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Validity of Bragg’s rule for heavy-ion stopping in silicon carbide
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The stopping powers for O, Al, Cr, Mn, Co, and Cu in a self-supporting SiC film have been measured in
transmission geometry over a continuous range of energies using a time-of-flight elastic recoil detection
analysis system. These stopping data, along with the stopping data in Si and C obtained using the same ions
and measurement technique, are used to assess the validity of the Bragg additivity rule for stopping powers in
SiC over a range of ions and energies. Within experimental uncertaintié%o), the results indicate that
Bragg’s rule is valid in SiC for the ion species and energy regions studied. The measured stopping powers in
C, Si, and SiC are also compared with the stopping power predictions of the two most recent versions of the
SRIM (stopping and range of ions in maftezodes. While both versions afRim show varying degrees of
agreement with the measured stopping data, there are significant deviationssafmh@edictions for some
ions and energy regions.
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[. INTRODUCTION approactf, which takes advantage of the continuous energy
spectra of recoils produced by a high-energy heavy-projectile
Knowledge of heavy-ion energy loss in matter is of fun-beam, to determine the transmitted energy loss of recoils in a
damental and practical importance for rapidly expanding apstopping medium using the time-of-flighfOF) data from a
plications in ion-beam-based materials analysis, material§OF elastic recoil detection analys{§OF-ERDA) setup.
modification, device fabrication, implantation technology, This approach eliminates much of the error resulting from
nuclear physics, radiation damage, and radiation therapy. Faulse-height defects that are associated with the Si
over a century, the stopping of energetic ions in matter hagetectof”* and improves the accuracy of stopping power
been a subject of great experimental and theoretical interegieasurements. Validation of the approach has been con-
From an experimental aspect, most of the stopping studie’med in studies of stopping powers for a number of heavy
deal with idealized situations: elemental targefS.Due to  1ons in elemental targets of C, Al, and Adln this study, the
experimental difficulties in preparing and handling com-Stopping powers for O, Al, Cr, Mn, Co, and Cu in a self-
pound targets for energy-loss measurements, heavy-ion stopupporting SiC film are determined. The measured stopping
p|ng data in Compounds are very ||m|'[é _20 Most studies values in SiC are Compared with the Bragg additive results
have concentrated on the analysis of light ion stoppifg calculated from stopping data for C and Si films, which are
He, and L) in compounds composed of light elements. Formeasured using the same ions and experimental approach.
stopping in a compound, Bragg's rule, which states that thd he measured stopping values are also compared with the
stopping cross sections for individual target elements are a(predlé:gtlons of thesRiM (stopping and range of ions in matter
ditive, is commonly used to determine the stopping power ircodes™
a compound. The quantitative validity of Bragg’s rule for
_hea\_/y ions in_compounds is c_ritical to applications involving || EXPERIMENTAL AND ANALYSIS PROCEDURES
ion implantation and irradiation effects in compounds, as
well as to ion-beam-based materials analysis techniques, The self-supporting @-SiC films used in this study were
such as Rutherford backscattering spectrom@§9), elas-  fabricated by FLX Micro (Solon, Ohig. Silicon carbide
tic recoil detection analysi€ERDA), particle-induced x-ray films, approximately 215 nm thick, were deposited on
emission(PIXE), and nuclear reaction analysiRA). 1.5 cmx 1.5 cm silicon substrates, and the silicon was subse-
Silicon carbide(SiC) has remarkable physical, chemical, quently etched away over a 1 efil cm area, which yielded
and electronic properties that make it very attractive forl cmx1 cmXx215 nm self-supporting SiC films. The thick-
high-power, high-temperature, and high-frequency applicaness of the film used in this study was determined based on
tions in the semiconductor industf¥.2° Due to exceptional the energy loss ofr particles in the film over the energy
nuclear and mechanical propertfésSiC has also been pro- region from 120 to 600 keV/nucleon, using the same experi-
posed for structural components in harsh nuclear environmental arrangement and the previously measured stopping
ments, such as in fusion reactorand as cladding material powers ofa particles in SiC* The quality and thickness of
for gas-cooled fission reactftAccurate values for heavy- the SiC film after completion of the measurements were also
ion stopping power in SiC are essential for successful impleeharacterized by scanning electron microsc¢S#M) and
mentation of ion-implantation doping techniques in SiC de-transmission electron microscogyEM), and the thickness
vice fabrication, as well as to performance predictions formeasurements were consistent with the results obtained from
SiC-based components and devices in high-radiation envihe energy loss o& particles. Based on these measurements,
ronments. the thickness of the SiC film used in these measurements was
The present paper employs a recently develope@15+6 nm, which corresponds to 8y cm 2 when the the-
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oretical density of 3.21 g cit for SiC is assumed. mass window selectett. Thus, the effect of low-probability,

