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Charge states and energy loss of 300-MeV/u®' ions channeled in a silicon crystal
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We have studied the emerging charge staigs and energy loss of 300-MeV/u’® incident ions trans-
mitted along &110) axis of a 120um-thick Si crystal. The emerging charge state distribufiifq,,,) for
well-channeled ions is governed mainly by electron impact ionizatih). The corresponding Ell cross
sections were obtained by fitting the experimerfgl(g,,) with Monte Carlo simulations. FoM shell
ionization, they were found to be twice larger than those given by the binary encounter dipole approximation.
The measured energy loss spectra were also compared to Monte Carlo simulations. The mean values and
widths of these spectra increase wdb,,, reflecting the increase of the stopping povewith increasing
transverse energf, . The measured stopping for channeled ions with frozen charge statean@ for
nonchanneled ions with charge state close te- 98 in good agreement with theoretical estimates. Owing to
the very high ion velocity, there is a significant contribution (25%) to the stopping fromsBiell excitation
even for the best channeled ions. The width and the asymmetrical $blepenessu) of the energy-loss
spectra depend strongly amp,,(x>0 for very well-channeled iongt<0 for poorly channeled ions For
well-channeled ions, energy-loss spectra were reproduced by Monte Carlo simulations w8l thecurve
extracted from fitting the mean energy los4&x1050-294{@9)01604-2

PACS numbsd(s): 61.85+p, 34.80.Dp

[. INTRODUCTION combination[3]), but the corresponding cross sections are
small enough to ensure that the charge state of an ion in the
Channeling of swift ions allows detailed investigations of crystal is nearly constant and depends little on its transverse
energy loss and other atomic-collision processes such as ioenergy. Another method was applied in planar channeling
ization, excitation, and capture for such ions, under restricteéxperimentg4], where theE, discrimination was obtained
impact parameters. In particular, by a selection of particleshrough a selection of particles with well-defined oscillation
with low transverse enerdy, , one may suppress all atomic wavelengths. A third method was used[§], where theE
processes involving the target nuclei, such as mechanic@iscrimination was performed through a selection of the
electron captur¢éMEC) and nuclear impact ionizatiofNIl),  emergent charge statg,,,. This method is particularly at-
and to some extent one may isolate the contribution of vag4ctive when the initial charge statg, of the ion is much
lence electrons from that of core electrons for processes SUGler than the equilibrium charge state, leading to a broad
as ionization, excitation, capture, and energy loss. Part'deémergent charge state distributiba(q,,). The charge ex-

with well-definedE, may be selected IN various ways. Onfa change processes are here dominated by the ionization of the
can take advantage of the fact that, for ions of given velocity

v and charge statg the energy-loss spectrug{AE) of the pé(l)ljectllghby thef;arget elehctrqrﬁelectron 'mphaC:] lonization
channeled beam is broad, reflecting the dependence of tﬁe )] with an efficiency _t_at Increases wit t_e mean en-
stopping poweS(E, ) on transverse enerdy, [1]. TheE,  countered electron densify,(E,) and hence withE, . In
selection is here performed through a selection in energparticular, if Fc(dou=0in)<1, selection of the frozen
loss. This procedure may be used in experiments with incharge statey,,=d;, can be used to select particles with
coming bare or nearly bare ions at high energy: in this casejery low E, .

the dominant charge exchange process is target electron cap-Our previous experiments at GANI[5] are here ex-
ture [radiative electron capturé€REC) [2], dielectronic re- tended to higher energies and heavier ions by using a
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300-MeV/u uranium beam transmitted through a silicon ey thin

lit
crystal. The value of the Bohr parameter C vacuum /S' S
window S, S 4
N 3
2Zv z
K= 1Yo =92 1 (1)
v 1378 300 MeV/u ——
U73+ from SIS S MWPC
corresponding to 300 MeV/u bare uranium ionsxis-2, schntittator > <Vt removable)
i.e., greater than unity; a classical approach to calculation of ) _
energy transfers to target electrons is thus perm{iéd FIG. 1. Schematic layout of the experimental setup for channel-

The principal aims of the experiment presented in thig"d Studies at the fragment separator FRS.

paper are(i) to deduce Ell cross sections frof:(doyr) . . o )
measurements for very highions, for which simple pertur- indicated negligible misalignment or mosaic spread. The
bation treatments are questionable even at high velocitie®€am intensity from SIS was typmaﬂle‘a ions per second.
(i) to obtain experimental energy loss spectra as a functiofltér charge and emittance selection by slits, it wadC?

of g,y for comparison with semiclassical calculation of en-10nS per second on the crystal. The beam dose was calibrated
ergy loss in channeling and monitored using a scintillator outside the vacuum sys-

Our results on EIl will be compared to various theoreticalt€M, which measured secondary radiation due to the fraction

predictions and to other measurements, in particular to thos@ Y ions hitting the slits.
of Claytor et al [7], who also performed channeling mea- "€ Si crystal target was mounted on a remotely con-
surements with uranium ions at similar energies, but usindfolléd, high-resolution, three-axis goniometer designed for
nearly stripped incident ions. More generally, an extended!trahigh vacuum, placed &, which could be moved with
review of charge exchange processes for heavy ions in cha@ accuracy of 0.01mrad. In the focal planes after the third
neling was recently given by Krause and D§&4. In this and fourth stages of the FRS, the charge state distribution
review, the Ell results obtained by channeling and by othefVas measured using multiwire chambgmsultiwire propor-
methods such as electron beam ion &BIT) are compared tional counterMWPC)] in S; and S,. The wire chambers
to theory. were used to determine the integral, position, and shape of
In Sec. Il we describe the experimental setup that allow$he peak of a specific exit chargg,, state, giving informa-
charge state and energy analysis of the transmitted ions. #Pn on the emergent charge state distribution, energy loss,
Sec. Ill we present our experimental data that include charg@nd energy loss straggling. The correspondence between the
state distributions=(q,,) and energy loss spectra for given POsitionw (in- mm) on the MWPC and the longitudinal mo-
Qout: 9(AE|qoy). In Sec. IV we describe a simulation code Mentump of the particles, which depends on the measured
that enables us to calculate bd{q,,) and g(AE|qoyy). rigidity Br (B,. magpetlc f|elq;r, bending radius is given
The comparison of simulated and measured profiles is prd2y the dispersioD (in mm) via Ap/p=Aw/D for our ion

sented in Sec. V and the results are compared to theoretic@Ptical setting. In the FRS, one hRy=1380 mm(for S;)
calculations. andD,=9530 mm(for S;). The charge state distributions

