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Abstract

The impact parameter dependence of electron capyu2® MeV/u U** ions has been
studied by means of channeling in a 11 um thigkail crystal. Such ions are far from their
equilibrium charge state in matter, and channeliffgrs a unique opportunity to study
electron capture in conditions going from the axieecase of a single capture event (for the
best channeled ions) to the case of multiple chexgbhange events leading to the charge state
equilibrium (for unchanneled ions). For each inotden, the charge state at emergence,
energy loss, electron emission and X-ray yieldsnagasured. The correlations between these
guantities are studied. The data are reproducedsitmgplations based on the ion flux
distribution. We show that the Mechanical Electt@apture (MEC) dominates at impact
parameters smaller than 0.5 A, whereas Radiatigetin Capture (REC) is the only process
occurring beyond. Specific features associatedigbhly charged heavy ions at intermediate
velocities are discussed, in particular ionizatiolowing capture into highly excited states,
and local electron density enhancement due to ldwren gas polarization. The measured
impact parameter dependence of capture probabiigieompared to CDW-EIS (continuum
distorted waves — eikonal initial state) calculasipextrapolated to>5 final states.

I Introduction

Fast heavy ions traveling through matter may chaoynd electrons if their velocity
is not large compared to the orbital veloacikyof their K-shell electrons. They suffer atomic
collisions that may result in charge exchange mees For a given projectile velocity the
electron capture and loss cross sections vary posife ways with the instantaneous ion
charge state: the higher the charge state, theh{ggwer) the capture (loss) cross section. As
a consequence the mean charge state of projgositetrating matter tends toward a value for
which electron capture and loss cross sectionequal and that is called the equilibrium
charge state. The measurement of charge statédigins of ions transmitted through thin



targets [1] in combination with calculation cod&} has been used since long in order to
determine charge exchange cross sections.

In ordinary matter, electron loss is essentiallg ¢t Nuclear Impact lonization (NII),
but to some extend also to Electron Impact lonira{Ell); for non-relativistic ions, electron
capture is essentially due to the Mechanical EectCapture (MEC), that involves bound
target electrons, whereas the Radiative Electrgrua (REC), that may involve also quasi-
free electrons, has much smaller cross sections.pfésent study is devoted to the impact
parameter dependence of electron capture (MEC &) Rrhe Mechanical Electron Capture
is a three-body process of bound electron captarevhich energy and momentum are
conserved by means of the target atom recoil. kigrreason, and also because initial and
final wave functions of the transferred electronstnoverlap both in spatial and momentum
spaces, MEC probabilities are expected to be pealkedther small impact parameters
relative to target atoms, and then to decreaser@diogpto the size of electronic shells on
which electrons are captured.

Contrary to total cross sections, the impact patamelependence of MEC
probabilities cannot be determined directly, beeainspact parameters of atomic collisions
are not observable quantities. Recently the Reowil Momentum Spectroscopy (RIMS)
technique [3, 4] has been used successfully falystg those processes in fast ion-atom
collision experiments with gas targets. However tise of RIMS for measuring impact
parameter distributions is not straightforward heseait is necessary to establish the relation
between the impact parameter of the collision &edttansverse momentum of the recoiling
atom and therefore to evaluate the screening of ténget nuclear potential. A few
experiments have been performed with light iongagystems ([5] and references therein)
for which the above relation is not obscured bygresence of too many electrons.

Another way to control impact parameter distribnsias to use channeling conditions
in a single crystal [6]This opportunity has been first demonstrated inpilo@eering work of
Datz and co-workers presented in ref [7] where ¢nergy loss rate of ions in planar
channeling conditions was studied as a functionthafir distance from atomic planes.
Discovered more than forty years ago, ion changdiias been widely studied for decades in
all its aspects (for a review, see for instanceresfces [8, 9]). When fast ions enter a single
crystal along a major planar or axial directioneythexperience strongly correlated binary
collisions with target atoms, that repel them fratomic planes or strings. Then the uniform
flux of the incident beam becomes rapidly non-umfaas the ions penetrate into the crystal
bulk. As a result their interaction with the soigddeeply modified: close nuclear encounters
are essentially suppressed and the rate of enesgyid reduced. If the projectiles are heavy
ions traversing a thin crystal, their electron captand loss probabilities are strongly lowered,
which completely modifies the charge state distrdou of the transmitted projectiles. Our
collaboration has already used channeling to stilndy impact parameter dependence of
ionization processes (and thus the competition &etvNIl and Ell). In these experiments, the
incident ions chosen had a strong electron excaspared to their mean equilibrium charge
state in matter [10].

