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Preface 

The conceptual framework on which backscattering spectrometry is based 
was erected in the years following the discoveries of Rutherford and of Geiger 
anel Marsden ( 1909-1913). A rapid succession of milestone developments then 
brought order into the structure of the atom. The nucleus began to attract the at
tention of increasing numbers in the physics community. Particle accelerators 
were devcloped to probe the inner workings of that nucleus. After World War 
II, lhe number of accelerators in the 1-3 MeV range increased rapidly. Wh;y, · 
then, did it take about 20 more years before these accelerators carne to be used 
in solving problems outside of the field of nuclear physics? There is probably 
no single answer to this question. The growth and evolution of interdisciplinary 
fields of science and technology follow pattems of their ôwn. The rules that 
govern them and the guidelines one should follow to further such evolutions 
can perhaps be learned from the study of çasys such as that of backscattering 
spectrometry. , 

First, one must observe that the nuclear physicists who used these accelera
tors were fully aware of the analytical power of Rutherford backscattering from 
the very beginning. For example, it was (and still is) common practice to rec
ognize contaminants of lhe target by an analysis of backscattered particles. 
Also, there was a constant trickle of publications over those 20 years to prove 

.. 
XI 
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that invé~tigators were always conscious of the analytical possibilities that 
Rutherford backscattering could offer. Throughout the l 960s, applications of 
the method were proposed by a steadily increasing number of authors. By the 
end of that decade, backscattering had taken a foothold. 

Another development took place independently. ln the early l 960s, the chan
neling of fast particles moving in a crystalline lattice was rediscovered after 
having been anticipated by W. H. and W. L. Bragg and by J. Stark in the 
19 !0s. The phenomenon attracted attention and brought particle accelerators 
into the arena oP solid-state physics through the other door. By the time back
scattering spectrometry was finding acceptance, channeling had already become 
an integral pari of the method. 

Clearly, the idea of using Rutherford backscattering had always been alive. 
The obstacles in the way of its immediate introeluclion as an analytical too! out
siele of nuclear physics were elsewhere. 

One diffieulty was instrumental. Al the outset, the only eletectors with gooel 
energy resolution were the magnetic spectrometers, which are bulky anel time
consuming to operate. Around 1960, soliel-state deteetors beeame available. 
These relatively inexpensive deviees promised goàd resolution, good linearity, 
fast response, and simultaneous analysis over a wiele energy range. Their devel
~pmenl was eo~Tesponelingly rapid. At present they eonstitute the preferreel par
t1clc dctcctors 111 thc encrgy range oi' interest to baekseattering spectrometry. 

Another major experimental improvement oceurred in the electronie systems 
for el~t~ handling and proeessing. Speeel, accuracy, stability, anel generous 
capac1t1es for data storage and handling became available at reasonable cost. ln 
combination with a solid-stale detector, such a system transformed an accelera
tor into a rapid and efficient analytical instrument. 

Planar technology was füst introeluced to make semíconductor devices in 
1960. Becau.se ?f its inherent advantages, this technology found rapid accep
tance, but w1th 1! carne Jmmerous novel problems in the formation anel control 
of thin layers used for masking and contacting. The fact that backscattering 
spectr.ometry was an ideal tool with which to invesligate these problems went 
unnot1ced. ,The problems existed, but those equippecl to solve them remainecl 
unaware of lhem, anel those seeking answers overlookeel the tool. 

A clirect link between planar technology anel backscattering speclrometry was 
finally established with ion implanlation. It offereel accurate control of the 
el?pants and uniform surface density over a whole wafer, and thus superior 
y1elds. The need arose to establish the clepth profile of an implanted atom and 
the amount of disorder produced by the energetic ions. Backscattering spec
trometry carne as a fairly natural solution to those familiar with ion beams anel 
ion implantation. In early applications an attribute of backscattering spec
trom~tr~ that had not been ful!y appreciatecl became evident, namely, its ability 
to provtde a depth scale to the elements eletected. It is this ability more lhan any 
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other that gives backscattering spectrometry its unique analytical power. The 
great success of the melhod in cornection with thin films, their structure, com
position, and reactions, demonstrates this fact very c!ear!y. Actually, a profes
sional society exists whose purpose is to promote the specific field of particle
solid interaction, of which backscattering spectrometry is a recognized pari. 

Finally, the pressure to bring Me V accelerators to bear on the problems 
arising in the semiconductor industry carne from the semiconductor inelustry. 
Typically, it was not the scientists who had already mastered the too! who 
sought out the problems, but rather the scientists with lhe problem who sought 
oul the tool. Without the magnanimous response of those in charge of thc 
accelerators, the interdisciplinary effort would not have unfolded. Where the 
intellectual curiosity for lhe solution to a problem at hand overruled the man
made subdivisions of scientific disciplines, the barriers fell and backscattering 
spectrometry rosc to success. 

So far, the main beneficiary of the technique has been the semiconductor 
industry, where thin-film anel ion implantation problems abound. ln sorts, 
backscattering spectrometry pays a tribute it owes. It was the semiconductor 
industry 's earlier efforls lha! had readied the Me V accelcrators for this task by 
providing them with suitable detectors and electronic systems. 
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1 
Introduction 

t.I INTRO~UCTION 

To obtain mcasurable effccts, an intense penei! of alpha particles is 
rcquirccl. It is furthcr ncccssary thal lhe palh of lhe alpha particlcs 
shdulcl be in an evacuatccl chamber to avoicl complications clÚc to 
the absorplion of scattcring in air. 

This is how Geiger anel Marsclen (1913)f elescribe the principal conelitions 
that their experiment hael to meet. With it they unambiguously confirmcel 
the valielity of the new moelel of an atom proposed by their leaeler Ernest 
Rutherford. Figure 1.1 shows a elrawing of the simple apparatus that thcy 
bnilt to meet these requirements. The year was ·19'11. The purpose was to 
test (anel prove) a theory. 

Figure 1.2 is a sketch of a similar apparatus. It is taken from the final report 
of lhe Surveyor Project (Turkevich et ai., 1968) anel shows the sensor heael of 

t Rcfcrcnces are lisled al thc cnd of cach chapter. We use lhe year of publicalion lo idcnlify 
a rcfcrcncc, followcd by a, /1, ... , if nccessary lo a,yoid ambiguilics. 

1 



1. lntroduction 

l'ig. 1.1 Drawing of lhe apparalus used by Geiger aml Mamlen in 1911-1913 lo tesl and 
conflrm lhc new modcl ofan alom conceived by Rutherford in 1911. "The apparatus ... co11sisted 
of a slrong cylindrical metal box 13, which conlained lhe source of alpha parti eles R, lhe scallering 
foil F, a11d a microscope M to which lhe zi11c-sulphide scrccn S was rigidly allached. The box 
was faslcncd dow11 lo a gradualed circular platform A, which could be rotated by me.a11s of a 
co11ical airtight joi11t C. By rotali11g lhe platform lhe box a11d microscope moved with it, whilst 
lhe scalleri11g foil anel radialio11 source remai11ed in position, being allached to lhe tube T, 
which was fastened to lhe stand L. The box B was closed by lhe grou11d-glass plate P, anel 
could bc cxhauslcd through lhe tubc T." [from Geiger and Marsdcn (1913).) 

ALPHA OETECTORS (2) IOENTIFY LUNAR SURFACE 
ATOMS BY MEASURING ENERGY OF ALPHA PARTICLES 
REFLECTEO FROM NUCLEI OF ATOMS 

PROTON OETECTORS 14 l 
IDENTIFY LUNAR SURFACE 
ATOMS BY MEASURING ENERGY 
OF PROTONS SPLIT OFF 
NUCLEI OF ATOMS BY 
ALPHA PARTICLES 

Fifi. 1.2 Diugrnmmatic view of lhe intcrnnl conflgurution of lhe nlphu-seuttering sensor 
hcad dcployed 011 lhe surface of lhe 1110011 for lhe llrst analysis of lhe lunar soil, executcd as 
pari of lhe scie11tific missio11 of Surveyor V after its sofl la11ding 011 September 9, 1967. [from 
Turkevich el ai. (1968).) This experimcnt was lhe flrst widcly publici7.ed applicatio11 to a problcm' 
of nonnuclear inleresl of lhe conccpl or Rutherford scutlcring introdueed some 50 years curlicr. 

'r 1.2 Concept of a Backscattering ~xpet-iment and Its Layout 3 

lhe "alpha-scatlering experimenl" which was part or lhe scicnlific payload oí 
Surveyor V. Thc year was 1967. Thc purposc oí lhe alpha-scallering cxperi
menl was lo analyze lhe composition oí lhe lunar soil. This cxperiment prob
ably conslilutes lhe first widely publicized practical application oí lhe idcas 
oí Rulhcríorel, Geiger, anel Marselen lo a problem oí nonnuclcar intcrcsl. 

ln thc rcsl of lhis inlrocluclion, wc paint an overall piclure oí lhe analytical 
technique of backscatlering speclromelry as il exists today. Wc do not clwell 
on lhe details, but rathcr prescnt the idea of the methocl; whal it can and what 
it cannot accomplish. Thc purpose of this chapter is to give a general piclurc 
of backscallcring spcclromclry, a fcw basic concepls, anel some "rulcs oí 
thumb" lo guidc in inlerpreling or reading spectra. Details are givcn in lhe 
following chaplers as outlincd in Scction 1.7. However, thc conlenls of this 
chapler are intcncled lo convcy an imprcssion of lhe rclalivc slrcngths anel 
weakncsses of backscattering speclromctry in the framework of materiais 
analysis. 