were measured aB; and energy loss spectra 8f. The
variationsA p of momentum and variationSE of energy are
related by AE/E=(1+ 1/y)Ap/p=1.75&\p/p, which
We have used relativistic uranium ion beamsgives AE;,=0.0553 MeV/u and AE;=0.38 MeV/u for
[Z,=92, M;=238, E,=300 MeV/u, i.e., B=v/c=0.654 Aw=1 mm, respectively, ir5, andS;.
and y=(1— 8% ¥?=1.32] with q;,=73. The thickness The alignment of the crystal fof110) channeling was
=120 um of the silicon g,=14) single crystal target along achieved either by maximizing the frozen charge stat¢ 73
the (110 axis was large enough to ensure a broad emergentield or by minimizing the 98- emerging charge state yield
charge state distributioRc(q,,) (i.e., a goodE, selection  (these yields were measured using a scintillator placed after
and measurable energy loss distributions for each emergetite MWPC inS,, in relation to the monitor scintillator near
charge state. S;). In reality, the observation of the frozen charge state
The experiment was performed at the heavy ion synchroyield gives here a much more precise alignment than given
tron SIS at GSl(Gesellschaft fu Schwerionenforschung, by the observation of the 90 charge state yieldsee Sec.
Darmstad), which provided a 300 MeV/u G* beam. The ).
projectiles were injected into a high-resolution magnetic
spectrometetfragment separator FRS]), which consists of lIl. EXPERIMENTAL RESULTS
four ion optical stages each having one dipole magnet, five
quadrupole magnets, and four hexapole magnets. The first In Fig. 2 we present the measured yields of the emergent
two stages were used to prepare a beam of small angul&harge stateg,,= 73 (frozen andq,,= 90 as a function of
divergencesee Fig. 1, which is a most important parameter the tilt angle, between the beam direction and (10
in the experiment. The spot size on the silicon crystal was oéixis. The angular distribution of the #3ions is very nar-
the order of 1x 15 mnf. This large spot size was a neces-row, with a half width at half maximum of¥ [
sary consequence of the optimization of the beam angular0.11 mrad. The observed angular scan foi#98mergent
divergence. It had, however, minor influence on the experiions is dominated by particles with high transverse energy,
mental results as the rather thick silicon single crystal wasvhich were mostly ionized by close encounters with target
large (20-mm diametgiand x-ray topography measurements nuclei (NIl). The half widthW¥,,,=0.285 mrad of the 98

Il. EXPERIMENT



PRA 59 CHARGE STATES AND ENERGY LOSS OF 300-MeV/u ... 2815

70 . . . . v =73 ions, which represent 3.8% of the emergent beam, are
60 L not all hyperchanneletsee Secs. IV and V The minimum
yield of the 90+ scan is=5%. This is somewhat higher
R than the=2% yield obtained in Monte Carlo calculations by
£ b Barrett[11] or measured with MeV light ions on the same
> crystal and axi$12] for close encounter events. This may be
g %7 explained, at least partially, by the fact that NIl is not the
= 2 only process fog,,;=90 production; the binding energy of
thelL electrons of uranium iB =20 keV (it depends on the
101 charge stateand the maximum energy transfer in a close
0 encounter Ell process isEm,/My=164 keV. Hence, Ell
06 04 02 O 02 04 06 alone may produce 90 uranium ions. Another important

Tilt angle (mrad) contribution to the 5% minimum yield comes from tails in
the incoming beam angular distribution and to dechannelin
FIG. 2. Variations of the intensities of emergent charge State?see Sec W? 9 g
Gour=in =73 (closed trianglesand do,= 90 (open trianglefas a Typical spectra measured with MWPCsStand S, are
function of the anglep, between the beam and th&l10) axis of the shown in Fig. 3. In Fig. @) we show the charge state dis-

Si tal (li th h th int d t ide th o .
i crystal(lines through the points are drawn to guide the)eye tribution Fo(Ge,) at Sy (73<0ou<77) With the oy,

=73 peak at the center. FigureghBand 3c) show the spec-

tra for q,,:= 73 measured &,, respectively, with and with-

out the silicon crystal. In Fig. @), we show a spectrum for

. . rather poorly channeled iong{,=83); the peak is broader
2D rms O.f the the;rmal displacements of gtoms perpendmulqrhan forqe,u:= 73 reflecting larger energy loss fluctuations.

to the stringsEWy,,~E, ;=~U(p), Us being the string po- The measured emergent charge state distributions are
tential. The value of the _Llndhard relativistic crmcall angle given in Fig. 4, for(110 aligned and random orientations.
[10] ¢1=V4Z,Z,e%/pud is 0.39 mrad. Thus, we find & The gistributions were obtained by measuring sequentially
value W,,,=0.73);, somewhat smaller than extrapolated e intensity of three neighboring peaks for which the trans-
from numerical simulationg11] for a trial charge in silicon  ission from the Si crystal @, to the MWPC atS, was

at room temperature, which g'VeE1/27:39-85'/’1- AN UPPer  gqual to 1. In the random case, the narrow distribution
limit of the critical transverse enerdy, ;" to emerge inthe £_(q. 1 centered around, =90, does not correspond to
frozen charge state|,, =73 is related toE,. by E{X"  equilibrium: the target is not thick enough, considering the
=(V151¥,)%E, =015, .. In fact, 15 is mainly de- very small capture cross sectiodEC, REQ for the rela-
termined by the beam angular divergence, as will be demortvistic uranium ions studied. A tail towards low charge
strated in Secs. IV and V, and th|:T1;7t3;:+ is certainly signifi-  states, representing about 3% of the total beam is observed
cantly smaller than this upper limit. The particles emergingand we attribute this to planar channeling effects.

with g, = 73 are very well-channeled ions, it selection The aligned distributiorF (0, iS broad, as expected,
throughq,,: is less accurate than that in R¢8]: the q,,;  reflecting the influence oE, on q,,. The upper region

scan is thus, of course, larger than that of the- &an. ¥,
is clearly related to the transverse eneffgy. required to
approach atomic strings at a distance of the order,pf the
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FIG. 3. Spectra measured with MWPCsgtandS, . (a) Charge state distribution &; for 73<q,,<77. (b) gou=Qin =73 peak a5,
with the crystal.(c) o= 0in=73 peak atS, for the direct beam(d) q,,= 83 peak atS,.
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FIG. 4. Charge state distributions obtained fof*U incident FIG. 6. FWHM of the energy-loss spectidAE|q,,) as mea-
ions at 300-MeV/u after transmission through a Ja@-thick Si ~ Sured by the wire chamber &, as a function of emergent charge
crystal, for alignment along thé110) direction[F¢(qo,), closed ~ Statedou for (110 alignment (closed squargsand for random
circleg and for random orientatiofiFr(Qoy), Closed trianglels orientation @,,;=90, closed triangle All of the data have been

The solid lines correspond to Monte Carlo calculatitsee Sec. Y. corrected for _the resolution. The Iines_ cqrrespond to the Monte
Carlo calculations: calculated FWHN&olid line), 2.355) (dotted

- > .
(Goui=87) Of Fe(doyp) COrresponds to very poorly chan- line), where()“ is the calculated variance.

neled, nonchanneled, or dechanneled ions. This region con-
tains about 10% of the distribution. Dechanneling alone can=89). This is a “shoulder effect”: due to blocking by
not explain this rather high value, which is mainly attributedplanes, particles with high transverse energy spend a larger
to the angular spread of the incoming beésee Sec. IV. part of their path close to the target nuclei than particles with
In Fig. 5 the mean energy lossesE(q,,), measured random trajectories. The angular divergence of the beam be-
with the MWPCs, for{110) alignment, are plotted as a func- N9 Very small, even the measurement for the random inci-
tion of emergent charge statg,, together with random val- dence is not _cpmparable to a measurement performed on an
ues measured fay, =89 to 92. The increase &E with amorphous silicon target since cha'nnellnlg phenomena can-
Gy, arises(i) from the increase withy,, of the mean charge n_ot be completely suppressed. This is obvious when one con-
state q,,(gout) Of the particles inside the target. Here, siders the shape of the energy loss Speg(tE|d,y). The

Jav(doud) is defined in such a way that the mean energ ull width at half maximum (FWHM) Lij(Qou) Of the

) 9(AE|q,,y) Spectra is shown in Fig. 6. These FWHM values
l\?i;’e;g E((;;i)”(ti)i )Sf(; iﬁstsgﬁgzrézgée&aév%i(tﬂoao [saene dstﬁg. have been corrected for the distribution without the crystal
’ . 1 out