In the present experiment, we use channeling fodystg the impact parameter
dependence of electron capture. For this purposehave chosen nearly bare very heavy
incident ions (20 MeV/u H-like B*) with a very low adiabaticity parametgrvivk, thus
extending previous studies of capture processel mitich lighter ions [11, 12]. In our
experiment the incident ions have a charge muchehithan their mean equilibrium charge
state and, as long as the latter is not reacheg,riostly experience electron capture. This is
the case for channeled projectiles all along tpath through thin single crystals: these ions



travel far from atomic cores and their charge ergeaprobability is highly reduced. The
trajectories of these ions in the crystal can beiobd by Monte-Carlo simulations and the
corresponding impact parameter distributions wehpect to target nuclei can be deduced.
Then, by measuring charge state distributions ectlistal exit, we have been able to access
with precision to MEC probabilities correspondirmy dollisions occurring in the 0.2-0.5 A
impact parameter range. In this range the MEC itibas decrease steeply for increasing
impact parameters and we have been able to stuegisply this variation. Actually,
measuring such MEC probabilities at large impactupeeter is essential in order to check
whether bare H-like very heavy ions can be trartepoinside a crystal without charge
exchange, which would lead to potential applicatiahlower energies.

In section Il, we describe our experiment and preigee measurement of the charge
stateQ and energy of the projectiles transmitted throttgh crystal, in coincidence with the
detection of X-rays and electrons emitted in the-coystal interaction. The section Il is
devoted to the simulations performed to reproduce experimental data and provide
guantitative impact parameter information on thecebn capture. In section IV, we discuss
our results and compare them to CDW-EIS (Continudistorted Waves - Eikonal Initial
State) calculations.

II. Experiment

Our experimental set-up and part of our data h&ready been presented in a previous
paper [13]. Briefly, 20 MeV/u H-like 8}* ions were extracted from the storage ring ESR at
GSI (Darmstadt) and sent onto a fué thick (111) silicon crystal fixed on by a thredsa
goniometer. The projectiles emerging from the @lystere charge- and energy-analyzed by
means of a magnetic spectrometer and collected®?ID position sensitive detector located at
the focal plane of the magnet. The crystal wasdilby about 35.2° to the beam direction (its
effective thickness being 1141m), which allowed the crystal alignment along thEle>
direction. The crystal was biased at —10 kV and faasd on both sides by two grounded
silicon detectors (referred to as Si-in and Si-olijese detectors attracted and collected low-
energy electrons emitted under ion impact by thteaane and exit surfaces. The signal they
delivered had an amplitude proportional to the tebecmultiplicity.

A. Charge state, energy loss and electron multiplicity
measurements

We have shown in a recent paper [14] that the releamultiplicity for channeled
projectiles is smaller than for unchanneled prdgsr than in random conditions, because it
reflects the reduction of the energy loss ratehafnneled projectiles. Moreover the electron
multiplicity has been shown to depend on the trarsy energy of channeled projectiles.
Hence, electron multiplicity can be used for disgnating between channeled projectiles of
different transverse energies, anficourse, between channeled and unchanneledcprege

In fig 1, the position X of transmitted ions in theagnet focal plane is associated to
the normalized electron multiplicity yielded by tHetector Si-out, successively for a random
orientation and for alignment along the (111) aht0j planar directions as well as along the
<110> axial direction. This two-dimensional repras¢ion provides substantial information
in addition to the simple spatial distributionstla¢ focal plane. It must be noted that each
picture results from the juxtaposition of spectaarded for different values of the magnetic
field of the spectrometer and that there is no dusenalization between adjacent spectra so
that most of the rare charge states can be seen.



First, one sees that individual charge states niewsup, except in the random
orientation. In this orientation, transmitted ioae distributed rather uniformly in a large
ellipse-shaped spot. The charge state distributmnesponds to charge equilibrium and is
then gaussian-like. The mean charge is close toirv4good agreement with the semi-
empirical formula of Leoret al. [15]. In fact the charge state distribution at egeace
reflects the one inside the target. As the ion gndoss has nearly ®* dependence (for
20 MeV/u uranium ions at charge state equilibridhe bound electrons are localized very
near the nuclei and the ions are nearly point @grghe charge state fluctuations inside the
target induces energy straggling. The very heawg iat intermediate velocity used in our
work experience very large charge-changing crossioss and, in this case, the energy
straggling in random geometry is by far dominatgdcharge state fluctuations [16]. Of
course, energy straggling smears out the positiodistribution. However, even if not
resolved, the X distribution reflects the chargaesdistribution: the higher the charge state,
the stronger the deflection (hence X). We can eotiwat the electron emission yield, that
reflects the energy loss rate of projectiles wheeytare about to leave the target, is seen to
increase slowly with the charge state at emergé&nm the arbitrary chosen value 1 to about
1.1), which is due to the fact that forward emiteddctrons originate from a depth in the
target that is not much larger than the mean fedl for ion charge changing.