1.2 CONCEPT OF A BACKSCAITERING 
EXPERIMENT ANO ITS LA YOUT 

Both in ils conccpl anel in ils clcmcnlary excculion, Rutherford scallcring 
is quite a simple expcrimenl. A beam of monoencrgctic anel collimated alpha 
parliclcs (4 He nuelci) impinges pcrpendicularly on a targcl. When lhe sample 
that constilutcs lhe larget is thin, as in lhe experiment of Geiger anel Marselcn, 
almost ali of the inciclent particles reappear. at lhe far si de oí lhe largct with 
some slighlly reclucecl cnergy anel only slighlly allered dircction; thal is, lhe 
beam is transmillecl through lhe lhin target wilh only vcry lilllc loss · of 
particles. The situation is sketchecl in Fig. 1.3. The few alpha particles that 
are lost unelergo large changes in energy and elirection, changes eluc lo close 
encounlers oí lhe inciclcnl parlicles wilh lhe nuclcus of a singlc largct a tom. 
If the sample is thick, only lhe particlcs scalterecl backwarcl by anglcs oí 
more than 90º from the inciclent elirection can be cletccted. This is Lhe situalion 
lhal prcvailcd in lhe Survcyor V cxperiment (Fig. 1.2). ll is also lha! which 
is adoptecl in the analylical lechnique discussed in this book, hence the mune 
backscatteríng spectrometry. t 

Thc typical experimental syslem usccl toclay for roulinc backscallcring 
analyses is consiclerably more elaborate thah the sctups shown in Figs. 1.1 
anel 1.2. Figure 1.4 gives a schematic outline of the major componcnls of~ 

t All alternative name is R11the1jord /){lc/rncatteri11g spectrometry. Howevcr, sincc lhe scattcring 
cross scction cun dcvintc from thal givcn by lhe Rutherford formula, wc use lhe more general 
lerm /Jacl<scalleri11!} spectro111etry. 
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Scollerlng of 
a parlicles 

1. Introduction 

a pa,rticle 
source 

Fig. 1.3 Conceptual layoul of a scallcring cxperimenl. ln lhe experimcnl of Geiger and 
Marsdcn (Fig. 1.1) lhe sourcc was a lhin-wallcd glass tubc filled with radon anel enclosed in a 
lcad box. shown shadcd in lhe diagrnm. Thc collinrntor consisted ofa sim pie diaphragm. ln lhe 
cxpcrimenl of Survcyor V, lhe six sources were of 242Cm which emils alplrn parlicles of 6.1 Me V. 
/\ shorl tubular cxlension of lhe slainless steel capsule lhal conlained lhe curium actcd as lhe 
collimalor. The collimalor opening was covcrcd wilh a lhin fihn of aluminum oxide plus 
polyvinylstyrcnc, totaling about 1000 A in thickncss, lo preveni contamination of lhe lunar 
soil or lhe apparalus by radioaclive material. 

Outputs 

Di splay 

Plotter 

Printer 

Computar 

Data handling 

Ion source 

Accelerator 

Preomplifler 
ond detector 

O uodrupole 
focusing 
mognet 

Slits 

Slits 

Scatlering chamber Beam general ion 

Fig. 1.4 Schernatic diagram of a lypical backscallering speclrometry system in use today. 

1.2 Concept of a Backscatt.cring Expcrimeiit and Its Layout 

,/ 
Vacuum ~ 
pump 

5 

Oisptay 

Multlchonnel 
analyzer 

Detector 
supply 

Fig. 1.5 Layout of lhe larget charnber anel elcclronics of a backscallcring systcrn. Thc ions 
impinge 011 lhe largct in lhe vacuum chamber. Dackscallcrcd particlcs are analy7•:d by thc 
detector, and lhe detector signal is 111ag11ified and reshapcd in lhe prca111plif1er. Thc clcclronic 
cquipmcnt in lhe rack provides powcr lo lhe detector and prcamplifier and storcs lhe data 
generated by lhe detector in lhe forrn of lhe backscallering speclra. 

such a syslcm. Charged parliclcs are generaled in an ion sourcc. Their encrgy 
is lhcn raiscd to severa! megaelcctron volls by an accelerator, usually a van 
de Graa!T (ora similar kind). The high-energy beam lhcn passes through a 
series of dcviccs which collimatc or focus thc bcam and liltcr it for a selccted 
type of particle and energy. This equipment replaces lhe simple sourcc-ancl
cliaphragm arrangemenl of Figs. 1.1 anel 1.2. The immcnsc advantage of this 
system over lhe natural sourcc-and-cliaphragm apparalus is that the bcam 
paramclcrs can now bc varice! ovcr a wide range. ln particular, highcr 
parlicle íluxes can be oblained as compareci to nalural sourccs; this drastically 
shorlens lhe measurement time. The beam lhcn enters the scatlering chamber 
anel itnpinges on lhe sample to be analyzed (Fig. 1.5). Some of the back
scaltered particles impinge on lhe detector, where they gencrate an eleetrical 
signal. This signal is amplifiecl and processed with fast analog and digital 
electronics. The final slage of lhe clala usually hns lhe form of a (digilizecl) 

'speclrum, hencc lhe name backscattering spectrometry. 
ln spile of lhe sophistication in the beam-generating parts and lhe data 

eolleetion encl of a backscattering spectrometry system, the chamber in 
which lhe backscatlering expcriment is performed remains simple (Fig. 1.6). 
Apart from lhe box and the sample themselves, it has only three elements: 
the beam, the detector, anel the vacuum pump. The requiremenls on the 

~ 
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1. Jntroductlon 

Fig. 1.6 Even in a sophislicaled backscatlering speclromelry syslem, lhe scattering chamber 
where lhe analysis/experiment is actually performed remains simple. Apart from lhe box 
forming lhe chambcr and lhe sample, thcrc are only lhrce olher elcmcnls: lhe heam, lhe detector, 
an<l lhc vacuum pump. 

vacuum are quite modcst by loday's standards: w- 5 Torr is expedient, and 
l0- 6 Torr is quite adequale. Such vacua allow simple han<lling procedures 
and rapid lurn-around limes for unloading and reloading samples. A well
functioning backscallering spcclrometry system can analyze many samples 
a day. As a rcsearch tool, one syslem is able to salisfy lhe dem~nds of a 
number of people and projects at a time. As a too! for routine surveys, a 
system can easily be automaled for bolh lhe execulion of the cxpcrimcnt 
and the rcduction of the data. 

1.3 BASIC PHYSICAL PROCESSES 

The lranslation of individual signals in a backscatlering spectrum to depth 
distribulions of atomic concentrati()llS in a sample rests on sim pie physical 
principies. Imagine a single self-supporting layer with two elements M and 
m in equal amounts, 10 15 atoms/cm 2 each, as shown in Fig. l.7. Imagine 
further that a flux of 4 He particlcs of 1-MeV energy impinges on this layer. 
Those few 4 He particles that do undergo close encounters will be deflected 
because of lhe enonnous Coulombic force they encounler. If the cnçrgy of 

'1 '! 
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-º 9•170° 552.7 keV 922.5 keV 

Fig. 1.7 The kinematic faclor KM gives lhe. ralio of lhe energy aflcr (Ei) lo lha! bcfore 
(E0) an elaslic collision of lhe.projectile (here 4 He) wilh an atom of mass M (197 amu for Au, 
27 amu for AI). The heavier mass rcílec!s lhe incoming parlicle more complclcly, cncrgclically, 
.lhan lhe lightcr mass, as is thc case with billiar<l balis. Two cxamplcs are shown and actual 
values are give~~· 

the incident 4 He ion is nol loo high, nuclear reactions cün be rulcd out during 
the collision process as wcll. The collision then must be an elastic one. The 
phenomenon is similar to the collision oftwo hard sphcrcs and can be solved 
exactly. Thc kinematic faclor K is theratio of the encrgyof the projcctile after 
to that bcloren1e.coIHsio11. it is list-~dlnTables-Ü and III for 1 H and 4 Hé as 
projectiles.t As an example, assume that the two elements are Au and AI, 
whose atomic masses are 197 and 27 amu, rcspectivcly (see Tablc 1). For a 
scattering angle of 170º, we find from Table III that KAui= 0.9225 and KA1 = 
0.5527. A 1-MeV 41-Ie particlc thcrcforc, has an cnergy or 922.5 kcV aftcr n 
collision with Au, anel an cnergy of 552.7 keV art~r a collision with AI. 