. ; . ) Fig. [ impl [ . -
increase of stopping powes with E, . Hence, the ratio (see Fig. 3 using a simple quadratic procedure. One ob

— serves an increase of the energy stragglin ith, for
AE(0ou)/92,(gouy) (also represented in Fig.),5gives the =l 9 9gling v

il fihe t | A similar reasons as faXE. For the random measurement, the
Influénce ot the transverse energy on mean energy 10Ss. AS ||, oyations are much larger than calculated by Monte Carlo
Ref.[5] for Xe ions, the mean energy loss in the random cas

) ) ) %imulations, whereas the mean value compares reasonably
is lower than theAE(qo,y value obtained under channeling el with theory or compilation of experimental resuliee

conditions for very high transverse energidsere doyi  gec. \J. In Fig. 7, we present the asymmetry figue’®
=(u3/c®)® (u is the skewnessys is the centered third

85 ' ' ' ' order moment, and the standard deviatiorof the energy
3r _ loss spectra as measured with the MWPCS,atDue to the
) 2.5 -_ g T T T T T T
S <110> alignment 0.6 - - b
£ 2f : .
£ LAt 0.4 . . 1
4 15 F > S ,
F Reduced energy loss; 2 0. )l
1 E % o 1
05 L+t L L A =
75 80 85 90 0.2 1
qOl.lt - n
-0.4 4
FIG. 5. Mean energy Iosﬁ(qout) measured with the wire 06 !
chamber aB; as a function of emerging charge stag, for U3* 84 86
incident ions transmitted (110 alignment conditions(open q

squares The mean energy loss for random orientation and for 89

<(o,=91 are also showfopen triangles The closed squares and FIG. 7. Asymmetrical figureu®= M§’3/g of the energy loss
triangles correspond to a reduced mean energy losspectrag(AE|q,,y) as a function of emergent charge statg; in
AE(qout)qizn/qu(qom) using the calculated mean charge staig (110 alignment. The pointgclosed squarescorrespond to mea-
in the target(see Sec. Y The solid lines are the results of the surements made at the wire chambefSijn The Monte Carlo cal-
Monte Carlo calculations. culatedn'® is represented by the solid line.
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very large uncertainties in the experimental results, only theonsider that statistical equilibrium prevails throughout the
qualitative behavior ofu’’® should be considered. One ob- crystal (the A value was estimated from the Monte Carlo
serves clearly a sudden change in the signuobetween calculations of Barrett{11] and from the scalingh\/2
Jour=78 (u>0, tail toward high energy lossesnd q,,: ~d,/#. [14] for the oscillation lengti\ of close encounter
=79 (u<0, tail towards low energy lossed~or q,,+<78 yield due to neighboring strings at distandg). However,

one may consideg(AE|q,,) as made up of a peak corre- channeling with respect to planes introduces a more stable
sponding to well-channeled ions plus a tail corresponding taivision of the transverse phase space of axially channeled
particles with higheilE, whereas for,,>79, g(AE|dour) particles into planar channeled and blocked trajectories, re-
consists of a peak corresponding to poorly channeled ionspectively[15]. This division is responsible for shoulder ef-
plus a tail corresponding to rather well-channeled ionsfects like the increase of the stopping power above the ran-
which have a finite probability to go out witl,,>79. This dom value and the increase of energy loss fluctuations,
behavior was a useful guide in our simulations. which was not taken into account in the simulation.

Multiple scattering, which tends to increase the transverse
energy, is taken into account. The changek jnresult from
multiple scattering on target electrons and on screened target

Simulations based on the calculation of ion flux distribu-nuclei. A good estimate of the contribution of target elec-
tion inside the crystal were used to calculate the emergentons to multiple scattering can be obtained following Bond-
charge state distributions:(q,,) and energy loss spectra erupet al. [16], from the mean energy loss of these particles
for a given exit charge statg(AE|d,,). Less complex in the crystal. According t916], the 2D variancede? of the
Monte Carlo simulations were used to simultgq,.) and  angular distribution for a given patbx is
9(AE|q,,1) corresponding to the random orientation. Similar

IV. MONTE CARLO SIMULATIONS

simulations were already used and are described in Rgfs. —_ Me Eclose
and[2]. We will only describe the most important features of e |V|_1 E @
the model.

For calculation time reasons, the simulati¢fts channel-  wherem, is the electron mass anEcmse is the mean en-
ing or random casesare not full Monte Carlo simulations, ergy loss corresponding to close collisions with target elec-

i.e., successive atomic collisions are not explicitly calculatedyons: roughly,oE o= 1 OE. If x is small enough to en-
One consequence is that the behavior of ions with very hig

E, is not very well described because shoulder effects are
not reproduced.

ure a quasiconstant value of the transverse posrgoalnd

of the angleg of the trajectory with respect to the axis, the
corresponding increasgE | in transverse energy is given by

E(¢+ 8¢e)2—E@?, wheredgp, is a random deflection angle
with variance given by Eq(2). In what follows, the trans-
verse energy will be systematically normalized to the unit
An ion penetrating the crystal with ener@y is given an  charge and we then write:

entrance positioﬁm (uniformly distributed in the transverse .
plang, and an entrance angle= i, + 5y, which is distrib- indE, =E(@+ 6¢e)?—E@?=2E¢- 5p.+EdpZ. (3)
uted according to the beam angular distributibg(5) _ o ) o
around the mean incident direction at anglg to a (110 This cpntrlbutlon to_&EL by electron mu[tlple spattermg is
axis. The precise knowledge of,(5y) is crucial. Overall taken into account in the Monte Carlo simulations.
agreement between calculations and experimental results is Over the target thickness using the typical value\E
found whenhy,(S8y) is assumed to be the sum of a Gaussian=1 MeV/u for channeled ionésee Fig. 3, the contribution
with a 1D rms deviation of 0.075 mrafl.e., 0.075<2  of the quadratic term in Eq23) is EA¢2/q,=5 eV. This
=0.105 mrad for the 2D distributionand a much wider can be compared to the critical transverse eneky.
Gaussian distribution (1D rms 0.20 mrad), which contains= wa/qm=150 eV. The mean value of the nonquadratic
20% of the incident ions. Such a decomposition was necederm in Eq. 3 is null. Thus, this term contributes only to the
sary in order to reproduce the narrow angular sggp  transverse energy spread.
=73 of Fig. 2 and the emergent beam charge state distribu- For the contribution to dechanneling of screened target
tion F(goyup Of Fig. 4, forgy,=80. nuclei we used the treatment proposed in R&€@] and de-
Particles are assumed to move in the continuum transveloped in Ref[17]. As for multiple scattering in a random
verse potential calculated in Ref[5] for the (110 axis of ~ medium, dechanneling by target nuclei for a given crystal
Si, corrected near the strings for thermal vibrations of theand axial direction scales approximatelyZAgE [10]. If, for
crystal atoms by using the single string potential of Re8].  example, one considers the experimental backscattering re-
Statistical equilibrium is assumed for the transverse motionsults of Ref[12] for light ions along & 110 axis of silicon,
and hence, a particle of givéfy has a uniform probability to  the reduced path leng#y x/E for reaching a close encounter
be at any point in the accessible area of the transverse playéeld equal to 10% of the random yield is 2,Zm MeV ™1,
A, (E)) [10Q]. This is true only sufficiently far from the crys- which givesx=2 mm in our case: dechanneling by target
tal entrance since the incoming ions keep a “phasenucleiis thus small in our 0.12-mm-thick target.
memory” at the beginning of their pafii1] over a charac- When the transverse energy of a given ion exceeds a
teristic path lengthA. In our case, the crystal thickness ( valueE, ., E, . we assume that the ion is no longer chan-
=120 wm) is much greater thanh~6 um and one may neled(the code is in any case not able to describe particles