An iodine beam ¥?711%%) with energy of either 44 or 47 nuclear scattering events is negligible. The uncertainty in the
MeV was obtained from the Uppsala 5 MV NEC Tandemfilm thickness determination, including the thickness varia-
accelerator and used as the incident projectile beam to prdions, surface roughness, and uncertainty in density, is about
duce energetic recoils. The energetic recoils, with a continu3.5%; consequently, the experimental uncertainty of the mea-
ous range of energies from a few tens to a few hundreds ke'$ured stopping power in this study is less than 4%.
per nucleon, were scattered from elemental bulk targets of
Al, Cr, Mn, Co, and Cu into the TOF-ERDA system. A thick
SiO, film deposited on a Si substrate was used to produce O lll. BRAGG'S RULE
recoils. The time-of-flight—energyTOF-E) telescope con-

sisted of two carbon-foil time detectors separated by a 437.ﬁned as the rate of energy 10ss per unit path lengtiE/dx,

mm flight length and followed by an ORTEC Si detector. by an ion in the target, where the path length can be given in

The SiC film was mounted on a push rod, which was rePrOnits of length(cm) or areal mass densitiug cm 2). The

ducibly moved into and out of the recoil path between the topping cross sectioh, e, is a measure of the mean ion

zecon_dt_tlme ;j?;]ector an_d thet ISI detfgctor.t_A more de.tgllg nergy loss per atom in each atomic layer and is independent
escription ‘ot the experimental configuration 1S providedys e mass density (gcm 3). The conventional unit for

9

elsewheré._ _ N . stopping cross sections is eV/#@tomscm?), where
The particle energiegkeV) impinging (E1) and exiting ;q5 315mscm? s approximately the thickness of one

(Ey) the SiC film are _measur(_ad using the TOF data _that havﬁwonolayer. IfN is the atomic densityatoms cm?), the re-

the same response in the Si detector, with and without thrationship between stopping cross section and stopping

stopping film, respectively. The Si detector is used to ta ower (MeV mg™tcn?) is given by the expression
identical energies, with and without the stopping film

present, and to screen out the extraneous components. By

calibrating the Si detector for each channel over the whole 1 dE
measured energy region, this approach, which takes advan- &= NP( - &)
tage of the continuous energy spectra, eliminates much of the

error associated with pulse-height defects and improves the

accuracy of stopping power measureméritfie mean stop- Particles lose energy either through encounters with elec-
ping power—dE/dx (MeV mg lcn?) at the mean particle trons or with nuclei of individual atoms. Assuming that each
energyE (keV/nucleon for the particles passing through the t@rget atom acts independently in the energy loss process, the
SicC film is obtained by scaling the energy loss in the film toStOPPINg cross section for a multielement target is simply the
the film thicknessAx (ugcmi 9, and is well described over SUM of the individual elemental cross sections multiplied by

the range of energies by a sixth-order polynomial. The exthe atomic fraction of each element in the compound tatbet.
. = = . Thus, for a compound,,B,, wherem andn are the atomic
pressions for-dE/dx andE are given by

fractions of element®\ and B, the stopping cross section
g”mBn for the compound is given by the relationship