The probability that a collision will result in a detcctcd particle is given by 
the di!Terential scattcring cross section 1da/dO, which is tabulated for ali 
elements with 4 Hc as a projectile in Table X. For Au, da/dQ is 32.81 x 10- 24 

cm2/sr for each à.tom; for Al~2:J"'º=2_4~1!1-=L~r. To fi_nd .the 
average scat~~!:ing_cross section a o ver the .. ~eld of vicw of thcdctcé:lo_r .... w~
~!ii.!YJ.liis.tlift~re11.üarscât1.eríi}gcra"ss ~~ctiÕrí with thc sofi(f;ngle 
of detection .Q, which we shall assume to be 10- 3 sr -(a typical order of 
liü1gl1ltude for real systcms). Adding up the. scalterfrig croSS scction of ali 
atoms in the layer (10 15 atoms/cm 2 each), we finei for Au, 3.3 x 10- 11 and 
for AI, 8.5 x 10- 13

. These dimensionless irnínbers give lhe probability thal 
a 4 He projectile will undergo a close encounter with Au or AI in the layer' 
and end up in lhe detector. Assume that the integrated current of 1-MeV 
4 He+ ions during the exposure of the layer was 1 µC (which is a typical 

t Tnblcs 1-XI nrc givcn in Appcndíx F. 
11 
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number usecl to obtain a backscattering speclt~um)"; lhe total number of 4 1-le 
ions that fell on the sample was then 6.2 x l O 1 2

• Thc probable number of 
events eountecl afler scattering from Au atoms is lherefore about 200, anel 
the number from AI is aboul fiv~. Note that lhe charge slale of lhe particles 
in lhe ion beam, whelher 41-Ie+ or 41-le+ + (alpha pa1'licles), relates integra teci 
current to number of inciclent particles but does not iníluence scattering 
or energy loss cross sections. 

Now imagine thal the sample is a self-supporting Au ntm 1000 Â thick 
<ind lhat lhe analysis beam consists of 2.0-MeV 41-le ions (see Fig. 1.8). A 
scatlering evenl al lhe front surface of lhe 111111 is detcc!cd al an cnergy KME0 ; 

lhe ~ame evenl al the rear surface is registerecl at a lower energy. The energy 
diffcrence ó.E= 133 keV is nearly len times lhe energy resolution of standard 
particle clctection systems, anel hence it is straightforwarcl to determine 
whelher particles were scatlerec.I al lhe fron! 01: rear surfaces of lhe film. 
Scattering events that lake place somewhere belween front anel rear surfaces 
are recordeei al some inlermecliale energies. Since the beam is unattenuatecl, 
lhe scattering probabilily at any elepth is proporlional to the number of 
atoms of a particular kinel present theré. This is the way a concentration 
profile of a given element is translatecl into a signal of corresponding height 
anel clecreasing energy in lhe backscattering spectrum. 

1111111111111~~4He Beam 

2MeV (, Eo) 

Detector 

~ °" º' 110°J 

,v----....._ 1 

-l 1000Al-
1 Au 1 

1712keV IB45kéV 

óE • 133keV 

Fig. 1.8 /1 swift particlc lhat passes lhrough a dcnsc medium loses some oi' ils energy. As a 
consequence, a parlicle scallcred back al lhe rear surfacc of a film has less energy when il is 
delcctcd than a particle scallered ai lhe fronl surface. Actual values are given for a 1000-Â-Lhick 
/lu film. 

