motz [28] on electron bremsstrahlung to atomic silicon. Us-
ing these calculations to adjust our experimental backgroun
is questionable for three reasor. In the calculation, all
secondary electrons are assumed to stop inside the crystal.
fact the range of a “knockon” electron with highest energy

Ena,=27°Mec’=136 keV is about 30Qum in silicon i’ contribution is quite small in this region. Most probably,
[29], which is much larger than our crystal thickne&b. In the use of the impulse approximation in E¢&.and(5) is no

the calculations, the secondary electron bremsstrahlung)nger valid when the binding energy of the electron to be
emission is assumed to be isotropic. This is doubtful, partic“éaptured becomes non-negligible as compared to its kinetic
larly for ha_rd photans which are emi_tted by energetic_ bin‘iiryenergy viewed from the projectile frame, and thus the wings
g!gctrons, .e., electrons ;cattered in the forward .d'reCt'onof the REC peaks are not perfectly estimated. Except for this
(iii) The bremsstrahlung yield depends strongly on ion changa giscrepancy, the agreement between simulations and
neling effects(see Sec. I). However, as one observes that experiments in bofh spectra of Fig. 12 is remarkable.

the calculations reproduce quite well the shape of the experi-
mental background, we have decided to set primary and sec-
ondary electron bremsstrahlung amplitudes as free param-
eters in the fits of the spectra and to keep the calculated As mentioned in Sec. Ill, we estimated, for each beam
shape. For random spectra, typical multiplying factors usedncidence anglej,, the mean fraction of ions that capture
to adjust the calculations to the experimental background armechanically one or more electrons inside the target. For
in the range 0.8 to 1.5. Kr35* jons we assigned K-REC probability divided by 2;

B. Fitting the REC yield dips
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of course, for lower charge states, there iSRREC. In Fig.  close to the prediction of the nonrelativistic dipole approxi-
13 we show the comparison of experimental and calculatedhation (o .rec=39x 10724 cm?): the cross sections per
K-REC dips, corresponding to the capture of valence electarget electron obtained from the valence and from the core
trons[Fig. 13a)] and of core electronfFig. 13b)]. All the  electrons contribution are, respectivelyrk .rec=(38.5
dips are normalized with respect to the random REC yield*+1.2+5.8)x10"2* cm? and oy .rec=(42.9+2.4+6.4)
measured or calculated fafy> .. The experimental dips <10 2* cm?. The first uncertainty corresponds to the error
were obtained from the best fits of the spectra as shown ihars in Fig. 13, and is thus related to the fitting procedure.
Fig. 12, i.e., by adjusting each contribution to the REC peakThe second one is our experimental absolute uncertainty
Here the error bars are due to the uncertainties in the fi¢15%).

(subtraction of bremsstrahlung, partition between core and It is of interest to compare the rec values that we
valence contributions when both are largend to the uncer- obtain to the compilation of experimental Cross sections pre-
tainty in the evaluation of the corrective term for the fractionSentéd in Ref30], where cross sections are compared to the
of ions with one or more electrons inside the crystal. ThdPrediction _of_the nonrelativistic dlpole_appr_oxlmatlon for a
calculated dips were obtained from the simulations, as del—aE;’e variation range of the adiabaticity parameter
scribed in Sec. IV D. Simulations were performed assuming’7_l/§ = (Eion/Z"Egonr) (Me/Min) where Egon=13.6

an isotropic Gaussian beam angular divergence with variou§Y+ MOSt of the results correspond to experiments performed

widths. The best agreement, for the dips corresponding t/ith 9as targets, and very often the measured values are
both valence and core electrons, is obtained for a value ofystematically~30% lower than the theoretical predictions.

0.1 mrad HWHM projected along one direction, in good HOWeVer, for» values in the 1-3 range, which corresponds
agreement with the value given by the accelerator staff, O Our experimental situations{=1.86), the compiled data

Concerning the behavior of the valence electron contribu@® in good agreement with the predictions. Also, in this
tion, the experiments and the calculations are in good agred@nge, no difference is observed between cross sections mea-

ment and show unambiguously the existence of a narrow dipsuréd for gas and solid targets. In a paper devoted to the
The uncertainty in the fit is here negligible since both bremsStudy of REC by channeling, the authors of Rid] have
strahlung background and core electron contributions t@SSumed, in order to interpret their results, that the REC

K-REC are very small close to thel10) orientation. The Yi€ld for ions traveling into solids could be strongly en-
agreement is aiso very good for the core electron contripu@nced by the so-called “wake effect” which modifies the
tion. The value of the calculated minimum yield electron density and momentum distribution around the ion.