A. Calculation of the particle flux: Variations of the transverse
energy with depth
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0.1 ' ' ' » experiment. Conversely, it also means that the experiment is
not appropriate to determine cross sections of other processes

0.08 ] than Ell. Although reliable values of NIl, MEC, &t. . cross
5 sections are necessary in the simulations; some of these pa-
5 006 ] rameters may be varied over a reasonable range in order to
g improve the overall agreement with experimental redufts
:_.0'04 p particular Fr(goup] or to determine the precision that we
0.02 ] may claim on the determined Ell cross sections. For the Ell

cross sections themselves, we used theoretically calculated
cross sections as a starting point and modified them until an
0 20 40 60 80 100 optimum fit to the experiment was obtained.
E (eV) For simplicity reasons, all cross sections were averaged
over subshells in a given shall This is a fair approxima-
FIG. 8. Transverse energy distributions for the incident bea“lion, as the main information that we reach is the Ell cross
_(characterized by its angula_r distribution, described t_)y two Ga‘_JSSSection forM shell (see Sec. VAL In Sec. V A, the fitting
|;1ns,:s72¢.a text for the emerging beam and for emerging ions with valueSUEf':t, _Correspondir_lg to EII_ im shell will be com- -
out pared to available theoretical predictions and to other experi-
mental results. We now discuss the cross secfiotiger than
with very hlgh E, Correctl)). If this occurs at depth with a E||) used in the Monte Carlo calculations.
charge statey, it is necessary to calculate the charge state
distribution of such an ion after traversing a random silicon 2. NIl cross sections
target of thicknesst—x and with initial charge
q: Fr(doulg,t—x). This was done once, using the code
ETACHA [18] for 73<g=<92 and various thicknesses
Above a threshold value of 140 eV we found that the valu

of the parameteE, had no influence on the results. The tions o' per ion electron in sheth and per target nucleus

curves presented in Sec. V were calculated V\Ebmax are presented in Table I. They are two to three orders of
=160 eV, consequently, 3% of the beam was considered as itude higher than th dh‘ﬁ' | |
random atx=0. magnitude higher than the correspon -Valvﬁs' En”pfar-

We show in Fig. 8 the transverse energy of the incoming“CUIar’ for the outer shellsr_(>2), the ratioo, /oy is
beam, of the emerging beam, and of the 3.8% fraction of thé;lose to the square of the Si nuclear charge. Thus NIl com-
emerging beam, which correspondsagg,;= 73. This figure

pletely dominates for random ions, which shows that chan-
illustrates the influence of dechanneling on the overall beand?€liNg is absolutely necessary to obtain informatiorogtt
It also shows that this influence is very small for well-

channeled particles emerging with = 73.

The NII cross sections were calculated in the plane wave
Born approximationPWBA) as described in Ref18], us-
ing screened hydrogenic wave functions for the initial and

&inal states of atomic electrons. The calculated NII cross sec-
NII

3. REC and MEC cross sections

REC cross sections for fully stripped ions were calculated
according to the Bethe-Salpeter form{i8] and are given
in Table I.

lonization and capture processes induced by target elec- For MEC, we used two sets of cross sections. One set was
trons (Ell, REC) and by target nucle{NIl, MEC) are in-  calculated in the continuum distorted wai@DW) approxi-
cluded in the simulations as well as excitation by electrongnation[20] using the code of Gay¢®1]. The other set was
and nuclei, radiative and Auger decay. lonization and eXcicalculated22] in the simpler relativistic eikonal approxima-
tation are assumed to be close encounter events with a projon [23,24). The influence of the population of shells and
ablllty proportional to the local electron or nucleus denSity.Subshe"S was taken into account by using the procedure sug-
For a particle with a giverE, , the probability for target gested in[18], according to which the capture cross section
electron-induced processes is proportional to the mean elegy a given subshell is assumed to be simply proportional to

tron densitype(E,) in A(E, ). For nuclei, a cylindrical ge- the number of available vacancies.
ometry around the strings was usé&ke[5]). The spatial

extension of the ion electronic wave functions has nearly no 4. Excitation cross sections

effect on processes involving target electrons as the target : Exc . .

electron density varies little at the scale KWfL,M orbital ICr?ss sect|on?ry f]?r exiltanop byhtarget nuclei were
extension of uranium. For processes involving target nuclef@lculated by Salifi25] for n<3 using the PWBA approxi-
(see[5]), a characteristic length is given by the 2D thermal Mmation. Excngtlon Cross s_ectlons anri4 shells were ex-
vibrational amplitudep=0.11 A at room temperature. trapolated using a &f scaling. Thes5*° values are in the

range 102°to 10 %2 cn?. The excitation cross sections by

1. Ell cross sections target electronss5*¢ were calculated from the excitation

cross section by target nuclei assuming%ascaling law.

B. Charge exchange

The emergent charge state distributi®p(qe,;) IS gov-
erned mainly by the EIl processes; this means that rather
significant uncertainties in NII, excitation and capture cross
sections used in the simulations has a relatively minor influ- For an ion in a solid, intrashell mixing takes place and the
ence on the determination of Ell cross sections from theanean life + of an excited state is mainly governed by the

5. Recombination processes
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TABLE |. Theoretical cross sections averaged over subslagll€in barng (for Ell cross sections, the
indexY refers to Youngef33], Sto Scofield[43], F to Fonteset al.[36], andKim to calculations performed
by [35] using the BED model of Kim and Rud@®4]). The cross sections;;; leading to the best overall
agreement with the experimental results are expressed as a functionaf, the

Shelln omEC oREC ay! af)!

1 17.8 71 600 0/8™, 0.6, 1.24
2s:15.3

2 14.8 5.%10° 18€m 19Y, 36°
2p:45.8
3s:5.5

3 3p:16.6 4.3 1.610% 76¢m 48"
3d:27.7

4 30 1.8 3.x10 170¢m

5 19 0.9 5.4 10 320¢m

1-5 oMEC=0.50}EC oREC= gREC oM'=1.3x g} of'=(1.9+0.4)x oF!l

fastest transitions, i.e., electric-dipole transitidi2é]. We For channeled particles, the energy loss spectra are

used the tables of Omidv§27] that give the transition prob- mainly determined by the shapes of tig distribution
abilities and branching ratios for electric-dipole transitionsg(E, ) and of S(E, ). At givenE, , one must consider fluc-
between levels of hydrogenlike atoms, using th&}Scaling  tuations in energy loss, which arise from fluctuations in
(typical = values are between 16" and 10'* s). In the charge statey and from fluctuations in energy transfer in
Monte Carlo code, Auger decay was taken into account folndividual electronic collisions. The fluctuations i are
transitions fromM to L shell only. The fluorescence yield taken into account in the simulations throughya depen-
(i.e., the probability of radiative decpis rr=0.42[28] fora  dence of the stopping power. In order to calculate the vari-
filled M shell (and at least a vacancy Inshell. For a given  gnce 502 associated with the statistical variation in the en-
numberm of M electrons (:=m<18), rg(m) was calcu- gy transfer in successive collisions with electrons, we used
lated by assuming that the probability for Auger decay iSrgcent theoreticg29] and experimentd30] results. At rela-
proportional tom(m—1) and the probability for radiative tivistic velocities, 5Q$ for a path lengthsx may be ex-

decay is propor_tlonal ton. _ Opressed as
In our experiments, the dominant charge exchange pro-

cess is ionization: capture and recombination processes have

a relatively minor influence on the charge state distributions. —
y g 502=4mq2e podxy?X = 50%y°X, )