The fact thal the signal of 41-Ie particles scattered from the Au film has a 
finite energy width rcílecls the energy loss of the particles ~ inwarcl 
anel~. Such energy tosses can be calculated frot:rrJ\L~µpiug 
~~~ven for 4 He ions in Table VI ~1 ut~its of eleclron 
volts per 10 15 atoms per square cenlimeter; for 2.0-MeV He tons, the value 
of i:A" = l 15.5. To determine lhe energy lost along Lhe inward Lrack to Lhe rear 
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surface of a film of thickncss t anel atomic elensity N, 011e lakes lhe product 
of i: anel N t, where N t represen ts lhe n umber of atoms per sq uare centímeter 
in the.film. For lhe Au fi.Im (where N Au = 5.9 x 1022 atoms/cm 3 as given in 
Table I) the value of Nt = 5.9 x 10 17 atoms/em 2 anel a particle woulc.l lose 
68. I keV along the inward path. 

1E,e eletectec.1 cnerg~~~~en_12fil:!.i9.~~cl from tl~onL. 
~11d~'l,Ck surfaces oLJ.~1.~d~J!2lÊLgiven by the product of Nt anel [;]], w 1ere 

"vailiês ~r~!Yf'CT1; s'lci Jin cross section faclor, are listed in Tablc VIII for 
scattering angles of 170º. 111 Ta le VIII, lhe units o~] are electron volts 
per ( 10 15 aloms per square cenpmeter)and lhe valuelõflt:o]A" = 226.2. For 
a film wilh 5.9 x 10 17 atoms/om 2

, the energy width ó.E;== 133.4 keV. This 
energy width coutei also have been founel elirectly from lhe values of the 
.~er:gy l()SS factor [§Jgi_yen in]able {X for4 H_e itll]nits ofclectron volts per 

- angstrom. 1-lowevcr, lfle use of an e11Çrgy-to-depth conversion with units of 
electron volts per angslrotn overlooks the fact that backscallering spectrom
etry reílecLs lhe numbcr of atoms per square centimeter traverseel by a 
particle raLher lhan thc physical depth in centimelers. The conversion be
tween the two is clirect ifthe atomic clensity ofthe sample is known. 

If the energy loss that thc particle suffers as it traverses lhe sample were 
independent of energy, the relationship between the depth of the collision 
anel the energy of a detecteel partide would be linear. As a matter of fact, lhe 
success of backscattering spectromelry in the analysis of thin films is partly 
attributable to lhe small rclatíve change in the energy of the beam as it 
traverses the fllm. The energy depenelenec of the slopping cross seclion can 
then be replaced by two fixed values, one along the inward path anel one 
along the. backwarci path across lhe film. For very thick films where this 
approximalion fails, the analysis of a spectrum is not as simple. However, a 
large part of this book discusses suítable approximations. 

The fact that the projeclile loses energy as it penetrates into lhe sample 
has at1other consequence. Scattering cross sections depenei 011 lhe energy of 
the impinging projectile as (energy)- 2

• Deepcr down in the sample, wherc 
lhe energy of lhe projcctilc decrcases, lhe scattering probability increascs. ' 
The signal of an clement which is uniformly distributcd i11 depth is therefore 
not flat-topped, but rises towarel lower energies. This, too, complicales the 
quantitative analysis of a spectrum. 

1.4 EXAMPLES AND APPLICATIONS 

Applications date back to some of lhe early nuclear investigations with 
accelerators, when it was common practice to recognize contaminanls of lhe 
target by an analysis of backscattered particles (Tollestrup et ai., 1949). The 
earliest applications to problems of nonnuclear interest were the analyses of 
smog (Rubin anel Rasmussen, 1950) anel of the bore surfaces of gun barreis 
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(Rubin, 1954). Other · contributions were those of Rubiq et ai. (1957) and 
Mazari et ai. (1959), who detected trace elements on thick f\11d on thin targets, 
respectively, anel of Sippel (1959), who measured the qiffusion of Au into Cu. 
ln 1960, S. K. Allíson suggested the method for the remote analy~is ofsurface 
compositlon. Fpllowing his suggestion, Turkevich (1961), proVed in pre
liminary investigations that the method was feasible, and Patforson et ai. 
(1965) lai9 the groundwork that culminated in the compositional analysis of 
the moon's soil by Surveyor V in 1967 (Turkevich et ai., 1968). 

ln this section, however, we present three more recent examples to give a 
feeling.for backscattering spectrometry. The first <leais with the detection of 
contaminants on the surface of Si, while the second shows the depth distri
bution of a dopant in Si, and the third shows examples of thin film analysis. 
Other examples are given in Chapter 5. •· 

1.4.1 Surface lmpurities 

As a first example, we present in Fig. 1.9 a schematic energy spectrum of 
4 He backscattered from a Si largct with Cu, Ag, anel Au on lhe surface, each 
in the amount of about 10 15 atoms/cm 2

• This is ofthe order of one monolayer 
of surface coverage. The :;;pectrum was taken with a 4 He beam of incident 
energy E0 = 2.8 Me V. The lower abscissa gives the energy scale oí the back
scallcring spcclrum. Thc uppcr abscissa givcs lhe mass M associatcd wilh 
the positions KMEo for the three impurity elements and for Si. Note that the 
mass-lo-energy .conversion established via KM is unique, but nonlinear. Au 
is the only element in this example that has only one stable isotope (see Table 
1) anel produces only one signal in the spectrum. The two signals of the Ag 

MASS OF SCATTERING ATOM (amu) 

o 28 29 30 197 
_J 

SI !!! 20 Cu Ag Au 
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('.) Ui 
~ ~ 15 
a:: :::i Wo 
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Fig. 1.9 Schemalic encrgy spcclrum of 4 Hc buckscallcreel from a Si subslralc wilh aboul 
1015 aloms/cm 2 each of Cu, Ag, anel Au (equivalent to approximatcly one monolayer of cover
age). Projcctile: 41-le+ of 2.8-McV incielent energy; scattering angle of eletcclcd particlcs: 170º; , 
solid ungle of detcclion: 4 msr; total dose (lntegratcd cuncnt of incidcnl bci11n): [0 JlC; energy: 
per chnnncl: 5 kcV; rcsolution: 12.5 kcV (l"WH M). Thc ordinnlc for lhe signnls of Cu, Ag, nnd 
Au is magnificd fivc limes. 
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isotopes cannot be distinguished, because the energy resolulion of the de.
tection system is too coarsf. The signals of the two Cu isolopes are just 
barcly resolvcd. 

The area under each impurity peak is proporlional to lhe number oí 
impurity atoms per unit are~1 i;tnd (he scattering cross section oí the element. 
Since lhe surface cover(lg~J1rn\:>Q11Lequal for ai! lhree impurilies, thc size or 
the sigi_rnls_1~ef1ec;tsjii~~han~e in cross section. 'Ye are t~s .a~re.~{)sle~~~~.~Ele 
~~'l~21rrs.J>~ll squase c~11~i111eter ~e,t~ee11.thes.e impu riti~~. by 
dividing th~ area oflhe signals through lhe respectivc scallcring cross sections 
-and~bt~in qu~11-t1talive re:rnlts withoutusing standards of calfür~'!ÜQ.D· ff1e 
-sTgt1als-ôTiTic iwo Cl1 lsolopes indica te dircctly their relati vê abundance. The 

Si part of the speclrum is characteristic oí a thick sample. Here it is lhe heighl 
of each step at the appropriate energy edge KMEo that is proportional to 
the isotopicabundance (92.2, 4.7, anel 3.1% from Table I). 
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Fig. 1.10 Scl1e111alic cnergy speclrum of 2.4-McV 4 1-lc backscallereel (pari (a)] from a Si 
substrate doped wilh As. The As signal is magnified in a separale plol [parl (b)], where lhe 
axik of energy (botlom) is converleel lo deplh bclow thc surface (top) anel lhe axis of yícld (lcfl) 
is convcrleel lo alomic volume conccntralion (righl). Thc spcctrum was mcasurcel wílh lhe sarne 
syslem paramelers as lhose given in Fig. 1.9, cxcepl fo_r the inddcnt cnergy (E0 = 2.4 Me V) and 
lhe dose (20 11C). 

1.4.2 Tmpnrity Distribution in Dcpth -

As a second example, Fig. 1.10 shows a schematic energy spectrum of
4

He 
backscattered from a Si sample implanted with As and then heat-treated to 
diffuse As deeper into the sample. The conversions of the backscallering 
yield of As lo an As concenlralion as well as lhe energy axis lo one giving 
the depth of As in Si are given in the enlarged part oí the figure. Both con
yersion scalcs are linear with only minor corrections. 

The concenlralion scale for lhe As signal convcys an idca of lhe sensitivily 
of backscatlering speclromelry in delccting impurilies. Compareci to other 

... 
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methoels-for example, neutron activation analysis or seconelary ion mass 
spectroscopy-backscattering spectrometry is not very sensitive. However, 
backscattering spectrometry is capable of quantitalive measurements with
out recourse to standards. It can also furnish depth profiles without layer 
remova! by ion sputteri11g or chcmical stripping, which is gc11erally required 
wilh other profiling mcthods. 

1.4.3 Thickncss Mcasurements 

The measureme11t of film thicknesses is a11 obvious way of making use of 
backscattering spectromctry. Figure 1.11 shows schematic spectra: of 4 He 
backscattcred from Ta films of various thicknesses. Severa! spectra are plotted 
011 the sarne axes to illustrate thc relatio11 betwecn lhe cnergy shift anel the 
film thickness: thcy are ncarly proportional. The accuracy of the thickness 
measurement is elirectly eletermined by the accuracy of t he energy loss 
valµes uspd for thc analysis. Hcre wc have uscd the valucs listcd in Table IX. 

:"';U· ~tated previously, the area under each signal is proportional to the lotai 
11u1nber of Ta atoms in the film. Consequently, one can obtain the film 
thickness from thc arca of a sig11al as well. 
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' Fig. 1.11 Display of live backscallcring speclra combincd to show how lhe width of the 