(Xeore=0.055, with a 10% uncertainty due to the statistics!" fact, their conclusions on REC cross seption; rely on an
of the simulations reproduces correctly the measured ratio€Stimate of the mean electron density that is quite question-
between axial and random orientationy.q,.=0.060 abIe.(They_ _cons!der 'ghat the vyhole lon _flux {119 allgn—.
+0.017. Although strongly attenuated in alignment condi-ment conditions is strictly restricted within the central region

tions, the core electron contribution to the tdaREC yield of the channels. This is erroneous, since it is clear that even
is fofmd to be 15%, which is not negligible with a perfect beam, the particle flux extends to the whole

The shoulder effect observed on the experimental digf@nSVerse space, althoughiin a nc_)nunifqrm way, Cf_' our Sec.
around ¢, =0.06°, i.e., for entrance angles slightly greater V A.) Itis, nevertheless, worthwhile to discuss the influence

than ., cannot be predicted by our simulations. The latter®! he wake effect on REC, which, according to Pitaekel.

are based on rather simple approximations to describe chapél]’ should in principk'e.affect the REC yield and also the
neling effects(see Sec. IV A In particular, we assume that shape and energy position of the REC lines. These authors

(i) particle trajectories are determined by a continuum axithOW that the amplitude of the response of the target elec-

H —-1/2 H
potential,(ii) the ion flux distributions correspond to statisti- trft;nst tlgEtge '.O'qu pagsgge sct:;';llefsgasvi ! Vl‘)'h'Ch sh;)uklj
cal equilibrium, and(iii) all entrance directions with given aftec yields significantly fol’ values above unity. In

Yo are equivalent, i.e., that planar channeling effects can p@ur case/=0.73 and the wake effects on the yield should be

- - i Il.
neglected. These three hypotheses, which are valid fauite sma . .
%i ¥, do not allow us to Eeproduce experimental shoul- Concerning the position of the REC peak, the wake effect

der effects that depend markedly on the scanning directions.hift predlictefl by Pit"’hrlf{etsl' [31]|Sh?u(;d b? a“’t“”d 20 eV, .
One important result of Fig. 1B) is that ycere is signifi- "S- @ v&ue 100 smafio be evaluated owing fo our experi-

cantly higher than the valug,.;;=0.025, measured for | mental precision. The REC yield is proportional, in a first

emission, for instance. This is due to the fact that the densit rr)]prﬁxwk?atllgna to th; elet(r:]tron ?(ensflfpf ta[?#ng the |é|)ns, f
associated with and 2o Si electrons is significant even at Ich snould depend on the wake efiect. e dependence o

. . -, )
distances of=0.3 A from the nucleisee Fig. ¥, which are the K-REC peak width orp™ is weaker: in the simple case

. . 3 . .
much larger than the rms amplitude of thermal vibrations. AsOf a Fermi gas, this dependence scalesd9 {*. As indi-

a consequence, core electrons contribute=tb3% of the cated above, in the range corresponding to our experiment,

total K-REC yield when the beam enters along #10) nelthe_r the resu]ts obtaln_ed on gas targets nor those corre-
direction. sponding to solid targetd.e., our measurements, but also

experiments performed with 295-MeV/u uranium ions on be-
ryllium and carborj30]) show any significant departure from
the predicted cross sections. As, moreover, we find a good

The K-REC cross section can be extracted from the absoagreement between calculated and measured line skeges
lute yield values measured for random orientatigtigs.  Fig. 12, we conclude that fof<1 (i.e., »>1), wake effects
13(a) and 13b)]. They are found to be nearly identical and have a negligible influence on REC.

C. Determination of the K-REC cross section
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in the coincidence experiment. As shown in Sec. IV C, the

AL B B N B B
800 - () ] simulations provide in particular the Iocatiorfiﬁ,zi) at
600] o i which an ion with transverse eneryy , leaving the crystal
with a charge state 35, has suffered &-REC event. One
400 s can then determine to what fraction of the incident beam
200 correspond the 45% best channeled ions with 35utgoing
270 / 7 charge state which were selected, and which electron densi-
é 0 loenes?! .| LN ties they sampled. From our simulatiofwhere we deter-
800 L - mine a cutoff in transverse energy in order to adjust the
®) Scacintegral toS,,,,), we find that the selected ions originate
600} 7 from 65% of the incident beam, with a cutoff
400|. i (E1/Q)max=16 eV. As theV(r,)/Q value is around 19 eV
in regions where the valence electron density is maximum,
200 - i.e., close to the cutoff value, we conclude that many of the
o . ¢°°r° N selected ions may sample regions of hjgfy,. The simula-