For (111) and (110) planar alignments, two comptsare clearly seen. The first one
is random-like, however with a slightly higher meaalue for the X distribution, and
corresponds to the unchanneled part of the aligp@aadn (~34% and 42%, respectively). The
second one is made of a succession of spots corésyy to individual charge states, from
the best channeled projectiles Q=91 at the extreme right to the poorly channeled
projectiles ofQ.,=70 at the extreme left. One may wonder why indigidcharge states can
show up, especially for the lowest ones (70 to &) are mixed up in random conditions
and for the unchanneled component. As already atelicabove, the mixing observed in these
two latter cases is related to the strong enenmg@ggling induced by charge changing events
during the traversal of the target, electron captarainly by MEC and electron loss, mainly
by NIl. The emergent ions have reached chargeibguin since long: according to the code
ETACHA [2], this equilibrium is reached after 1 @arum. On the contrary, for channeled
projectiles the MEC probability is suppressed, ansiderably reduced and the lower cross-
section REC takes over. On the other hand eletdsmby NIl is suppressed and only the low
cross section EIll can occur. As a result the chiadneomponent does not reach any charge
equilibrium at emergence. The projectiles emerging given charge state have essentially
captured electrons, and at about the same pacedsetaey had nearly the same transverse
energy and experienced nearly the same mean eleddrwsity. Then they suffered about the
same mean energy loss. Moreover, as the chargamyelstraggling is much weaker than
that for ions in random conditions, the individehlarge states can be clearly identified. We
can take benefit from this feature to turn the f@si X scale into aQ,,: scale, for ions
emerging with a given energy, that can be usedbtaim the Qo distribution in random
conditions.

For <110> axial alignment, the picture looks likehaw is observed in planar
channeling except that the unchanneled componetaoisveak to be clearly visible. Note
that, for the best channeled projectiles along lpdéimar and axial directions, the individual
spots do not appear vertical, but obliquely oridns the position X of a transmitted ion of a
given charge state depends on its energy losseirtrystal, this shows that energy loss and
forward electron emission are correlated, whichas surprising. This feature clearly shows
up for the best channeled projectiles in the cdsken<110> direction. In fig 2(a), the scatter
plot of the highest charge states is shown, aloitly @blique lines that mark the separation



between charge states. In fig 2(b) we show theesponding X distribution of the individual
charge states, and also the X distribution of thecd incident U** beam. Then we can
determine the mean energy loss of the frozen coemgonf Qy: = 91, here 4.5% in units of
the incident energy, which has to be compared eatdbulated mean energy loss in random
conditions, 5.0 %. One learns more on energy lodggi2(c) where the two X distributions
correspondo transmitted projectiles with electron multiplies Ns;.ou: respectivelybelow 0.4
and above 0.9, and thus with, respectively, aivegtsmall or a large transverse energy. In
particular, one can observe on fig 2(c) that fa& flozen component, the energy loss ranges
from 3.8% to more than 5.3%. This shows that thalable area of the transverse space for
the frozen component is rather large, and diffeherzten ions may experience different target
electron densities, from a few 1@o a few 10 electron per A (the map of the electronic
densities averaged along the silicon <110> axisb®es calculated in the reference [17]).
This explains why theNs;..,: distribution corresponding to the frozen componenbroad.
Then, the frozen B* projectiles associated to highsi.o,; may lose more energy than
projectiles traversing the crystal in random cadodg (with a mean charge state of 74). Of
course, this is due to the quasi-@ependence of the energy loss rate. However, gwen
frozen U'" ions that suffer the highest energy loss ratestltevell-channeled projectiles that
experience reduced electron densities: their enlegp/rate, when the charge dependence has
been removed, is 0.7 times the random value. Ferléw Nsi.,: component, the non-
monotonous decrease of the charge state fractitih décreasing charges is attributed to
multiple electron capture events suffered by vemil vehanneled projectiles in the thin
amorphous surface layers on each side of the trydta simulations presented below have
shown that the best agreement with experimentaigehdistributions is obtained for a total
thickness of amorphous layers of 60 A.