Stopping power, also known as stopping fottés de-

)

dE (E1—AEgi, )=~ (Ea=AEw ) O _
Tax " Ax =2 «E
=0 ArBr— moA B
1) gmEPn=me™+ne”, (4)
and wheree” andeB are the stopping cross sections for a given
ETE._AE TAE ion and energy in elemental targetsand B, and m+n is
—:( 17=2 foilip foil ) @) normalized to unity. This concept was first presented by
2A ' Bragg and Kleemah in 1905 and is known as Bragg’s
rule 1636
where k; are the polynomial coefficients, amdis the mass The accuracy of Bragg's rule is generally limited because

number of the particle. The parameté&r&y,; andAE¢q  the energy loss to electrons in a material depends on the
are the energy loss of the particles in the carbon foil of thedetailed orbital and excitation structure within the matetial.
second time detector with and without the stopping filmAny differences in electron behavior between elemental ma-
present. These small energy correctiém$ew percent of the terials and compounds could cause Bragg's rule to become
particle energyare taken to be the product of the carbon foil inaccurate€® Furthermore, both the chemical and physical
thickness(7 ug cm ?) and the stopping powers of the corre- states of the medium have been observed to have an effect on
sponding ions in carbon, which were recently measured ughe energy los33°While the validity of Bragg’s rule in SiC

ing this same procedurelt is worth noting that there is a has been previously confirmed for 2 MéHe ions in SiCt®

very low probability that particles passing through the SiCstopping results fofHe at other energies and for heavy ions
foil will undergo some nuclear stopping and be scattered intan SiC have not been reported. The present paper provides a
the limited solid angle of the Si detector. However, thosecomprehensive study of the validity of the Bragg additivity
particles that do undergo nuclear stopping and are registeradlationship for heavy ions in the compound SiC over a con-
in the Si detector will be excluded from the analysis by thetinuous range of energies.
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TABLE |. Polynomial fit parameters for the stopping data over the corresponding energy regions.

Element 0] Al Cr Mn Co Cu
Enmin 87 55 37 45 37 40
(keV/nucleon
Emax 523 428 330 331 322 295
(keV/nucleon
Ko 2.2652 5.9598% 10 ¢ —1.869% 107! 2.4322 —2.0082 4.679%10 2
K1 6.2667<10 2 1.5104< 107! 2.6213<10°! 1.5097x 101 3.6735<10° ! 3.0572 107!
K —25110<10°%  —1.0658<10%  —2.1898x10°® —1.1787% 104 —4.5007x10° % —3.6270<10°°
K3 4.4898x 1077 5.0858< 106 1.3557x 10 —4.1811x10° 3.8582¢10°° 3.3999<10°°
Kq —3.0185¢1071° —1.4683x10°% —-5217%10°8 2.6920<10°8 —1.8679%10°7  —1.7986x10° 7
Ks —1.3456<10°2° 2243310 1 1.0918<10°1°  —6.6697x 1071  4.6075<10 10 4.7766<10° 10
K 6.0364<10°2*  —1.384810°* —9.4735<10° % 58903« 10 *  —4.4966<10° % —4.9765<10° 13
IV. RESULTS of heavy ions at lower energies. In the newly released ver-

. . «:~ SIONSRIM-2003, the average accuracy of the stopping powers
ha\T:f)esé%pr?\Iggsﬂcrz\:je(r)?/g: :ﬁéﬂhgrgywlrg’nggf;r:g ;::e\'lc tSe Ir?si stated to be about 5% overall and 6% for heavy ions. The
. . 9opping powers predicted by the two most recent versions
a few hundreds keV/nucleon. The results are summarized ip_, ' '»502 20 srRIM-2000 (Refs. 29 and 3Dare also in-
Figs. 1_.6’ using t_he fitted trend lines from a S'X.th'ordercluded in Figs. 1-6 for comparison to the measured stopping
polynomial regressiofEq. (1)] to represent the experimental owers in C. Si. and SiC
data from this study, as described in more detail” T '
previously®® Because no previous experimental data in SiC
are available in the literature over the energy regimes of this V. DISCUSSIONS
study, the fitting parameters and the corresponding energy A. Stopping power of O ions

regions are listed in Table | for convenient implementation As sh in Fi h d ing data for O
into other applications. Since the available stopping data s shown in Fig. 18), the measured stopping data for

from the literatur® for heavy ions in Si and C are rather ions in SiC are in good agreement witRiM predictions, and

scattered and do not always agree within the stated uncef* slight Improvement OBRIM-2003 oversriM-2000 is evi-
tainties, the same experimental approach and analysgem at energies lower than 150 keV/nucleon. Good agree-

method used for SiC have been employed to determine the

stopping powers over similar energy regions for amorphous e LI T
Si films in the present study and previously for amorphous C I