signal from a thin lilm reílecls the thickness of lhe films. The incidcnl energy of lhe 4 He ions is 
2.0 Me V and lhe live largcls wcre Ta lilms deposiled 011 Si0 2 subs'tratcs (lhe substrate signals 
are nol shown in lhe spectra). 

1.5 STRENGTHS AND WEAl<NESSES OF 
BACl<SCATfEIHNG SPECTIWMETRY 

The strength of backscaltcring spectrometry (BS) resides in the speecl of 
the technique, its ability to perceive depth clistributions of atomic species 
bclow the surface, and lhe quantitative 11alure of the rcsults. Furthennore, 
with si11gle-crystal targets, the elTect of cha1111eling also allows the investiga
tion of lhe cryslalline perfcclio11 of lhe samplc. 
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The speed of the data collection is possible in part because lhe modesl 
requiremenls on lhe vacuum permit fasl samplc changi11g. Thc modcsl 
vacuum is achnissible only bccausc BS measures the bulk of lhe samplc nol 
its surface. Si11ce lhe typical dcpth resolution of 100 to 200 Â precludes a 
study of lhe flrst fcw monolayers, vacu'a of 10- 9 or 10- 10 Torr, which truc 
surface tcchniques demand, are unnccessary for BS. 

The great increase in sensilivity for heavy clemcnls is an assel for lhe de
tection of thesc elcments, but a severe limitalion for lhe dclcction of lighl 
elemenls. Carbon, nitrogen, a11d oxygen are ubiquitous elemcnls a11d thcrc
fore of great signiflcance in lhe near-surface regions of a solid; yct BS is 
nearly blind to trace qua11tities of them. This disadvantage is oflcn ovcrcomc 
in studies of thin fllms by dcpositing the film 011 a low atomic mass substrale 
such as carbon. This approach allows ready identification of signals from 
oxygen conlaminants, for examplc. A11other wcakness is lhe lack ofspcci[icity 
in lhe signal. Aftcr a scattering cvcnt, ali backscallcred parliclcs are alikc, 
save for their energy. Two clcmenls of similar mass cannol be distinguishcd 
when they appear logether in a sample. This lack of specificity of lhe signal 
can be resolved by other analytical lools, such as Auger eleclron spcclroscopy. 
Finally, one musl realize lhe slringcnt rcquircmcnls on lateral unifoi·mity 
that a sample must mect before the full capabilily of BS can be utilizcd. A 
typical ion beam diameter used for baekscattering is 1 111111

2
• If lhe range of 

dcplh analyses is 2000 Â, thc width of lhe beam spot is a factor of 5 x 103 

larger than the thickness of the layers. Scratches, cavitics, dust particlcs, anel 
any other surfacc nonuniformitics can drastically modify lhe spcctrum, if 
prcsenl in su!licienl amounls, cvcn if lhcy are of a submicron size. The lateral 
uniformity of a sample must thcrcforc be assurcd 011 lhe surfacc as wcll as 
in clcpth. 

The mosl convenicnl way lo establish this uniformity is scanning electron 
micro,scopy (SEM), which has cxccllenl lateral resolution anel thus con
stitutes lhe normal complcmcntary tool for BS. Unforlu11atcly, SEM providcs 
surface lopography, withoul vision bclow, and with littlc clcmcnlal spcciricity. 
X-ray attachmcnts can providc lhe missing clemental spccificily. ln this 
respect, an eleclron microprobe is an cven superior counlerparl lo BS bc
cause il combines gooel elemcnlal specificity and good lateral rcsolution. 
The tfrawback of lhe elcclron microprobe is lhal the x-ray signal rc!lects thc 
averagc composition ovcr dcpths quite largc compareci to lhe dcpth resolu-

. tion of a backscal tering spcclr:..rn . 
Anolhcr limitalion of BS is thal chcmical informalion is tolally abscnt. 

X-ray diffraction of various sorls, in particular lhe Read camcra, has bccn 
found mosl useful for lhe determinatio11 of crystallographic paramclcrs. 
Usually lhe combinalion of atomic composition ratios furnishcd by BS and 
lhe knowledgc of diffraction patterns give convi11ci11g evidcncc of lhe actual 
nature or lhe compound present. 

l 1 
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Auger electrpn spectrometry (AES) and secondary ion mass ~pectroscopy 
(SIMS) urc lwo olhei' lechniques lhnl co111plc111e11l US wcq. Uolh huve 
elemental specificity; bul their main drawback is their reliance on ion 
sputtering for deplh profiling. Ion sputlering can modify the·s~mple under 
investigation and lead lo erroneous conclusions (e.g .. lalerally dissimilar 
erosion rates or prefcrential sputtering). The eonsequences can be partieularly 
severe in AES, where the signal emanates from the uppermost layer of thc 
sputlcred arca. AES, on lhe other hand, can be quantified by comparison 
with referenee samples. I n SI MS, quanlification is still more elimcult beca use 
the fraction of the ionized (and hence detected) atoms sputtered from the 
substrate depends on the chemical surrounding of that atom in the samplc 
anel on the sputlering gas. ln sensitivity, however, SIMS far surpasses mosl 
olher analylical lechniques. 

One of the aelvantages of BS is that it provieles depth distributions without 
lhe requirements ror dcslruction of lhe sample by laycr rcmoval as in lhe 
case of sputter sectioning used with AES or SIMS. However, BS will in
troeluce damage. Whether BS should be considered destructive or not de
pends on lhe object analyzed anel also on the queslions asked. A shallow /J/I 
junclion, for instance, is rapidly deslroyecl by small doses of irradiation if 
one looks at the reverse current, but remains essentially unaltered if onc 
considers lhe doping profile. As a rulc, metallurgical structurcs are quite 
inscnsitive lo lhe irradialion doses used in BS. 

lt is clear that for a fui! characterization of a sample every possible tool 
must be brought lo bear beca use each lool has limitalions. Only a combina
tion of techniques-fcwer if those applieel are well aelapleel to lhe problem 
or wisely selecteel anel more ofthem olherwise-can perrnit hard conclusions. 
BS occupies a selecl place among lhese lools, in spite of having been a late
comer in lhe scene, because it is fast, ieleally suiteel for large surveys or routine 
applications, anel quantitative. 

1.6 HOW TO READA BACKSCATTERING SPECTRUM 

One of the aelvantages of backscattering spectrometry is that lhe spectrum 
can be interpreted rather easily. ln this section, we show how lhe form of a 
backscattering spectrum provieles insight into the composition of a sample. 
Which physical process is actually responsible for lhe various characteristics 
of a spectrum does not conccrn us at this point. We shall actually proceed 
backward anel assume that the composition of the sample is known, and 
show by what basic rules this information is translateel into a backscattering 
spectrum. ln a practical case, of course, the process is reversed. 

Considera thin film composeel of a uniform mixture of two elements, as in 
the case of a binai-y cornpounel or two fully miscible solicls. To recluce the ex
ample to its simplcst form, we shall ignore lhe substrate. For backscattering 
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ing spectromelry, lhe massqs or 1t1e two clemenls anel lheír atomíc numhcrs 
ure highly sig11ilic1111l. We ~hull lherel'ore churnclerizc lhe two cle111c11ls by 
their rnasses M and m, ralhcr than by thcir chemical symbols. To slarl with, 
let us assume that the two çleme11ts are present in the film in lhe sarne pro-

. portion; i.e., lhe atomic concenhf1tions of both elcments nre lhe snmc. Thi!i 
slate oí affairs is represenled granhically in Figs. l.l 2a anel b. Thc profilc of 
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Fig. 1.12 (a) Translalion or conccnlralion prolilcs lo signals in a backscallering speclrum, 
dcmonslralcd ror lhe cxample ora lhin homogeneous fil(n ora binary compound wilh clcmenls 
oí a hcavy M anda lighl m alomic mass. (b) The alomic conccnlralions are lhe samc íor bolh • 
elemenls. (e) ln lhe backscaltering speclrum, lhe lwo profiles rcappcar as lwo scparalc signals: 
Thc lighl mass gives a signal al low energies wilh a low yicld. The heavy mass produces a signal 
al high energies ora high yicld. Thc high-encrgy cdge ofcaeh signal (arrows markcd 111 and M) 
is pegged 011 lhe energy axis of lhe speclrum lo lhe value given by lhe kinemalie íaclor K, where 
E0 is lhe energy of lhe incidcnl parliclcs. The yiclçl ralio or lhe lwo signal heighls is given 
(approximately) by lhe ralio ofthe scallering cross section íTM/íT.,, of lhe lwo clemcnls, which is 
proporlional to (Z/z) 2, lhe sqüarc or lhc'-ralio of lhe alomic numbers Z and z or lhe heavy and 

light elemenls. 
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atomic concentration versus depth given in Fig. l.12b translates into the 
corresponding backscattering spectrum' of Fig. l .12c as follows: 

1. The rectangular profile of the element with lhe heavy mass (M, say) 
reappears in the backscattering spectrum as a rectanguléir signal located 
on the energy axis al high energies; lhe profil~ of the elenient with the li~ht 
mass (m, say) gels a place in lhe backscallenng spectrum at /ow energ1es. 

The rule for the translation of the abscissas thus is heavy masses go lo high 
energies; lig/1t masses to low energies. 

2. Atomic concentrations of lhe same valué in Fig. l.l2b are plolted at 
dilTerenl levcls on lhe yield axis of lhe backscatlering spectrum in Fig. l. l 2c. 
lf Lhe atomic number of lhe clement is high, lhe yield is high too, anel if lhe 
atomic number of lhe element is low, lhe yield is low. The rui e for lhe lransla
lion of the ordinates reads: Hioh ato111ic 1111111/wrs gil!e high yield; low ato111ic 
11 11111/wrs give /mv yiclds. ln clTcct, these two rules amount to saying lhat each 
elemenl has ils own coordinate system in lhe backscaltering spectrum. 

The discussion so far is qualilalive. The power of backscatlering spec