The experimental charge state distributions extdhétom the results shown in fig 1
are given in fig 3: for a random orientation and €410> axial alignment in fig 3(a), and for
(111) and (110) planar alignments in fig 3(b). @h¢he main features we can notice in fig 3
is the mean charge state at emergence of poorlyreed ions in axial and planar
orientation;

In fig 3(a) we show also the results of Monte-Cadimulations [18]. These
simulations, that reproduce the general trend$i@fcharge distributions, were based on the
full description of ion trajectories and chargelexage in the crystal.

In fig 4 we show, for the <110> direction, how timeasured charge fractionsJs(y),
for Qoutvalues from 91 to 86, vary with the anglg between the incident beam direction and

the <110> direction. These charge states, thappés wheny, increases (because they do
not show up in random conditions), represent th& bbhanneled part of the aligned beam
Note that trying to reproduce these variations very severe test for the simulations that we
have performed (see section Ill).

B. X-ray measurements

X-ray measurements provide additional informationtloe nature and probabilities of
the charge exchange processes [19]. The Ge deteetosed allowed us to observe the filling
of the K- and L-shells of the H-like incident ionk fig 5 we show two X-ray spectra
obtained with a tightly collimated detector locatad®0° to the beam direction, for a random
incidence (fig 5(a)) and for alignment along thel& axial direction (fig 5(b)). These
spectra are normalized to the same number of m@errions. This normalization is based on
the fact that the filling of the K-shell vacancycocs at most once (excitation or ionization
from the K-shell of uranium ions can be neglected).



The spectrum of fig 5(a) is dominated by L- andpgkotons that are mainly due to
decay cascades following MEC events. For 20 MeVanium projectiles in a silicon target,
these cascades are due essentially to the cagtailecon K-shell electrons intong4) shells
of uranium ions (this is required by the necessaayching of the initial and final velocities of
the captured electron). Moreover the REC lineseasentially absent because the K- and L-
REC cross sections are smaller than MEC crossosechy orders of magnitude. K- and L-
shells are very rapidly filled by the cascadinggasses following MEC events and thus K-
and L-REC events cannot occur. In contrast, in gpectrum of fig 5(b), the L-lines are
strongly reduced and L- and K-REC lines do showbegause the MEC probability is
drastically reduced for channeled projectiles. ie$ still appear. They originate from the
radiative decay following capture events either MEC, into highn-shells, or by REC,
mainly on the L-shell. On the other hand, the st@mponents of the L-lines observed in
fig.5(a), which correspond to cascade events takiage after charge state equilibrium has
been reached.€é. cascade between rather well defined energy leveds) disappeared in the
spectrum obtained in the <110> orientation (fig)p(he main reason of this effect is
obvious: most of the ions are well channeled, theyerience reduced capture probabilities
and exit the crystal with few electrons on theishell. However the effect also concerns less
well channeled ions that do experience significalettron capture. For instance, ions with
“intermediate” transverse energies may approaciiatgtrings close enough to experience
many MEC events, filling progressively their L-dhéflowever they are too far to undergo
ionization in this shell, as such an event requatsmic collisions at very small impact
parameters of the order of 4@&. Finally we have shown in ref.[18] that even thas with
very high transverse energy, do not show up thepsb@amponents of the L-lines. As these
ions approach enough atomic strings to suffer Uksbeization, this result proves that the
filling of the L-shell takes place much less rapidhan for unchanneled ions. We have
attributed this fact to a so-called “superdensifea”: a capture in an excited state is often
followed by re-ionization before that the captueddctron could be stabilized in an inner
shell.

For <110> alignment, we show in fig 6 the dependantQ,,; of the various REC and
MEC rates, forQo: values ranging fronQ,,: = 90 (that correspond to the best channeled
projectiles producing X-rays), tQ.. = 76 (that correspond to rather poorly channeled
projectiles). These rates have been determinedssynaing that radiative decay emission is
isotropic in the projectile frame, and that REC foims are emitted according to aZitlaw
[20, 21], whereB is the angle between the photon and the beamtidinscin the laboratory
frame. In fig 6(a) we give th€,, dependences of K-REC, L-REC and L-line (Balmer)
photon rates per ion transmitted with the chapgg The decrease of the Balmer rate when
Qout increases is due to the progressive suppressiodEE events when the transverse
energy decreases. Then, as already stated, tland&KL-shells vacancies of ions with low
transverse energy are not filled by MEC and thesggtiles may experience large radiative
capture rates. In fig 6(b) we give the relative tabations of REC and MEC processes to
electron capture. The main feature of this figurehiat mechanical capture is the dominant
process as soon as ions capture more than oneoelaghereas its contribution for ions
transmitted with the charge sta@gy: = 90 is about 30%. This is a qualitative evidefarea
rapid increase of the MEC probability with the imansverse energy, i.e. when projectiles can
approach closer to atomic strings or planes.