C. Energy loss

For the simulation of energy loss specira, if one assume@herepe is the mean electron density experiencé@ rep-
statistical equilibrium, the only needed function %E, ) resents the nonrelativistic free-electron Bohr regiitandX
that is an averaged value over the accessible transverse spa&&ounts for departure from the Rutherford scattering law. In
A(E, ) of the stopping powes(r, ) for an ion at positiort , our case, from{29] and [30] one findsX=1.7. An upper

in the transverse plane. We impose the asymptotic behavidimit for 1, which should correspond to the random case, is

at largeE, to be 1=0.031 MeV/u usingg=92 andp.=14 electrons per
atom.
E,d All of these contributions to energy loss fluctuations are
S(E)=Sg|1-aexp ——— (4)  taken into account in the Monte Carlo calculation to con-
2,8 struct theg(AE|qq,0) curves.

whered is the interatomic distance along th&l0) axis and
a an adjustable parametéy, is the stopping power for very
largeE, , i.e., for random orientation. Expressi¢t may be In order to calculate the charge state distributions
derived using the hypothesis of statistical equilibrium andFc(q,,) and the energy loss spectyéAE|q,,,) for random

the string potential U (R)= (Z,Z,e%/ Ed)In(1+3a%/R?) orientation, we used a special random code. In this program
(wherea s a screening radivslerived by Lindhard10]. We  the ion history is described as a succession of binary colli-
assumed aj® dependence o8(E,) with the charge state sjons on homogeneous, randomly distributed atoms or va-
(73=9g=92). This is reasonable, owing to the ion velocity lence electrons. There is, of course,lBpodependence in the
and to the restricted spatial extension of the orbitals of urarandom code. As in the channeling code, the individual in-
nium ions(see Sec. V B 2 Hence, one can write, for in- teractions leading to energy loss are not described. However,
stance S(E, ,q)=S(E; ,qin)Xqizn/qz. In the following, we  charge-changing events are simulated and hence the main
essentially us&(E, ,qi,), whereq;,=73. contribution to energy loss fluctuations is fully included.

D. Simulations for random orientation
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FIG. 9. Experimental angular scafdosed squaref the fraction of emergent charge statgg,= 73, 76, 80, and 82 as a function of
the angle between the beam and ¢(4&0) axis of the Si crystal. The solid lines correspond to Monte Carlo calculations.

E. Fitting the experimental results sections are too large. The theoretically calculated MEC
The experimental emergent charge state distribution§0SS Sections reported in Table | are thos¢23 (eikonal
Fc(Qoud) and Fr(our), respectively, fo110 channeling approximation for n<3 _and CDW cross sectlor[.Ql] for
and for a random orientation, together with the energy los§>3. These cross sections have a rather weak influence on
spectrag(AE|qo,,), Were fitted at the same time to ensurethe fitting of Fc(q,,) obtained for(110 alignment. The
self-consistency. In order to limit the number of free param-solid curve in Fig. 4 was obtained with the fitting cross sec-
eters, we assumed in a first step that the ratios between thetons given in Table I.
retically calculated cross sections given in Table | corre- The fit of Fc(qoyy) IS Satisfactory. In particular, the region
sponding to the different shelléor example, of'"/o5" of Fc(Qoy) With a quasirandom shape, which represents
were reliable. In addition, excitation cross sections, REC~10% of the emergent ions, is well reproduced. The region
cross sectiongwhich play a minor role heje and decay 73<q,,<80 that corresponds te-75% of the beam and
probabilities were held fixed at their theoretical values. Thefor which F(q,,,) is mainly due to Ell in the uraniunvi
adjustable parameters were then the scaling factor for the EBhell is very well reproduced. The quality of the fit is highly
cross sections, the widths and proportion of the two Gausssensitive to values af5'" introduced in the simulationghe
ians describing the incident beam angular divergefse®  ¢jid curve of Fig. 4 have been obtained witfi!, =145
Sec. IV A and the curveS(EL_). _ per M shell electron
_ The Monte Carlo calculations were performed conS|d_er— Experimental angular scans for fogg, values(73, 76,
ing only 5 shells 6=<5): capture to higher excited states is 80, 82 are shown in Fig. 9, together with the Monte Carlo
nearly always followed immediately by ionization and theseg|cyated curves. It should be noted that, although we do not
two events cancel. use a true channeling Monte Carlo co@atistical equilib-
rium is assumeyxl the calculated curves reproduce reasonably
V. RESULTS well the experimental data, considering that our main effort
was devoted to the best channeled ions, gg,=73.
In order to gain more insight into the behavior of the
1. Charge states channeled ions, we show in Figs. 10 and 11 various param-

Our best overall agreement leads to the solid lines in Figéters given by the simulations, as a functioncgf,;: the
4. The fitting of the random curv&x(q,,) is sensitive Mmean transverse energy (doyy) (per unit charge the mean
mainly to NIl and, to a lesser extent, to MEC. The fitting of sampled electron densi@.(dout), the mean charge state in
the experimentaFg(q,,) does not lead to a unique set of the targetq,,(d.,y), and the mean number of Ell and NII
cross sections. However, it appears that the calculated NBvents per ionNg (doy) @and Ny (douy)- The definition of
cross sections are not large enough to reproduce the largg,, is based on the assumgd scaling of the energy losses.
(=55%) U°" fraction and/or that calculated MEC cross If L; represents the total path length travelled by an ion with

A. Charge state distributions and Ell cross sections
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10 * * T 120 emerging withg,,=73. The mean electron density(dou:
- 1 100 =73) sampled byg,,=73 ions is 2.8 electrons per atom
§ 8¢ (see Fig. 10
?z 6 180 s Ell events(see Fig. 11 dominate over NIl events for
% T 7 e Jout=81, which confirms that our experiment allows a pre-
S b i cise determination of the5'" (M shel) cross sections. How-
:§ 1 40 |ur ever, due to the increasing role of NI, the sensitivity de-
e 2} 1 2 creases rapidly fog,,=82. Ell cross sections5" for L
shell electrons are not tested with precision and Ell Kor
0 : : : 0 shell electrons ¢5") is not tested at all. The uncertainties in
& 80 8 % the NII cross sections are not the only source limiting the
o precision of the determination eff'"' ando 5" for high ggy,

FIG. 10. Calculated mean transverse enegydo,) (in ev, (-6~ NIGNE )1 Nyi(dou) is very sensitive to the particle
for unit charge and mean sampled electronic dengitfqo,) (in  fUX near the strings, which is not determined precisely
number of electrons per silicon atoras a function of the exit €nough in our simulations.
charge stateg,,,. Calculations were carried out with the fitting ~ We now discuss our precision on thg' cross sections
parameters leading to the solid lines in Figs. 4 and 5. determination and compare our results to other experimental

results and theoretical predictions of the literature

transverse energig, in charge statey;, the mean energy -
loss in the target is 2. Precision ono;