films ®® These stopping power data for Si and C are used to ‘¢ 81

examine the validity of Bragg's rule. The uncertainties inthe g |

Si and C stopping measurement are 4% and 3%, respectively, £ 6 [

which are mainly attributed to the thickness determination of 3

the stopping films. Because the stopping powers for ions in & 47

C, Si, and SiC(Figs. 1-6 are obtained using the same ap- & |

proaches in the same laboratory, systematic errors in the data!s 2 A SiC Data —— SRIM 2003 SiC ]
are, to a large extent, canceled, which makes these stopping +  Bragg's rule ——- SRIM 2000 SiC ]
data particularly suitable for investigations of possible devia- e I e e Lo s
tions from Bragg’s rule. In Figs. 1-6, the Bragg stopping r (b)

powers in SiC, based on applying Bragg’s rule to the mea- . oinG

[{e]
—

sured Si and C stopping data, are also included in the plots
for direct comparison to the measured stopping powers and
to evaluate the validity of the Bragg additivity relationship.

[alialalabaVa s a" nfadu-n-n-ntaduenesnahednaiaieniunion

dE/dx (MeV/(mg cm?))
o))

Due to the propagation of errors in the Si and C stopping ! OinSi

measurements, the uncertainty of the additive Bragg stop-

ping values is 5%. 3 -
The computer coderim (Refs. 29 and 30is widely used © CpData — SRIM2003 1

for calculating stopping powers and ranges of ions in matter. N S Sibata ~  —=-SRIM2000

In the past few years, improvementssriM have focused on 0 100 200 300 400 500 600

the stopping of relativistic light ions with energies above 1 Energy (keVinucleon)

MeV/nucleon. In 1998, improvements s®iM were made to
account for the Barkas effect and the theoretical stopping of FIG. 1. Measured and predictégrimM) stopping powers for O
Li ions.3° More recent efforts have emphasized the stoppingons in (a) SiC, along with Bragg values, ar) C and Si.
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FIG. 2. Measured and predictégRim) stopping powers for Al FIG. 3. Measured and predictégrim) stopping powers for Cr
ions in(a) SiC, along with Bragg values, ari) C and Si. ions in (&) SiC, along with Bragg values, ar(td) C and Si.

ment of thesriM-2003 predictions with the experimental Although overestimation and underestimation sHim-
data for O ions in C is observed in Fig(h). Both SRIM 2003 predictions are observed in C and Si, respectively, the
versions predict similar stopping values for O ions in Si, oversgv-2003 predictions for SiC overlap with the calculated
the energy range of this study, that are generally consistetragg values. The measured stopping powers for Al ions in
with the measured Si stopping data. SiC are in good agreement with the Bragg additivity results
The predicted values based on Bragg's rule using the GQwithin 3%). While a slight difference in energy dependence
and Si stopping data overlaps the measured stopping powes observed between the measured stopping power and that
in SiC, as shown in Fig.(®). The maximum deviation of the - calculated from Bragg's rule, the difference is within the
Bragg values from the measured stopping data is less thaskperimental and calculated uncertainties.
1%, which is well within the experimental and calculated
uncertainties. In stopping studies of light ions in various i i
compounds, several authdr$®2°-*Chave stated that devia- < StOpplhg pawer of Cr Iohs . .
tions from Bragg’s rule appear to be greatest at the stopping OVver the energy region used for Cr ions, there is no sig-
peak and disappear at energies above 2.5 MeV/nucleon. A¥ficant difference between theriv-2003 andsriv-2000
shown in Fig. 1a), the excellent agreement between the di-Predictions for Cr stopping in SiC, as shown in Figa3and
rectly measured SiC stopping data and the values predictdf® measured stopping data indicate thatstk predictions

by the Bragg additivity law indicate that such deviations areoverestimate the stopping values in SiC by up to 7%. In Fig.
less than 1% in SiC. 3(b), the measured stopping data for Cr ions in C are lower

than thesriM-2003 predictions and closer to tls&im-2000
predicted values at lower energies; however, the measured
- . data indicate a tendency for a faster increase of stopping
. AS. Shg.\?/:n in Fig. 25.1)’ the m_era]ls%red st(()jpp_lng d?ta fOLAIhforce with increasing particle energy. In the case of Cr stop-
'SOF:; I\r/]erslionzreatc?gv?/:esrtegaev;”tiest itp[ﬁ ;]C;'ror;e:oirgs ?L ing in Si, the predicted values from batkim versions are
SRIM-2003 predictions are in %ettér agregem(amtthings%), igher than the measured data over most of the energy region

. ) . studied. The Bragg stopping values in SiC, calculated from
with t.he measureq data, a@'M_ZOOO pred|cts_ a hlghgr he experimental stopping data for Cr ions in C and Si, are
stopping force at higher energies. For the stopping data in ithin 3% of the measured stopping values in SiC, as shown
shown in Fig. 2Zb), sSrRIM-2003 predicts lower stopping val- . .