tromclry now resides inthe fncl lhnl lhe lwo translntionsjusl described ~an 
be formulated in quantitalive terms. For lhe x axis of lhe backscattermg 
spectrum, for instance, lhere is lhe so-called ld11e111atic. factor K, whi~h 
states where, exaclly, the signal of an element of any g1ven mass has 1ts 
high-cnergy edge. (The high-energy edge, OI' "leading" edge, or lhe signals 
of the elements of mass M and m in Fig. 1.12 are indica teci by arrows markecl 
M anel m.) The localion of the high-encrgy edges are indicaled by lhe length 
of the arrows labcled K

111
E0 bclow the energy axis of lhe spectrum of Fig. 

1. l 2c. 
ln very similar fashion, the scattering cross sectio~ CJ gives lhe scaling 

factor for the yicld axis of dilTer.ent clem~nls .. The rclt~ive. co1~centration 
ratio of two elements transforms mto relallve ytelcls by a rat10 g1ven essen
tially by the cross seclion ralio of the elements or by (Z/z) 2

. Some corrections 
must be appliecl. These are usually small (les~ than 10%), but lhe faet that 
they cio exist has much to do with the reason lhis book is written. F?r 

~lhe _t)l~J<.1~~~es thalJil.~.J~o éll()mic~E~'c;_i~~ .. ..M. a11d~111 .QceunY.JJL-. 
the film (Figs. 1 :ll_él an.cl tJLªr~lh~-~!ll12~;_tl~.:Y1.d.0!~!!~~Ullf§ll11ªJ§ .. QL.tJ1.c:§_e ... 

'two-eTci11enis o.ccupy 011 lhe energy scale of_tl1c:1Ja~~scattering.s.12çs:J.n1.mnrc 
·,~0Cfí1c-n\11ge of élcpth in the llím Is íhlis-lranslated into an energy intcrval 
ol~·ffíe energy axis of the speetrum, but thal inlerval is not quite lhe sarne 
for each signal. H bolh intervals were iclentical, the scaling factor for lhe 
two yields woulcl be correctly given by lhe ratio of the scattering cross 
sections of the two clemenls. Generally lhe intervals dilTer but nol by much 
(about l0% or less); hence the correction on lhe yielcls. 

,\/ 

1 

1.6 How To Reada Backscattering Spectrum· 17 

To summarize, the translation of the concentration profiles of lhe two 
elements in the film (Fig. 1.12b) into the two signals of the backscattering 
speclrum of Fig. l.l2c mày be viewed in the following way (see Fig. 1.13): 
There is a coorclinate system for each mass in lhe target, plotting the atomic 
concentration -of.that mass as--a-function-of-incrt:Jasing-<fopth bt:Jlow-the 
surface of lhe sample on which lhe analyzing beam impinges. Each profile 
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Fig. 1.13 (a) Translalion of concenlralion profllcs lo signals in a backscallcring spcclrurn, 
dc111011s1 ralcd for lhe cxarnplc of a lhin homogencous flln1 of u bt1utry compound wilh clc111c111s 
of a heavy f\'1 (solid linc) anda light 111 (dashcd line) alomic mass. (b) The alomic co111.:enlralio11 
profllcs with dcpth are lhe same for bolh elemenls. (e) ln lhe backscatlering speclrum, lhe lwo 
profiles reappear as lwo separale signals. The posilion of thc coordinale systems for the lwo 
signals, anel lhe scaling faclor for lhcir orclinaleS are as clescribcd in Fig. 1.12. Howcvcr, lhe 
convcrsion of lhe abscissas from dcplh to energy is gcnerally nol lhe same for lhe lwo signals. 
and tlw convcrsion is 1101 cxactly linear cilhcr. Usually, lhe nonlincarilics are insignilicanl and 
lhe difference in the lwo scales is no! more lhan 10%. 
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is reproduced indepcndently of the other in the backscattering spectrum 
and gcnerates thc signal of that mass. The final backscatterin~s spectrum is 
a linear superposition of thcse signals. Whcn a conccntration 'profile varies 
with depth, the height of a signal will vary accordingly. This 1neans that a 
backscattering spectrum actually constitutes an image 'of thQ distribution 
with dcpth of the various elements in lhe sampk. Each type of atom of a 
particular mass is displayed individually. The signal of cach has an accuralcly 
defined position on the energy scale, which corrcsponds to thc samplc 
surface as a refercncc point. 

lf lhe sample of l'igs. 1.12 anti 1.13 is lhick, lhe signals of lhe lwo masses 
M and m will extcnd down to zero energies. The spectrum then has thc 
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Fig. 1.14 (a) Thc signals of a thick samplc extend all the way to zero energy. (b) AclUal 
speclra nevcr reach down lo lhe origin of lhe energy axis, because near zero energy, lhe yield 
disappcars in a lnrgc background of noisc. (e) Thc construclion of lhe spcctrum follows cxnctly 
lhe samc proccdmcs oullincd in Figs. 1.12 and 1.13. 
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steplike appearancc shown in Fig. 1.14. Real speclra never cxlencl to zero 
energy, bccausc noisc in thc eleteclion syslem dom inales al these low cncrgies 
and genernlcs a hugc bac~ground. Thick-largcl yiclds are also ncvcr llal
loppccl as shown here; thc'.reaso11 is lhe encrgy depenclcncc of lhe scattcring 
eross section. 

ln problems ofanalysis l11esitu11lionis rcvcrsecl. A backscÚllering spcclrum 
is mcasurcd, and lhe clcm\;ntal qrnkeup of lhe sample witii dcplh has lo be 
delermined. We shall lreal morq examples in Chapler 5 to illustralc some 
of lhe major characteristics of b<~ckscattering analysis. These examplcs will 
also dcmonslrulc lhal backscaUering speclromclry is, in csscncc, mass
sensitive clepth mieroscopy capable of furnishing quanlilalive informalion 
on the sample under investigation. 

1.7 BOOK OUTLINE 

Starling wilh Chapler 2 we shall repeat lhe three basic concepts anel lheir 
mathemalical relations to lhe projectile and to lhe target parameters in 
detail. I n addition to kinematics, scattering cross sections, anel energy loss, 
we shall cliscuss encrgy slraggling, which sets lhe ultlmale limit on deplh 
reso l uti1;m. 

Chapter 3 describes how the three basic concepts are eombined lo pro
duce a backscattering spectrum. This concerns thc rclalion of encrgy to 
depth. Also covercd in the chapler is how lhe hcighl of an energy spectrum 
is relaled to scattering cross section and energy loss. The emphasis in this 
chapter is on bulk samples. 

Chapter 4 gives backscaltering analyses of thin' films of various degrees 
of complications: elemental fihns, multilayered elemental films, compound 
films, and layered compound films. Depth and composition analyses at 
various sophislicalion leveis are given. Di!Terenl approximalions and lheir 
justification are also given. 

Many examples of backscattering analysis are given in Chapter 5. For
mulas developecl in Chaplers 3 and 4 are applied lo real problems. Many 
examples were chosen to illustrate lhe capability anel limitalion of back
scatlering. Some of the approximations given in the previous lwo chapters 
are also used and compareci lo give the reader a feeling about lhe aclequacy 
of the approximations. Sincc many of thc examples have been taken from ~ 

routine experimenls, readers can use them as typical spectra to check their 
system anel their analysis. 

Chaptcr 6 clescribes lhe experimental setup. If you do not have a nuclear 
physics laboratory close by anel want to sei upa backscattering laboratory, 
this chapler gives lhe bt~sic requ_iremenls for hardware anel eleclronics. The 
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chapler is also uscíul in underslanding lhe dala-taking syslem: solicl-slate 
dclcctor, preamp, ampliliers, mullichanncl analyzer, and so on. 

Chapler 7 elcscribes the it~íluence ofbeam parameters. ln ali the cliscussions 
so far wc emphasize megaclcctron voll 4 He.beams incidenl perpenelicularly 
on lhe sample. ln this chapl~r we discuss olher allernalives. We shall presenl 

"""JWl~s anel eleplh resolulions anel lhcir relalionships to lhe mass anel cncrgy 
of the projectiles. DifTerent geomelries for scallering anel various problems 
are also el isCusseel. 

Chapter 8 is concerneel wilh backscaltering applications when combined 
·with chatineling elTects. We slart with lhe proccelure uscel to align a crystal 

anel lhen proceed lo half-anglc anel minimum-yiclel calculalions. The 
channeling applicalions elealing wilh lallice elisorelçr, amorphous laycrs, 

· and polycryslallinc liltn nrc discussccl. Lallicc localion anel ílux peaking of 
impurities in a cryslal are also described. 

ln the body of lhe book, we assume that energy loss values are known in 
the analysis of a bnckscatlering problem. I n Chapter 9 we reverse the pro
ccdurc anel use thc knowlcdge oi' lhe samplc (composilion and thickness) lo 
elelermine stopping cross section values from backscatleríng measurements. 
Methoels, formulas, anel a few examples are given. 

Clrnpler 10 givcs a tis! of refcrcncci; 011 lhe :ipplicntions of backscallcring 
spectrometry. The cut-olT date on lhe cilations is Augusl 1976. The references 
are listeel accoreling to various to pies; surfaces, bulk, oxide anel nitriele 
layers, eleposited anel grown layers, thin film reactions, anel ion implantation 
in metais anel in semiconeluctors are the main section topics. Subelivision 
of the references by topic as well as listing the title of each paper provieles a 
useful bibliography for a literature research. 

ln Appenelix F, we proviele tables of kinematic factors, scattering cross 
sections, anel various forms of energy loss anel energy loss factors. Analyses 
or cxamplcs given in the book are gcnerated by using these tables. 

REFERENCES 

Geiger, H., and Marsden, E. (1913). Phil. Mao. 25, 606. 
Mazari, M., Velazqucz, L., and Alba, F. (1959). Reuista Mexicana de Fisica VIII, 1. 
Palterson, J. H., Turkevich, A. L., and Franzgrote, E . .J. (1965). J. Geophys. Res. 70, 1311. 
Rubin, S., Stanford Res. lnsl. Tech. Rep., No. 1 (1954). 
Rubin, S., and Rasmussen, V. K. (1950). Phys. Rev. 78, 83. 
Rubin, S., Passcll, T. O., and Bailcy, E. (1957). Anal. Chem. 29, 736. 