The precision orw§" relies on(i) the experimental un-

— < 20 . 9 certainties orF(q,,1), (i) the sensitivity of the fit to the
AE(EJ_):Zi qiS(E,)Li=0q5,S(E,) Xt. (6) ot values, (iii) the various hypotheses introduced in the
simulations to describe the particle flux, mainly the assump-
tion on the beam angular divergence and the hypothesis of
statistical equilibrium, andiv) the precision on the knowl-
edge of the electron density in the channel. When all param-
) 1 ) eters are fixed except theS' value, the latter one can be
Gau(Gout) = TZ Ligr| - (") varied by+10% in order to remain within the error bars of
Yout Fc(9ou)- The beam angular divergence is determined with
precision when fitting the angular dependence of the various
AE(qout)/qu(qout) is the relevant parameter to relate the emergent charge states, particularly of the frozen charge state
energy loss tcE, . (dout=0in=73). Within the hypothesis of statistical equilib-
The E_L(qout) curve (Fig. 10 gives E(qout: 73) rium, the particle flux in the channels is mostly determined
o by the uniform distribution of the entrance impact parameter
=9 eV, whereas the map of the potentifr ;) of Ref.[5] ) ) )
. - (the beam angular divergence and dechanneling effects intro-
shows that ions are hyperchanneledtiqr,)<2.2 eV. The  4,ce some modifications, which are taken into account in the

analysis of the distributioh(E, [doy="73) shown in Fig. 8  simylations. We have seen above that the mean-free-path
demonstrates that this is the case only for 30% of the iongy, the establishment of statistical equilibrium- 6m) is

~20 times smaller than. The uncertainty ons5'" intro-

duced both by the small uncertainty on the incident beam
angular divergence and by the hypothesis of statistical equi-
librium is thus certainly small at the scale of 10%.

As for the mean electron densiné(rl) in the transverse
plane, we have compared predictions obtained by pseudopo-
tential calculationg31] and values extracted by Scheringer
[32] in order to fit the experimental x-ray form factors for
silicon. The agreement between the two density maps is very

good forr, such thatU(r,)>10 eV. However, discrepan-
cies exist near the channel center, which never exceed 30%.
When considering the available transverse space for frozen
73+ ions, the overall discrepancy between the sampled elec-
out tron densityp<(E, ;9ou,=73) obtained fron{31] and[32]

FIG. 11. Calculated mean charge state in the silicon crystafjoesElrlIOt ex??ed 15%. This is thus also _th_e tyEICi:lI precision
Uay(Gour) [as defined by Eq7)], mean numbeNg, (qo.) of EIl ON o3 specifically related to the uncertainties pg(r ). In
events per ion, and mean numidg,,(d,,0) of NIl events per ion, Sec. VB 2, we show that the agreement between the ex-
as a function of the exit charge statg,,. Calculations were carried trapolated stopping power at the channel center and theoret-
out with the fitting parameters leading to the solid lines in Figs. 4ical estimates is better than 10%. This agreement is a good
and 5. check of the theoretical predictions on energy loss, but it also

We therefore defing,,(douy) as

90 T T T T 20

qav
mean number of Ell, NIl events
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indicates that thqi(rl) values that we introduced in our

simulations are reliable, which comfort our confidence on the
o5'" determination. Finally, considering all sources of uncer-
tainties, we conclude that the overall precision on the values

of 05" that we determine is-25%.

in’

3. Comparison with Ell calculations

Very few theoretical calculations af3' are available in 12

our experimental situation. The kinetic energy of the tar- 0 ; : . 0
get electrons in the ion rest fram&d=164 eV) is large 1 10 100
compared to the meaM-shell binding energy of uranium E (eV)

(By=10.3 keV), a situation favorable for a perturbation

treatment. However, the presence of many electrons and the FIG- 12. Calculated curve for the mean energy IBES, ,qin)t
very high nucleus charge introduce difficulties, which may?S @ function of, (in eV, for a unit chargg for an ion of charge
lead to rather approximate results. A value can be extrapci@t€din in (110 alignment. The mean electron densjty(E, )
lated from Youngef33] (nonrelativistic distorted-wave Born S@mPpled by ions of given transverse eneBgyis also shown.
exchange approximation, sodiumlike ionsgiving o5y

=45 b per M-shell electron. This estimate is3 times
Ell

t.S(E ,q) (MeV/u)
o
pe(E_l_) (electr. / atom)

o
(5]
T

efit in the fact that channeled ions have charge exchange
smaller than the valuerS!!, extracted from our measure- only through Ell and REC. Assuming the REC cross section

ments. We have also compared our results to the predictiow be known, the analysis &fr(Goud) andFc(dou) provid_es

for o= of Kim and Rudd 34], which combines the binary the fraction of channeled ions, the mean electron d%rlplgity

encounter approximation with the dipole interaction of thesampled by channeled ions and ultimatet§"! and o5;'.
Bethe theory [binary encounter dipole approximation The result fork-shell ionization is rather surprising: the au-
(BED)]. Calculations based on this model were performedhors find a valueot'"~3 times larger than predicted by
[35] using a relativistic Hartree-Fock Slater description of Fonteset al. and~ 6 times higher than predicted by Younger
the uranium ion. The result is5"' =76 b perM-shell elec-  [37]. However, the agreement becomes fair lfeshell ion-
CEll ization, for which the experimental value is1.5 greater

tron, i.e.,~1.9 times smaller thaarg;;; . This is a fair agree- . .y :
ment considering the degree of approximation of the BEDthan predicted by Youngei33,37. The surprisingly high

Ell ;
model for very heavy ions with many electrons. RelativisticValueifound foIchrl. N Ref.. L7] mahy be d ue to the fact thlat
distorted-wave Ell calculations have recently been publisheﬁ)r 90" and 9T incident ions, there is a strong overlap
by Fonteset al. [36] for the ionization of-shell H-like and ~ P€WeenFc(doy) and Fr(doy) and thus that NIl events

He-like uranium ions, for an electron energyE,( MaY interfere when estimating; . The main difference

—198 keV) close to ours. These calculations show thapetween the experimefif] and ours is related to the fact that

when the generalized Breit interaction is taken into account? Our case the incident ion charge is much farther from the

[distorted wave Breit approximatioidWB)], the cross sec- equilibrium charg_e state reached in a random_Si medium. We
tion o' calculated is~1.5 times higher than predicted are thus able to discriminate between the available accessible
t

LeBrei areas experienced by ions emerging with differegt;.

when only taking into account the Coglomb mteractlpn be'Consequently, in our case the mean electron density sensed
ween bound and free electrons,__ is found ~ twice
; Ell H out
h|gh§r th;’:m thhe valgelEm/obtameq frcl)m I%uggfe[rSLﬂ. Alf/l- tron per atom ang.(q,,+=80)=5.6 electron per atom, see
Sﬁn;;ng that t el ratiary "/ g epreit 1S als0=0.5 for L or ler 119 10]. Moreover, theo5{), value we obtain must be con-
shells, we would expeotrs . . to be~1.5 times smaller gigrant” not only with the measured broad distribution
our measurement, this may appear as a reasonable agregn the contrary, in Ref.7] a single mean electron density is
ment, even though the extrapolation may not be fully valid.considered, corresponding to an average over all channeled
ions, whateven,,; is. As the beam angular divergence was

We have not found experimental information af" bending effects were observed, the mean electron density

measurements for very heavy ions. The data available corwas rather highp,=6.2 electrons per atom.
Ell Ell