.Y ; in Fig. 3a).

ues and is in better agreement with the measured values.
Small changes between the tweiM versions is found for
the stopping data in C, as shown in FigbR where a higher
stopping force is measured in the energy region from 200 In the case of Mn stopping in C, as shown in Fi¢h}4the
keV/nucleon to 450 keV/nucleon. SRIM-2000 predictions are in better agreement with the mea-

B. Stopping power of Al ions

D. Stopping power of Mn and Co ions
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FIG. 4. Measured and predictésRim) stopping powers for Mn FIG. 5. Measured and predictésRim) stopping powers for Co
ions in (a) SiC, along with Bragg values, aril) C and Si. ions in (&) SiC, along with Bragg values, aril) C and Si.

sured data than those sRiM-2003 at lower energies; above
energies of 200 keV/nucleon, theriM predictions overlap
with each other and underestimate the measured values. As
compared withsriM-2000, the stopping values predicted by
SRIM-2003 for Mn ions in Si are lower and in better agree-

ment with the experimental data. Despite the underestima- 30 T T ' 3
tion of srIM predictions for Mn ions in C at higher energies, ~ 25 I_(a) 7——”’ 5
the measured stopping data for Mn ions in SiC are consistent e A M&x"“@ S
with the predictions of botlsriM versions within the experi- ©2¢F A Cuin SiC4
mental andsRIM uncertainties, as shown in Figa}. Bragg's E | 6&'«& ]
additivity law predicts slightly lower stopping values than 3 15F < ]
the measured stopping powers in SiC. However, the differ- Z 10 3 Af 3
ences(<4%) are less than the combined uncertainties of the § | &« ]
stopping measurement and the uncertainty from the Bragg '§ s :_// o SiC Data —— SRIM2003SC
results. 7 * Bragg's rule ——-~ SRIM 2000 SiC ]

The Co stopping powers exhibit behavior similar to that 0 f——+—+—+—p—r—rt t ' f ——i]
of Mn. The experimental data and the predicted values from : (b) R ]
both Bragg’s rule andrim are shown in Fig. 5. Inthe energy & ™ QQ999’ CuinC ]
region between-100 and 250 keV/nucleon, there is no sig- § 25 F - 5
nificant difference between the tvérim versions in SiC, Si, 20k o ﬁﬁ.n—;’/ ]
and C, and the measured data are consistent witlsine SO Qopp/ﬁﬁﬁn‘“"’ CuinSi 1
values. At higher energies>250 keV/nucleojy the experi- S 15F ,ﬁﬁn"’” 3
mental data indicate thaRrim-2003 provides better predic- % 10k A 3 3
tions for Co ions in C, Si, and SiC. At energies below 100 S L 7 ]
keV nucleon, the experimental data for Co ions in Si agree ° 5 F% © Cbata — SRIM2003 3
well with the SrRIM-2000 version, while therim-2003 under- 0 y o Sbaa =~ SRIM2000
estimates the stopping force by over 10%. In the case of Co 0 100 200 300 400
ions in SiC, the measured stopping powers lie between the Energy (keV/nucleon)

two SRIM predictions. As with the other ions, there is good
agreementwithin 2%) between the measured stopping pow-  FIG. 6. Measured and predictéskiM) stopping powers for Cu
ers in SiC and the Bragg values. ions in (a) SiC, along with Bragg values, an{l) C and Si.
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E. Stopping power of Cu ions within the experimental uncertainti€s4%). Thus, Bragg's
_ _ _ o . rule appears to be valid to within 4% in SiC for these ions
Experimental stopping results for Cu ions in SiC, Si, andand energy ranges. It is worth noting that the particles in the
C and the corresponding predicted stopping values from bo}:Eresent study are heavy particles, and the breakdown of
SRIM and Bragg’s rule are shown in Fig. 6. The measure ragg’s rule is usually observed for H or He ioHg~%
stopping powers in C are in reasonable agreement with thg,\ever, Bragg's rule has been shown to be valid for 2.0
SRIM-2000 predictions; however, the measured stoppingMeV “He in SIC1® Moreover, a recent study of He stopping
powers in Si lie between theriv-2000 and -2003 predic- , “q.~ (Ref. 31) has also 'shown that no breakdown in