Rutherford, E. (1911). Phil. Mao. 21, 669. 
Sippel, R. F. (1959). Phys. Rev. 115, 1441. 
Tollcstrup, A. V., Fowlcr, W. A., and Laurilsen, C. C. (1949). Phys. Rev. 76, 428. 
Turkcvich, A. (1961). Science 134, 672. 
Turkevich, A. L. et ai. (1968). in Survcyor Projccl Final Repor!, Pari li. Scienlific Resulls, Nat. 

Acronaul. and Space Adminislralion Tcch. Rcp. 32-1265, pp. 303-387 . .fel Propulsion Lab., 
Cafifornia Insl. of Tcchnol., Pasadcna, California. 

l :.1.i 
i~ 

Chnptcr 

2 
Basic Physiçal Concepts 

2.1 INTRODUCTION 

Only four basic physical conccpts cnter into backscattcring spectromclry. 
Each one is at the origin of a particular capability or limilation of back
scattering spectrometry anel corresponels to a specific physical phenomenon. 
They are · 

1. Energy lransfcr from a projectile to a target nucleus in an elastic two
boely collision. This process leaels to the concept of the ki11e111atic flictor and 
to the'capability of mass perception. · 

2. Likelihood of occurrence of such a two-boely collision. This leaels to 
the concept of scattering cross section anel to the capability of quantitative 
analysis of atomic composition. 

3. A verage energy loss of an atom moving through a elense mcelium. This 
process leaels lo the concept of stopping cross section anel to the capability of 
elepth perception. . , ' 
· 4. Statistical !lucluations in the energy loss of an atom moving lhrough 
a elen~e ~e?ium. This process leaels to the concept of energy stragg/ing and 
to a l11111tat1on in lhe ultimate mass and elepth resolution of backscallering 
spectrometry. 

ln this chaptcr an introeluclory treatment óf these subjects is provideel. 
Key formulas are given, anel functional relationships are cxamincd. Thc 
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discussion goes as far as the understanding of backscattering ;;pectrometry 
demands. How these processes actually enter into a backscattering experi
ment and how they can affect a ba9kscattering spectrum are' examined in 
Chapler 3. When lhe larget is a singlc cryslal, or nearly so, ~he processes 
trealed in this chapter are combined in a particular fashion, wliich results in 
the phenomenon of channeling. This effect is discussed in Chatjter 8. 

1; 

2.2 KINEMATIC FACTOR K 

Whc11 a particlc of mass M 1, moving with constanl vclocity, collides 
elastically with a slationary parlicle of mass M 2 , energy will be transferred 
from the moving to the stationary particle. ln backscattering analysis, mass 
M 1 is that of the projectile a tom in the analyzing beam and mass M 2 is tha t 
of an atom in the target examined. The assumption that the interaction 
belwccn lhe two atoms is properly described by a simple claslic collision of 
two isolated particles rests on two conditions: 

( 1) The projcclilc cncrgy E0 musl bc much largcr lhan lhe binding encrgy 
of the atoms in the target. Chemical bonds are of the arder of 10 e V, so that 
E0 should be vcry much larger than that. 

(2) Nuclear rcaclions and resonances must be absenl. This imposes an 
upper limit to the projectile energy. Nuclear processes depend on the specilic 
choicc ofprojeclile and targel aloms, so that lhe uppcr limit ofE0 varies with 
circumstanccs. Wilh a H + beam, nuclear e!Tecls can appear cven bclow 
1 MeV; with He+, they begin to appear at 2 to 3 MeV. 

The simple elastic collision of two masses M 1 and M 2 can be solved fully 
by applying the principies of conservation of energy and mom~11tum. ~et 
v0 , v0 , and E0 = !M1v0

2 be the velocity, its value, and lhe energy of a 
projectile atom of mass M 1 before the collision, while the target atam of 1 

mass M 2 is at rest. After the collision, lel v 1 and v2 be lhe velqcities and 
E1 = tM 1v1

2 and E2 = tM 2 v2
2 be the energies ofprojectile and target atoms, 

respect,ively. The 11()tation and the geometry of this scattering problem are 
given in Fig. 2.1, where the scattering angle O and the recoil angle <p are 

Torgel alam Projectile 

M2 M1 
-L Vz,EzÜ V E 

</> ---- º'·o - --1\:,::)-ü~-- -o 
M1 ~ 

vi.E 1 

Fig. 2. l Schematic represcntation of an elastic collision bctween a projeclile of mass M ,, 
vclocity v0 , and encrgy E0 and a largcl mass M 2 which is inilially at resl. Afler lhe collision, the 
projeclile and lhe target mass have velocilies and energies v1, E 1 anel v2 , E,, respectively. The 
anglcs O anel qi are positive as shown. Ali quantities 1~efer lo a laboralory framc o[ refercncc, 

1 •• 
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· defined as positive number~ with the arrows as shown. Ali quantities refer to 
a laboratory system of coordinat~s. 

Conservation of 'energy and :conservation of momentum parallel and 
perpendicular to the direction of incidence are expressed by thc cquations 

!M1Vof = !M1V1 2 + !M2 v2
2

, 

M 1v0 = M 1v1 coso+ M 2v2 cos<f>, 

O = M 1 v1 sin O - M 2v2 sin </J. 

Eliminating </J first and then v2 , qne finds 

(2.1) 

(2.2) 

(2.3) 

v1/v0 = [ ±(M / - M 1
2 ~in 2 0) 1

'
2 + M 1 cos O]/(M 2 + Mi). (2.4) 

For M 1 :::::; M 2 the plus sign holds. We now define the ratio of the projectile 
energy after the elastic collision to that before the collision as the kinematic 
.factor K, 

(2.5) 

From Eq. (2.4) onc oblains 

K :_ 2 1 1 [(M 2 
- M 2 sin 2 0) 112 + M cos0] 2 

M,- M2+M1 (2.6a) 

= {[t - (M i/M 2)
2 sin 2 O] 1

1
2 + (M i/M 2) cos 0} 2 

l + (Mi/M2) ' 
(2.6b) 

where, following frequent practice, a subscript has been added to K to 
indicate the target mass M 2 for which the factor applies. Another custom 
uses the chemical symbol of lhe target atom as the. subscript for K (e.g., Ks; 
inslead of K 28). This procedurc is Jess accurate, because clements can have 
isotopes, and isotopes have slightly di!Terent K v~lues. ln thc ccntcr-of-mass 
system of reference, Eq. (2.6) can be simplified to (Marion and Young, 1968) 

(2.7) 

where Oc is the scattering angle in the center-of-mass coordinates. 
The kincmatic factor dcpends only on the ratio of tlie projectilc to the 

target masses and 011 the scattering angle O. The mass ratio M 1/ M 2 will be 
abbreviated by x. A plot of K versus M 2/ M 1 = x- 1 and O as given by Eq. (2.6) 
is shown in Fig. 2.2. Onc sees that for any combination of projectile and target 
mass, i.e., for any value of x, K always has its lowest value at 180º. The value ~ 
there is · 

K(O = 180º) = [(M2 ~Mi)/(M2 +M1)] 2 = [(1 - x)/(l + x)]2. (2.8) 

Al O= 90º, K is 

K(O = 90º) = (/\IÍ 2 - M 1T/(M 2 +M 1) = (1 - x)/(l + x), (2.9) 
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f<ig. 2.2 Thc kinemalic faclor K of Eq. (2.6b) plollcd as a function of the scatlcring angle O 

and Lhe mass ratio x- 1 = 111 2 / M 1. 

that is, lhe value of the kinematic factor at O = 180º is lhe square of ils valt'.e 
al O= 90º. When the projectile and the larget mass are equal (x = 1), K ts 
zero íor angles larger than 90º and increases as cos 2 O when O falis bel?w 90º. 
This says that a projeclile colliding with a stationary atom equal to 1ts own 
ni<;ss cannot be scallered backward, but only forward. This is lrue also for 

/\!/ 1 > M 2 (x > 1 ). . . , 
J n backscatlering spectromelry, angles near 180º are of spectal mterest. 1 o 

describc lhe behavior of K there, il is convenient to introduce lhe elilTerence 
ô between O anel 180º, expresseel in unils of raelians of are as 

<5 = n - O, (2.10) 

so lh;tl e) mensures lhe dcvialion of O from n in unils of are. Thc kincmalic 
faclor then is approximated very well by the first lerm of an expansion in ó: 

K ~ (Z·;~-Z~Y (1 + Z-;i52) = c-~~y (l + xt5
2). (2.11) 

This
0

equation describes the increase of K along the front eelge of Fig. 2.2 for 
small decreases of O from 180º. The approximation overestimates K by a 
relative amount which is less than ó4 x(1 - x)- 2

• As() departs from 180º, K 
increases only quadraelically with ó. This increase is proportional to the mass 
ratio x = M tf M 2 • When this ratio is small, the factor [(1 - x)/(1 + x)]

2 
can 

be approximalcd by 1 - 4x, so lhat in the righl corner of Fig. 2.2 lhe kinemalic 
factor is approximately elescribeel by 

K ~ 1 - 4x + r52x. (2.12) 

li • 

. , 

1 • 
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This is a convcnicnt formula lo cstimale K in lhe region of O and x values 
whieh are mosl rclevanl lo backscattering speclromelry. Values of K anel ô2 

are given in Tables II-V in Appenelix F. 
Equalions (2.5) anel (2.6) contain the essenee of how backscatlering spec

lromelry acquires ils abilily to sense lhe mass of an alam. Imagine lhal lhe 
primary energy E0 of thc projec(ile atom anel ils mass M 1 are known. 
Assume that lhe energy E, after lj1C claslic scallering evenl is measured al 
a known angle O. Thcn the mass M 2 of lhe target alom lhal promplecl thc 
scatlering is lhe only unknown quanlily in Eq. (2.6). The value of M 2 can 
thus be cletermincd by measuring lhe energy E 1 aftcr the collision if E0 , M 1, 

and O are known. ln eflcct, lhe techniquc amounls lo mass speclromelry 
"by relleclion."•The melhod is based on lhe same laws llrnl govern simple 
billiarcl bali physics. 

ln practice, when a targel contains two types of atoms that di!Ter in lhcir 
masses by a small amounl !iM 2 , il is important that lhis di!Terence producc 
as large a change !iE 1 as possible in the measured energy E 1 of lhe projectilc 
afler lhe collision. As Fig. 2.2 shows, a change of !iM 2 (for fixed M 1) gives 
the largest change of K when O = 180º for ali but the smallest values of M 2 • 

Thus O = 180º is the preferreel location for the detector. To place a normal 
detector exactly al O = 180º is not possible because lhe deleclor would 
obstruct lhe path of lhe incielent parlicles. The eleteclor is tlrns normally 