Ell —
is a function ofqg,; [for example,p(Qou=74)=3.1 elec-
Ell
than our measured value. Given the uncertainty of 25% irFC(Qout) but also with the energy loss spectra for eggly,.
4. Comparison with other EIl measurements not small at the scale 0¥, and as moreover some crystal
cernoy and oy, . For these cross sections, results were

obtained for highly stripped uranium ions, with, rather B. Energy loss

close to ours. In electron beam ion tréfBIT) experiments,

Marrs et al. [38] find o£!' and¢5!! in very good agreement 1. Fitting the experimental results

with the values o515, 0y and o5tk i calculated by Fon- If one keeps constant all the adjustable parameters used to

teset al [36]. The Ell cross sections fdf andL-shell ion-  fit the experimental results for charge states, the energy loss
ization of uranium ions wittE,=222 keV have been mea- results can be fitted using vario86E ) trial curves. A good
sured by Claytoret al [7] in a pioneer channeling overall agreement between experiment and calculation is ob-
experiment in silicon, using 405 MeV/u uranium ions with tained with the the mean energy loss cut&E, ,q;,) of
charge state 88q;,<92. The authors of Ref7] take ben-  Fig. 12. In this figure we show also the mean electronic
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02 ' ' ' ] 27 MeV/u Xe ions(see Ref[5)). Interpreting this difference
L) 73 ] is not easy: it depends on the relative contributions of small
015 ] and large impact parameters to energy loss due to valence
~ ) and core target electrons. The results of energy loss for well-
T oa b 82 ] channeled uranium ions are analyzed in some detail in Sec.
Yy - 79 V B 2.
’ l
0.05 | ] 2. Theoretical survey. Comparison to experimental results
o In this section, our aim is to estimate the theoretical en-

0.5 4 15 2 25 ergy lossAE(E, =0) at the center of the channel and to
compare it to the experimental extrapolated value.

The case of 300-MeV/u (' ions is rather complex for
FIG. 13. Energy-loss spectig(AE|q,,) obtained by Monte the following reasons:(i) the velocity is relativistic(8

AE (MEV)

Carlo simulations for 78 qg,;<82. =0.654. (ii) The Bohr parametext is larger than {x=2 for
o bare uraniuny which is not usually the case for high veloci-
density po(E,) sampled by ions of transverse energy . ties. (i) The ion velocity is much larger than orbital veloci-

Energy loss spectrg(AE|q,,) Were calculated using the ties of the target electrons, which would usually imply a
tS(E, ,qg;,) curve of Fig. 12 and th&, distribution experi- perturbation treatment.

enced in the crystal by ions emerging wib,;. These cal- (@) Mean energy loss to valence electrohet us first
culated spectra are shown in Fig. 13 ford@,,;<82, i.e.,in  consider the mean energy l0A€!{* for a uniform flux of

a transverse energy domaii (=70 eV) for which the cal- point charge particleéi.e., a random beamFor relativistic
culation is expected to give reliable results. These curves argsns with x> 1, Eyaﬁx may be expressed as

in most cases, asymmetrical and change rapidly in mean

value and width from one charge state to the next. A broad

2,4
g(AE|q,,0) curve corresponds to a broad transverse energy Eznae}xz ﬂ;ual[l—gal—i' In(y2)— B2+ A ()],
distribution h(E, |q,,) and to a large slope of th&(E,) Mev 2
curve in theE, region covered by this distribution. (8)

The mean valuedE(q,,,) of the calculatedj(AE|qq,0) _
curves(the mean energy losseare compared to the mea- Wherep,, is the mean valence electron dengityelectrons
surements in Fig. Bsolid ling). The calculated FWHM.,,,  per silicon atom Lg* is a logarithmic term which may be
values of theh(E, |q,,) curves are compared to the mea- expressed as
sured values in Fig. 6. The agreement is satisfactory for
Uout<79. On the contrary, for high,,;, the calculated val- val Pmax 1123/ w 1.1232mgv?
ues ofL 1, (not shown are much smaller than the measured -8 =N o = b2 |~ "™ T e |
ones. This is also the case for the calculated values,gf 9
associated with random energy loss. One obtains
(L% calc=0.129 MeV/u, a value nearly independent of In Eq. (9), pay and pyi, are effective integration limits
dout @nd slightly dominated by the charge state fluctuationsover the impact parametep. The higher limit, pax
This Monte Carlo FWHM is calculated with a reasonable=1.123)/w is an adiabatic cutoff6]. A simple estimate oé
prECISIOI’l but IS h(gWeVef’ 10 times Sma”er than the eXperI- is given by the p|asma frequenwp:(47Tpva|ezlme)1/2
mental value (1) exp=1.3 MeV/u. Such aresultis rather which givesfiw,=16.6 eV. For 300 MeV/u U ions, one
intriguing even if the concept of random orientation in afinds p,,,,=8.73 nm, i.e., a very large value on the atomic

single crystal is rather questionable. scale. The effective lower limipy,,=b/2 is given by the
The asymmetry figureu®=(u3)¥¥ o is presented in collision diameter:

Fig. 7. We did not measure reliable absolute valueg.of

Nevertheless, the simulations reproduce the qualitative be-

: : . ; 2q€?
havior of i, i.e., a sudden change in the signofbetween b= 5 (10
Jout= 78 andg, = 79, with slower variations on either side. Mev

The 78<q,,=79 region corresponds to the broadest calcu-
lated g(AE|qoy0);Ly is of the order of 70% of the mean The second and third term in the bracket of E8). rep-
energy losgbroadh(E, |q,,) and large slope fo8(E,)]. resent the usual relativistic correction of the first-order quan-
The most reliable information that we obtain on stoppingtum perturbation theory.
is the mean energy loss, particularly for ions with very small AL () is a correction term representing the deviation to
E,. The measured Vamﬁ(qout: 73)=0.76 MeV/u to- the perturbation theory, which has been recently calculated
gether with the slope of the fitting cun&E, ) determined by Lindhard and &@nser{29] (see Fig. 1 of this referenge
from low g, mean lossestf SdE, =20 keV/u per ey  The predicted valueL s(y) has been confirmed experi-
give the extrapolated valueS(E, =0)=0.57 MeV/u. At mentally by Datzet al. [39] for ultrarelativistic Pb ions. In
low E, (see Fig. 12, the variation ofS(E,) with E, is  our caseAL s representst 3% of the overall bracket term
slower than the variation of the mean sampled electronién Eq. (8). Then, with q=73, Eq. (8) gives AE)*
density, but however th&(E,) variation is faster than for =155.5 Me\=AX0.654 MeV/u. This value, calculated
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with p,,=4 electrons/atom, is an upper limit for the energy agreement with the experimental result is still f&#6 dis-

loss to the target valence electrons of chann&létf (it cor- ~ crepancy, of the order of the precision of the measurements

responds to the random case Hence, the semiclassical approach presented above is appro-
(b) Mean energy loss at E=0: contribution of valence Priate to descggie_energy loss processes for hyperchanneled

and core electronsA precise determination of the mean en- 30?:','\/"5'"\//“, U ™" ions. o _

ergy lossAE,,, for a channeled beam may be reached by an inally, it Is interesting to note that one may aSSUSF'ate

impact parameter approa¢ivhich is possible fox>1) and — ) .

pact p pproach P ) =4AE,, /AE)S=2.54 electron per atom. This value is

with Eq. (11) an effective valence densitypgs
by integration in the channel using local electronic densities ) .
— - . . much larger than the mean electronic density at the center of
pe(r,) (here, averaging op is performed along thé110)

e\l L) e the channelone electron per atojnwhich shows that the
direction only. For symmetry reasongylindrical geometry  cqntribytion of distant collisions is very important. When
may be usey this type of calculation is tractable for ion considering thep??'(f,) andU(7,) maps[5], one may an-
trajectories just in the middle of the channel. This approach,, . e L ' .