tions. In the case of SiGRIM-2003 predicts lower stopping , . ,
values over the entire energy region studied, and both thgraggs rule is found over the energy region from 500 keV to

measured SiC data and the calculated values from Bragg 421/ M?_X’ W'tthh'n the limits otf tge expe_r|m$ntaltqngertamty f
rule are in good agreement with each othsithin 2%) and 9. Thus, there appears to be no significant influence o

. . . 50 .
with the predictions ofRIM-2000. In comparison with the Si-C chemical bonding effects™’in SiC. One of the reasons

measured SiC stopping datsgiM-2003 underestimates the May be attributed to the high-energy transfers from the par-

stopping force by up to 15% at low energies and-b§9 at  ticles to the target electrons-80 eV to few hundreds eV
higher energies. relative to the very smallfew eV) binding energies.

F. Validity of Bragg's rule V1. CONCLUSIONS

Because of the different chemical bonding states between The stopping powers for heavy ions in the compound SiC

constituent elements that are present in compounds and ﬂﬁ%\ve been measured over a continuous range of energies, and

detailed orbital and excitation structure of the stopping me- . e ;
dium, the validity of Bragg’s rule has been questioned forj[he data are described by a sixth-order polynomial for easy

years®-5?Breakdowns in Bragg's rule by 10% or more have implementation in other applications. The measured stopping

been observed for HHe, and Li ions in gases, liquids, and values in SiC are compared with those predicted by a linear
41-43 L X X combination of the measured stopping values in Si and C

solids. Intensive  experimental investigations of ~. , o
hydrocarbon47 have also shown that Bragg's rule can using Bragg’s rule. The deviations of the Bragg values from

lead to enormous discrepancies with experimental datdN€® measured stopping powers in SiC are less than 4%,
Compared with hydrocarbons, it has been stated that devid/hich are well within the experiment&#%) and Bragg ad-
tions from Bragg’s ru|e disappear in Compounds W|th heavie'dn]Ve (5%) uncertainties In th|S Study. Thus, the Val|d|ty Of
elements®3%3°However, large deviations from Bragg’s rule Bragg's rule in SiC has been confirmed for all the ions and
have been reported around the stopping maximum yOAl ~ energy regions considered.
and SiQ,*®*°which have been attributed to strong chemical ~The predictions 06RIM-2000 andsriM-2003 show vary-
effects. Since the maximum ion-target interaction occurs aing degrees of agreement with the measured Si and C data.
the stopping peak, where the valence electrons of an atotm the case of SiC, botBRIM versions predict stopping pow-
and the plasma electrons of a solid dominate the stoppingrs that are in good agreement with the measured results for
process, the effect of chemical binding is strong, which lead®, Mn, and Co ions in SiC. Therim-2003 predictions are in
to the greatest deviation from Bragg's rule around the stopbetter agreement with the measured data for Al stopping in
ping peak regiori’*® Theoretical efforts have attempted to SiC. For Cr stopping in SiC over the energy region from 100
understand the underlying causes of the breakdown. Binarip 250 keV/nucleon, botisrimM versions underestimate the
stopping theory* has been recently developed to predict thestopping power by up to 7%. In the case of Cu ions in SiC,
electronic stopping of heavy ions in matter. Incorporatingthe srRiM-2000 predictions are consistent with the measured
screening, relativistic correction, shell corrections, and prostopping data, andbRrIM-2003 overestimates the stopping
jectile excitation and ionization, the binary theory successpower by up to 15% at-100 keV/nucleon, but by only-4%
fully predicts electronic stopping in elemental targets over aat 250 keV/nucleon.
wide energy range. Systematic deviations from Bragg’s rule
are observed when the binary theory is used to predict anti-
proton stopping in L2
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