46 47 a3 49 50 tions provide mean values of explored electron densities
Photon energy (keV) (Poal)i=(UN)Z{Z1pya(ri)=0.157 A™* and (p,a)i=

_ _ _ C (Un)2i=0p,a(riL ,z)=0.223 A~3. These mean values are
FIG. 14. Comparison of th&-REC line shape in the coinci-  gjightly smaller than those sampled by a uniform flux, which
dence spectrum of Fig. &olid line) to (a) the REC line associated are, respectively, equal to 02R (four valence electrons
with the valence electron Compton profile measured in Rl o ) at0m and 0.255 A 3. This is consistent with the fact
(anhec.j ling _and (b) the REC line ot_)talned from_ a Monte Carlo that S, is slightly narrower thais;,.in Fig. 14a). Itis also
simulation with a nonuniform Fermi gas description of Valenceconsist’()ant with the fact that the normalizing factor 0.56
electrons(dashed ling The calculated small contribution of the . . ] e
core electrons is also represented. applied toS;,. is slightly _smaller thz_in _the value 0.65 _vvh|ch
corresponds to the fraction of the incident beam which was
selected. Another conclusion of the simulation is that
97.5% of the selected ions have captured a valence electron
and only 2.5% have captured a core electron.

In Fig. 14b), we compareS,, to the K-REC peakSyp,
The coincidence spectrum shown in Fig. 4 is associatedbtained from the simulatiofsee Sec. IV ¢ Let us recall
with the x-ray emission induced by the 45% ions havingthat this calculation relies on a rather crude description of the

suffered the smallest energy losgsee Sec. Ill. Assuming valence electron momentum distribution. Howev&y,, re-

to a first order a biunivocal relationship between the energyroduces surprisingly well the shape &f. In particular,
loss and the transverse energy of an ion, i.e., neglecting efthe full width at half maximum oS, (1.61 keV) is found to
ergy loss fluctuations, one can consider that these ions ase in good agreement with the experimental value (1.64
the best channeled ones, with a well defined upper limit irkev). There is still a small discrepancy in the wings corre-
transverse energyEf/Q)max- The K-REC peak observed sponding to high longitudinal electron momenta, which are
(which we will call S,,,;) corresponds thus essentially to the underestimated iS,,,,. This discrepancy sets the limits of

capture of target valence electrons. In Fig(@l4ve compare the free electron model that we have used.
Sexptt0 the K-REC peak &, calculated using the experi-

mental Compton profile of Si valence electrons determined VI. SUMMARY AND CONCLUSION
in Ref.[23] and taking for the&K-REC cross section the value
ok .rec=38.5< 10724 cm? that we have experimentally de- We have measure®-REC by channeled and unchan-
termined. In Fig. 148), the integral ofS.,. was adjusted to neled bare krypton ions in a thin silicon crystal. We have
that of Sexp, USiNg a normalizing factok= 0.56. Scy COI- analyzed in detail the contribution of each electronic subshell
responds to the valence contributioniteREC for the whole ~ Of the target atoms. A complete decomposition of the
incident beam at random incidence. g arises from an K-REC peak has been obtained with the help of simulations
aligned incident beam and corresponds to a selection of paythich calculate the momentum distribution of captured va-
of this beam, it is natural to expect differences both in thelence, 3, and 2 electrons of silicorithe latterL-shell elec-
integral(this explains whyk had to be introducgdand in the  trons contribute significantly—by 15%—to the REC peak in
shape 0fSq, and Sy In fact, one can observe in Fig. channeling conditions The comparison between experi-
14(a) that Seyp and Seye have quite comparable shapes. ments and simulations provides mfprmauo_n on the deper_l—
However, the FWHM of S, is slightly narrower, dencie of the electron momentum distributions on the posi-
1.64+0.05 keV against 1.8 keV foB.,.. As this width is tion r, in the transverse plane perpendicular to {140
related to the electron density of the captured electrons, thistrings. This dependence is strong for both valence gmnd 2
result demonstrates that the ions selected in the coincidenaectrons. TheK-REC cross section is found very close to
experiment sample valence electron densities hardly smalléhe value obtained from the nonrelativistic dipole approxima-
than those sampled by a uniform ion flux. tion calculation. We thus conclude that, for the value of the
We have used our Monte Carlo simulations in order toadiabaticity parametes, corresponding to our experiment,
determine the characteristics of the channeled ions selectedbke effects have a small influence on REC.

D. K-REC of valence electrons
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