The experimental results presented in fig 4 and figovide very detailed information
on the rate of the various electron capture pre&sess a function of the ions transverse
energy. This information could be reached becauseused very heavy H-like ions at
intermediate velocities (beams extracted after ldezton from the storage ring at GSI).



Then: i) the charge state at emergence is stracmipected to the transverse energy. ii) the
very high electron capture probability allowed asatcumulate sufficiently high statistics X-
ray spectra to perform a detailed analysis of thesectra for each charge stddg, at
emergence.

The transverse energy of an ion defines its avialatansverse space, and thus its
impact parameter distribution with respect to targeclei. We have then attempted to fit our
experimental results in order to reach informabonthe competition between REC and MEC
events as a function of the impact parameter, lansl ®n the impact parameter dependence of
the MEC probability per target atom. For this puegowe have performed simulations that
are presented in the next section.

ITI. Simulations

Simulations are necessary to get quantitative métion out of our experiments. We
show in what follows that for simulating the chargechange of rather well channeled
projectiles, that keep far from atomic strings danes, typically at distances larger than
0.25 A, a full Monte Carlo calculation is not mataty. We have used a much less time
consuming approach, based on the following stratigy, impact parameter distributions are
determined by trajectory calculations, neglectihgrge exchange. Second, electron capture
rates are adjusted as a function of the ion trassvenergy in order to reproduce the
experimental data. Third, we extract the impactapeater dependence of MEC and REC
capture per target atom by unfolding the precedalges..

A. Impact parameter distribution as a function of transverse
energy

Simulating charge exchange events requires esbentta determine the impact
parameter distribution of channeled projectiles stremean electron density they encounter.
We have therefore performed calculations of chathen trajectories all along the crystal
For each crystal orientation (axial and planarjs firocedure allowed us to set the impact
parameter distribution and the mean electron dereiicountered as a function of the
transverse energy.

Impact parameter distributions were calculated iclemsg the successive collisions
suffered by projectiles. For this, we used the E@ianalytical approximation of the Thomas-
Fermi screening function to calculate the ion-atpatential. The distribution of thermal
displacements of target atoms from lattice sites eamsidered to follow a gaussian law with
a variance calculated from the Debye theory. Catia between atomic displacements was
neglected. Then we used the transverse continuuente approximation to provide the

transverse energy vall (this approximation was not used for trajectorlgalkations)

The transverse energy distribution at the crystédamce is somewhat modified along
the ion path. This is due, on the one hand, tostrarse energy changes related to charge
exchange and, on the other hand, to multiple soagtelet us first evaluate the influence of
charge exchange, which has been studied in deyaiGGiiineret al. [22]. The variation

E I
(As, )AQ of the reduced transverse enegy=— of a channeled projectile due to a charge

changeAQ occurring when its trajectory makes the angleith the channeling direction is
(AED)AQ = —(AQ)E(//Z/Q2 . As the dominant charge exchange (the mecharagalice) occurs
mainly at the closest approach of the atomic s$riogplanesi.e. wheny has the smallest



values, (A¢,,),, is small compared to-(AQ)Ey?/Q” (wherey is the Lindhard critical

angle) that is of the order of 1 eV f&Q =1 in the <110> direction. As the potential heights

along the axial and planar directions we have stuidire respectively about 120 eV and
20 eV, the influence of charge changing on the obbad projectile trajectories has been
neglected in our simulations.

As for transverse energy changes induced by mel8phttering, the effect of elastic
collisions is already taken into account in thgettories calculations that are achieved by
considering all the consecutive binary collisionghwarget atoms. But multiple scattering on
target electrons must also be considered; it itach the main source of transverse energy
change for well channeled ions. According to Bongesgt al. [23], one may neglect the
contribution to multiple scattering of non localst@int interactions and the mean rate of
transverse energy increase induced by this prasessinected to the energy transfer by close
collisions on target electrons. Thus we calculdbtemean increase of the transverse energy
using the measured energy loss values and considenly the fraction of this loss that can
be attributed to close collisions (this procedwedescribed in ref [10]). The increase in
transverse energy is small but not negligible and wonsidered in the simulations.