. o ticipate that forE, =10 eV the loss to valence electrons is
leading to a calculated value based on the variations, gf independent of, (and equal ttAE™) and thus that the
with the distance from the channel center, was already use P L quat val / . i
in [5] and is presented in detail in RE8]. Using Eq.23) of  >10P€ OfS(E,) Fig. (12), which is determined with precision

) ' ' in this experiment, is entirely due to the contribution of core
3], one finds electrons.

Eval(qout: 73E,=0)=0.415 MeV/u. (11 3. Random energy loss

. - a0 —max . For random orientation, one may calculate the mean en-
This value is 37% smaller thakiE, ;" and is to be compared gy |oss using a similar semiclassical approéety. 8. The

with the overall mean energy loss 0.57 MeV/u extrapolated,jactron density is now,=Zs=14 electrons per atom and
with the help of simulations from the experimental result. o frequencyw in Eq. (9) is now an averaged valugi

, This comparison indicates th.at, as pointed Ol[tg,h and =174 eV) with weighting factors given by the dipole oscil-
in contrast to the case of MeV light ions, the contribution of -

Sj (Ijator strengths of Ref[40]. We obtain AEg (q=90)
core electrons to the energy loss of very well-channele ) th )
swift heavy ions is not negligible. Whereas the adiabatic cut-=2:605 MeV/u. For comparison, the tabulation of Ziegler
off for K-shell Si electrons is smallpf;=0.40 A, using [41] gives AER=2.87 MeV/u. The experimentally deter-
fiwx=3.2 keV) as compared to the distanpg, between mined  values AEg_ (Go,=89)=2.5 MeV/u  and
the channel center and the neighboring strif@fsthe order AEReXp(qoutzgo)zz_Bg, MeV/u are not to be compared di-

of 2 A), this is not the case for eIe_cFrons:p;d=4.16 A_' rectly to the above prediction, obtained fge=90. For the
usingfw =0.31 keV. The adiabaticity parameter for ions incident g;,=73 beam and the thickness=120 um, the

at the channel cinter in their interaction withtarget elec- | oan cha{pge stawg,, throughout the targdsee Eq(7)] is

trons is&=ps/pag=0.5. Using Eqs(19) and (20) of Ref.  gomewhat smaller tham, . Using the Monte Carlo random

[3], one finds, using a similar notatioR(£)=0.9, AE'ee  code, we calculated,, as a function ofg,,; and obtained
=0.17 MeV/u, i.e., a mean energy lossltelectronsAE-  q_,(q,,=89)=87.05 and qg,(qou=90)=87.85. Using
=R(&)AE%6.=0.15 MeV/u, which represents 36% of the these values, the theoretical mean energy losses are now
mean energy loss to valence electrons. The theoretical mea_ERm(qoutz 89)=2.43 MeV/u and ERm(qout: 90)

energy loss forU”* ions channeled with zero transverse _ 5 43 MeV/u. which are smaller. but close to the experi-

energy is then mental results. However, even in the measurements per-
— —r formed in the “random” orientation, channeling effects
AE(Qou=73E,; =0)=AE"+AE,,=0.565 MeV/u. clearly appear as demonstrated by the very large width of the

(12 energy loss spectra. These effects may seriously affect the

This th tical Itis i lent ¢ with th experimental mean energy loss value. It is hence hardly pos-
IS theoretical result IS ih excellent agreement wi &sible to confirm the general trend observed in Rég] for
experimental extrapolated result, 0.57 MeV/u &t =0.

relativistic very heavy ions, witk<<1, i.e., a stopping value

Such a good agreement is somewhat surprising when consid- 1 o, higher than given by the Born approximation.

ering both the experimental uncertainties and the theoretical Assuming ag? law, the random energy loss far="73

approximations. In particular, the above calculations assume 4 be 2.6% (73/87.857=1.83 MeV/u. The mean en-
the ion to be a point charggerfect screeningwhich is not ergy Iosﬁ_Ec(73) for channeledj="73 ions, normalized to

such a good approximation in the case of3U ions. The
9 PP the random energy loss is them\E (73)/AER(73)

spatial extension oM-shell orbitals of uranium is of the ™ _ ) RVSS
order ofry=0.07 A . Using simple electrostatics and the —0:76/1.83-0.41. This ratio may appear rather high if di-

shell electron density, one can estimate the effective charg&Ctly compared to the mean encountered electronic density
Jef SE€N by a target electron in an electrofUinteraction  Pe(q=73)=2.8 electron per atom normalized to the overall
with an impact parametes: qualitatively, g (P> y) =73 electronic plen_sny, e, 2.}34:0:2_. It illustrates again the
andde(p<ry)>73. The influence of the variations qf large contribution of distant collisions.

on mean energy loss was crudely calculated classically, by
integration over impact parametens,{i,»<pP<Pmay, Which
leads to an increase of 5% of the loss, i.AE(qqut We have performed a channeling experiment with
=73E,=0)=0.595 MeV/u. Even with this correction, the 300-MeV/u U’3" ions on a silicon single crystal. The angu-

VI. SUMMARY AND CONCLUSIONS
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lar divergence of the beam in the fragment separator FRS &Il cross sections from the experimental results. We have
GSI (Darmstadt, which was checked in our Monte Carlo thus been able to obtain reliable quantitative information on
simulations, was small as compared to the channeling criticahe dominant charge exchange process for well-channeled
angle. ions. The simulations show that our experiment tests mainly
The incoming charge stategt=73) of the beam was and precisely theM-shell ionization of the uranium ions.
chosen to be much lower than the equilibrium charge state igitting the measured experimental emergent charge state dis-
silicon in order to discriminate among particles of variousyipution givesa§" cross sections that are twice larger than
transverse energies by selecting emergent charge states.{{y yalues calculated using the binary encounter dipole
particular, the ions transmitted in a frozen charge stale,qe| Recent calculations of' using the relativistic dis-
(dour=din) have 'travelled through Fhe crystal with small torted wave approximation with Breit corrections provide
transverse energies (1/15 of the critical transverse energy,, ry good agreement with precise experimental EIl cross
The measurement of the energy loss of these ions was USefl tion measured by EBIT for uranium, using electrons with
tq_study the contrl_butlon of the various elec_:tron Sh?”S OfenergyEe close to ours. It would be interesting to compare
S|I|co_n. The experimental result§ are consistent with th_ ur results with an extension of such calculations to the
semlclassmal model of Bohr, Wh!Ch predicts a large contri-, <p o of heavy ions with many electrons.
bution (25%) of energy loss to silicor.-shell electrons, for
ions with zero transverse energy. The main features of the
variations of the width and asymmetry of the energy loss
spectra are well reproduced by Monte Carlo simulations for
well-channeled ions. In particular, the energy loss spectra for The authors are very grateful to P. Indelicato, C. de Billy,
ions withq=78 and 79 are very broa@WHM values of the A Salin, C. Stefan, R. Gayet, and J.P. Rozet for their calcu-
order of 70% of the mean energy lpsand have opposite |ations of ionization, excitation, and capture cross sections,
asymmetries. and for fruitful discussions. We thank the GSI facility oper-
The good agreement between measured and predicted efting staff, and K.H. Behr, A. Bnle, and K. Burkhard for
ergy losses for well-channeled ions provides a strong indicarechnical assistance. This work was partially supported by
tion that the mean electron densitipg(E,) used in the the IN,P3-GSI collaboration agreement and the CNRS under
Monte Carlo code are reliable with a precision better tharGDR 86. We also acknowledge NATO support through Col-
10%. These densities enter directly in the extraction of thdaboration Grant No. CRG 901025.
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