There is a one-to-one relationship between theswense energy of an ion and its
minimum distance of approach to atomic stringslang@srqn. In the following paragraph, we
will mostly considerr i, distributions. They give access to the impact patamdistribution
with respect to target atoms, which has to be detexd in order to extract information on the
impact parameter dependence of charge exchangessescfrom our experimental data.

B. Charge exchange

For poorly channeled ions, the charge state at ggnee arises from a competition
between capture by MEC and ionization by NII, bayipes of events occurring very
frequently. For these ions thigi, distribution varies strongly with the penetratidepth. In
such a situation the information that can be reddnem our experiments on the impact
parameter dependence of MEC probability would bestjonable at small impact parameters.
We will thus focus on electron capture eventslwdnneled ions that remain at distancggs
larger than about 0.25 A from atomic strings ornpl At such distances, the projectile
ionization by nuclear impact (NIl) is strongly rexdd and was neglected in our simulations
(this approximation is justified in section IV Byhe projectile electron loss can therefore
occur only by EIll of electrons captured in outeelih(that had not enough time to cascade
into inner shells). In order to limit the number pdrameters in our simulations, we have
introduced an effective capture probability defirsesdthe probability of capturing an electron
that is not lost afterwards (of course, this prolitglresults both from capture events and
from electron loss through ElI).

Our simulations of charge exchange are based oddteemination of the minimum
distancer,,, distributions near the entrance crystal surfatesg distributions depend on the
beam angular divergence and on the crystal orientatVe consider their evolution induced
by electron multiple scattering, as a function ehetration depth. To eaat], value, we
associate the mean numbers of effective mechaarahlradiative capture event$yec and
Nrec and a mean transverse energy increase per uhitﬁ/dz, proportional to the mean
energy loss per unit panﬂTE/dz [23]. Theeyincrease results in an increase with depth of the
transverse accessible space,armi, decrease and a capture probability increase.

The influence of the projectile charge state ondiyeture probabilities is taken into account:
whereas the mechanical capture does not depend omutite projectile charge state (since it



occurs in highly excited states), the REC probgbftir an U°" ion (that has no K-vacancy)

is for example 30 % lower than for a H-lik€'Uion. The electron capture events occurring in

the amorphous layers of the crystal surfaces aretaken into account in the simulations.
The adjustable parameters introduced in the simonlaiare the following: i) the mean

numbers NMEC(rr;m) of mechanical capture events for each of <110>0)14nd (111)
directions; ii) a coefficienCrec (this coefficient is justified below) applied tbet REC cross
section (this cross-section is readily obtainedthie frame of the non-relativistic dipole
approximation [21]); iii)) the beam angular divergen (that could not be measured
separately); iv) the electron capture in the armouys layers. The main experimental data that
have been used to constrain these parametersearsdstion I): the charge state distributions,
the K-, L-REC probabilities and the angular scahshe emergent charge state distribution
across the <110> axis (and across the (110) arij (lanes, which were also obtained even
if not presented here). In order to fit these scares had to assume a two-component beam
profile: 65 % of the beam described by a narrowsgeun distribution with 1D standard
deviations ox=0y=0.14 mrad and the remaining 35 % by wider Gaussiamgs with
0x=0y=0.43 mrad, to be compared to the critical angl&.4fmrad for the <110> axis, and of
0.50 and 0.55 mrad respectively for the (110) drid ) planes.

The overall best agreement between the simulatiodsthe measurements, presented
in fig. 4, 6.b and 7.b, leads to the mean effectipture numberd,cc (1%, ) and Nee (s )

min
given in fig. 7.a. In all cases, the agreement betwthe numerous experimental data and the
simulations is remarkable. In figure 7.b we compgheesimulated and measured charge state
distributions for the <110>, (110) and (111) orains. Having limited our simulations to
ions of relatively low transverse energy, that ugdeless than nine effective captures, the

ions that capture more than ten electrons are gatha the fraction called B,u<82). The
mean effective captureNyec presented in fig 7.a for! > 0.25 A correspond to the
simulations providing the best overall agreemerthwhe dataNyec increases strongly for
ions that approach the atomic strings or planedistancesr. —smaller than about 0.4 A, a
distance that roughly corresponds to the spatitdnskon of the silicon core orbitals. On the
contrary, the mean numbigecis nearly constant although the mean denﬁtyr;ﬂn =0.3 A)

i
min

is about twice the mean dens@ (r! =0.8 A) sampled by well channeled ions. This is,due

for poorly channeled ions of small., values, to the fast filling (close to the crystatrance)
of their inner shells by MEC followed by electromscades.

C. Impact parameter dependence of MEC probabilities
Our experimental results and the above simulatiprevide the effective MEC
probability P (b) per target atom at a given impact paramietdmis probability is deduced

from the mean numbersl\IMEC(rmm) of MEC events and from the impact parameter
distributions ® (b) by assuming independent single charge exchangetsever well

min

) and @ , (b) are then linked, for a given crystal direction, thg

min

channeled ionsNMEC(ri

min

following relation:

Nyee (thn) = [ it (0) @, (b)db. (1)

min

Within the experimental uncertainties, the prokigbiP:"_(b) is found to be the same
for the three crystal directions studied (<110 Q)land (111)), a strong indication of the



self-consistency of our simulations. The Iar@%c(r,;in) values obtained for the (110) plane
(see the fig 7.a) is explained by the fact thatithigact parameter distributio® , (b) in this

plane is slightly shifted towards the small impgarameters compared to the impact
parameter distributions obtained for the <110> @rid) directions.

IV. Discussion and comparison with theoretical calculations

A. REC cross sections

Detailed information on the radiative capture (npmihe influence of the electron gas
polarization) has been reported and discusseddglieg24]. In this paper, we observed that
theoretical REC cross sections have to be muldptig a factorCre=1.5 to reproduce our
results. This is explained by a ion-induced pokian of the target electron gas resulting in a
local electron density enhancement in the vicioityhese slow, highly charged projectiles. In
order to complement this point, we present in fith& measured evolution of K-REC cross
sections as a function of the adiabaticity paramdtee gas and amorphous solid target data
correspond to a compilation by Th. Stéhlkerl. [25]. Channeling data were obtained by our
collaboration at GANIL [26, 27] and in the presemrk. The theoretical values correspond to
the calculations of ref. [21] performed in the fenof the non-relativistic dipole
approximation and they correspond to non-pertuddedtron densities in the target. At low
energies, measurements on solid state targetstéeaghibit enhanced cross sections when
compared either to measurements on gas targets theoretical estimates. In contrast, at
higher energies;e in situations for whiclm>1, a good overall agreement is observed.

These results for REC cross sections suggest semarks: as discussed in ref. [24], a very
strong electron gas polarization is induced byréhatively slow and very highly charged ions
used in the present experiment. In such a situafiis order perturbation calculations predict
a very strong enhancement of the electron densitthe ion site that should induce an
enhancement of the REC yield much higher than tB&6 Seffect that we observe

experimentally. In fact, higher order—or non-pdraiive - calculations would be required to
get a quantitative estimate of the density enhaecémBesides, although channeling
conditions are the most efficient way to measuréCRIoss sections in solids at such low
values of the adiabaticity parameter, gas targeasmmements would certainly provide

complementary information on the observed electdemsity enhancement observed in
channeling conditions and on the validity of thpalie approximation at lowy values.

B. Effective MEC probabilities per target atom

In fig 9, we show théb dependence of the probabili:.(b) extracted from our

experimental resultsjia eq.1,along with CDW-EIS calculated values of MEC proliitibs
Phreovn(p) . The error bars become important fowalues smaller than 0.2 A, because the

assumptions subtending our treatment are only Validelatively well-channeled ions; they
also become important fdy values above 0.55 A because, at labgealues, the electron
capture events are rare and mainly due to REC.

The CDW-EIS calculations were limited to captureoirshells with n-value<5
because of the enormous complexity of such analytethods. The sum of these theoretical

probabilities is larger than the probabili eEc(b) for impact parameters below 0.15 A.

This could be expected as, for smallalues, NIl becomes important and thBg.(b) is
strongly affected by electron loss events. On tbetrary, this sum is much smaller than

10



Phjgc (b) at large impact parameter. This confirms the ddpece on the shell numbaer;, of

the integrated CDW cross sections [28] presentedign10: the mechanical capture
probability is maximum for final statasequal to 5 and 6 (which are not considered in the
CDW-EIS calculations) and then decreases for lamggrells. The decrease predicted by ref
[28] and presented in fig 10 is much slower thamrf scaling law usually assumed [29].
Indeed, the mechanical capture requires the ovedidpe initial and final wave functions of
the captured electron, which leads, in our expermtalesituation, to a high probability of
electron capture from the silicon K-shell into theojectile outer shells. Besides, since the
silicon K-shell extension is very small (of the erdof 0.05 A), the MEC probability is
expected to depend mainly on the projectile orbiah which a K-shell target electron is

captured; this has been verified by compariRf2>"(b) functions up ta=5 andblg, (b)

(where @, (b) is the radial wave function of the H-like uraniuriihese two functions appear
to be nearly similar and we used this similarity eixtrapolate the theoretical probability
pheovn(p) for n>5. The overall electron capture probabilities dhtlae projectile shells

(indexed byn) and the corresponding sum fofvalues running fronrm =1 to n=10 are
presented orfig 9. The fact that these theoretical probabilities angcimlarger than the

probability P (b) of effective capture for impact parametbrabove 0.25 A demonstrates

the importance of Ell on outer shells (let us retrat the valuesP:" (b) that were obtained

when fitting our experimental data by simulatioesult from both capture and ionization
processes).

In order to really compare the experimental andotdtecal results for impact
parameterd > 0.25 A, we have evaluated the projectile ionit@aprobability to deduce a

theoretical probability for effective captuiice™ " (b) The nuclear impact ionization (NII)

is negligible for impact parametebs> 0.25 A: the outer shell electrons of the projeotiith
n-value close to 6 or 7 present binding energieshef darder of a few keV and orbital
extensions of about 0.2 A. As the ionization ofstheslectrons requires impact parameter
smaller than 0.05 A between projectile electrong sificon atoms, the NIl process is much
less important than the Ell process for impact patarsb above 0.25 A. The Ell probability
has been estimated by coupling the cross sectipnf) for electron impact ionization of the
projectile n-shell to the radiative decay times and to the yebeanching ratios that
correspond to the probability for an electron ailti on an-shell to reach a’-shell with
n’<n. The cross sectiong,, (n) have been deduced from the cross sectigp(n = 3)

determined for 29 MeV/u P% ions by L'Hoiret al.[18] and a scaling law based on the Lotz
formula [30]. The radiative decay time and the bhang ratio have been obtained from the
calculations of Omidvar for H-like ions (with aﬁ'ZscaIing law for the decay times) [31]. The
Ell process leads to a complete ionization of thells aboven= 9 whereas it does not much
affect the probability for electron capture on dtker shells.

The theoretical probabilityreo>*" (b) for effective capture is compared,fig 11, to

the probability PE". (b) deduced from our measurements. These two probeitire in good

agreement. This is a good indication that: i) tH®WGEIS calculations provide a realistic
impact parameter dependence for MEC at medium arge |distance; ii) our extrapolated
estimates of MEC probabilities on higi»5 shells (total cross sections, impact parameter
dependence) are valid and thus MEC into highly tedicstates plays a major role. We are
currently undertaking CTMC calculations to provictamplementary estimates of the capture
probability and confirm our extrapolation procedure

11



Conclusion

Whereas full Monte Carlo calculations are requit@dollow the evolution of charge
states and electronic configuration of high transeeenergy channeled ions approaching
atomic strings [14], we have shown that one mayausenpler calculation procedure based
on the ion flux distributions when only relativelsrger distances from target atoms are
considered. This has allowed us to determine tipermd#ence of MEC and REC probabilities
by fast heavy ions as a function of impact pararsefEC probabilities are increased by the
local electron density enhancement induced by #ry ieavy and highly-charged ions at
intermediate velocities. Experimental MEC probaie§ are consistent with the results of
CDW-EIS calculations performed up te=5 and extrapolated for larger-shells. Our
experiments have shown that the mechanical captueege impact parameter arises mainly
from capture into highly excited states, upnted. Besides, we have seen that frozen'U
projectiles channeled in a 11.7 um crystal may losee energy than projectiles traversing
the crystal in random conditions. This charge stéfiect has been used in a recent experiment
to study the feasibility of strongly slowing dowmry highly charged ions by transmission
through a relatively thick crystal in channelinghddions. The capture cross sections of the
best channeled ions is so strongly reduced that ey have a significant probability to
emerge with their initial charge state. The reswltsthis study are to be published in a
forthcoming paper.

In view of the future FAIR accelerator in Darmstaalir work stresses the interest of
channeling for the study of recombination and epdogs of the slow, highly-charged ions
that will be available at the FLAIR facility.
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