positioneel at some steep backward angle, such as 170º. It is this particular 
experimental arrangemenl lhal has given lhe melhod ils mune of lwck
scatteri110 speclromctry. With annular deleclors, scallering angles very near 
180º ean be rcachcd; these special soliel-stale eletectors havc a holc along lhe 
ccnler axis lhrough which lhe primary beam passes before impinging on lhe 
larget. 

ln quantitative tcrms, !iE 1 and !iM2 are retateei to each olher by 

(2.13) 

ln lhe vicinity of O = 180º, i.e., O= n - c5, K is very closely approximaled by 
Eq. (2.11), so lhal 

1 - x [ , 2 2 , 2 J , Mvf 2 
---

3 
4(1 +XÔ ) - e) (1 - X ) X--. 

(1 + x) M 2 

(2.14) 

For M 2 » M 1 , which is mosl often lhe case, this 'reduces furlher to 

(2.15) 

Every praclical deleclion syslem has a flnile resolulion. 1f/it', 1 falis below 
this limit, lhe clistinction between two masses is lost. To o!Jtain good mass 
resolution, il is lherefore desirable lhal the coefficient of !iM 2 be as largc as 

·~ 
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póssible. To accomplish this, one can 

(i) lncrease the ·primary energy E0 ; 

(ii) Use a projectile or large mass M 1 (Note, however, that M 2 masses 
smaller than M 1 will nol produce any backscatlering signal.); 

(iii) Measure at scallering angles approximalely 180° (small <5). 

We also notice that mass resolution is inherently better for light target atoms 
than for heavy ones, the effect going as M-:; 2

• 

2.3 SCATIERING CROSS SECTION u 

The preceding section established lhe conneclion between lhe energy E0 

or the incident particle or mass M 1 and lhe energy KM ,Eo that lhis particlc 
possesses at any angle O arter an clastic collision wilh an initially slationary 
mass M 2 • How frequently such a collision actu~lly occurs and ullimately 
results in a scattering event at a certain angle O remains open. 

The difTerential scattering cross section dCJ/dO. is the concept introduced 
to answer this. lls definition is derived from a simple conceptual experiment. 
A narrow beam oí íast parlicles impinges on a thin uniform larget that is 
wider than the beam. At an angle O írom the direction or incidence, let an 
ideal detector count each particle scattered in the clifferential solid angle dn 
(see Fig. 2.3). Ir Q is lhe total number or particles lhat have hit the target and 
dQ is lhe number or particles recordeei by the detector, then the d//fel'elltial 
scattering cross section dCJ/dO. is defined as 

ifo/dO. = (1/Nt)[(dQ/dO.)/Q)], (2.16) 

where N is the volume clensity of atoms in the target and t is its thickness. 
Thus Nt is the number or targct aloms per unit area (areal dcnsity). Thc 
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Fig. 2.3 Simplified layout oí a scattering experiment to demonstrate lhe concept oí the 
<liffcrcntial scattcring cross section. Only primury particles thal are scallered wilhin lhe solid 
angle 1/n spanned by lhe detector are counted. 
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definition implies lhal lhe solid angle dO. isso small lhal lhe scatlering angle 
O is wcll clcfined. The definilion also assumes that lhe lhickness t is minimal 
and lhal, thereíore, lhe cncrgy loss of lhe particles in lhe largcl is so small 
lhal lhe cnergy of lhe parlicles is virlually lhe sarne al any dcplh in lhe largcl. 
Finally, lhe total number of incidenl parlicles Q musl be so large lha! lhe 
ralio dQ/Q has a wcll-delermincd value. 

The differential scatlering cross seclion dCJ/dQ. has the dimension of an area 
("cross seclion ") whose meaning is baseei on a geomelrical interprelation of 
lhe probabilily lhat lhe scallering will result in a signal al the detector. One 
imagines thal each nucleus of an atom presents an arca dCJ/dO. to the beam 
or incidenl particles. lt is also assumecl that this areais quite small anel lha! 
lhe aloms within lhe largel are randomly clistributecl in such a way lhal lhe 
cli!Terenlial cross sections dcr/dD. of lhe nuclei do not overlap. Let S be the 
surface arca of lhe larget illuminated uniformly by lhe beam. Then lhe lotai 
numbcr of atoms eligible for a scallering collision in lhe largel is SN1.t The 
ratio of the total cross-sectional area of ali eligible atoms SNt dCJ/dO. to lhe 
ai'ea S aclually cxposed is then inlerpreted as the probabilily that lhe scat
lering cvenl will be recordeei by lhe detector; lhal is, this ralio is sel equal' lo 
(l/dO.)dQ/Q. Equation (2.16) lhen follows. The multiplicalion with (dQ.)- 1 is 
introducecl beeause doubling lhe solid angle dQ. would obviously double lhe 
number or counls dQ. By divicling dQ with dn, this geomelrical conlribution 
lo lhe number of counts dQ is climinaled. The cross seclion defined in -this 
way thus becomes a value per unit or solid angle; hencc lhe mune diff'ere111ial 
scallering cross seclion, anel therefore the notalion 1/CJ/dO.. Other equally 
valicl inlerprelalions of the meaning of a differential scatlering cross scction · 
can be found in various lextbooks (Leighton, 1959; Goldstein, 1959). 

When one inquires as lo lhe number or scattering events falling within a 
finile solid angle n ralher lhan a difTerential solid ángle dO., the probability 
o,r a succcssful cvcnt is described by lhe i11teoral scatterill{J cross sectio11 l:: 

l: = f
0 

(ifo/dO.) dO.. (2.17) 

Its geometrical interpretation is analogous lo that of the differential scattering 
cross section. ln backscaltering speclrometry, the solid ángle n of a lypical 
detector system with a surface-barrier detector is fairly small (1o- 2 sr or less) 

1 On~ can also conceive ofsílualions where lhe piclur; oírandomly <lístribulcd cross seclions ··--. 
over an arca S and a uniíorm illuminalion oí this arca S by lhe incidcnl parlicles brcaks down. ' 
Whcn thc largcl is single-cryslallíne, lh~ cross seclions are clusiered along sels oí lines in space. 
Ir the incident parlicles move in a direction parallel to such tines, and ir thc flux oí lhcse parliclcs 
is concenlraled ín lhe voíds ("channels") surrounding lhcsc lincs, thc probubilíly of a scullcring 
collision is obvíously rcduccd. This is lhe situalíon commonly rcícrred lo as "channcling" 
(scc Chaplcr 8). 

·~ 
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anel the scattering angle O is well clefined. lt is then convcnientt to introeluce 
thc average dljf'ere11tial scall erin(} aoss sect ion O": 

(J = (t/n) r (dO"/dn)dn. . Jn (2.18) 

For very small detector angles n, O"--> cfo /dQ. The average clifferential scat
tering cross section is lhe value orelinarily usecl in backscaltering spec
lromclry. H.is usually calleel scattering cross section in lhe literalure. We 
follow this convention. 

For the experimental conclition given in Fig. 2.4, in which a uniform beam 
impinges al normal incidence on a uniform larget that is larger than the arca 
of the beam, lhe total nwnber o.f defected part:icles A can be writlen from 
Eqs. (2.16) anel (2.18) as 

A = 0"0 · Q · Nt. (2.19) 

(
number of ) (total number of ) (number of target ) 
eletecteel particles = O"Q . incielent particles . atoms per unít arca · 

This equation shows that when O" anel Q are known and the numbers of 
inciclent anel eletected parlicles are countecl, lhe numbcr of aloms per unit 
'arca in lhe largcl, Nt, can bc dclermincd. Thc abilily oí backscatlcring spcc
tromelry to provide quantitalive informalion on lhe number of atoms presenl 
per unil arca of a sample slems from Eq. (2.19) ª'1.d the facl lhat lhe average 
scatlcring cross section O" of the elements i:i known quite accurately. 

Torgel 

Tronsmilled beom 

Scallering 
angle 

Incidenl beom 
Total number 
or incidenl pari icles = Q 

Fig. 2.4 Schemalic layoul oí a backscallering experimenl, showing a lhin largel, lhe lrans
miltcd porlion or lhe bcam, anel lhe rraclion or lhe backscallercd beam lhal is inlerccpted anel 
counled by lhe detector. 

t ln nuclear physics, lhe symbol rr is used lo rcíer lo lhe integral ("lotai") scallering cross 
scclion, called L in Eq. (2. 17), The use oí rr for lhe righl-hand si de oí Eq. (2. 18) is inconsislenl 
wilh lhis older tradilion, which would have required a symbol such as (drr/dO) inslead. On the 
olher hand, the newer (inconsistenl) convenlion or Eq. (2.18) sirnplÜies lhe writing or many 
cqualions lo rrn ralher lhan lhe clumsy (drr/dO)fJ.. 

'. 

.( 
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To calculale lhe diííerenlial cross scction foi: an elastic collision, lhe 
principies or conscrvation or cncrgy and momcntum musl bc complcmcnlcd 
by a specific moclcl for the force that acls during lhe collision bclwcen lhe 
projectile anel the target masses. ln mosl cases, lhis force is very wcll describcd 
by lhe Coulomb repulsion oí lhe lwo nuclei as longas lhe distancc oí closcsl 
approach is large compared wilh nuclear dimcnsions, but small compareci 
with the Bohr radius a0 = li/1110 e = 0.53 Â. When lhese assumptions are made, 
the clifferential scattering cross scclion is given by Rulhcrford's formula 
(Rutherford, 1911; Goldstein, 1959; Leighton, 1959): 

[ 
Z 1Z 2e

2 
]

2 

(cfo/dQ)c = 4Ec sin2(0c/2) ' (2.20) 

where the subscript e indicates that lhe values are given with respcct to lhe 
ccnter-of-mass coordinates. Here Z 1 is lhe atomic number of lhe projcclile 
atom with mass M 1 , Z 2 is the atomic number of lhe targel atom wilh mass 
M 2 , e is the electronic charge (e= 4.80 x 10- 10 statC),t anel E is the energy 
o.f the projectile i111111ediate/y before scattering. This formula is valid also for 
values in the la boratory frame of reference, but only when M 1 « M 2 • For 
the general case, the transformation of this formula from the cenlcr-oí-mass 
lo lhe laboratory frame oí reícrcnce yiclds (Darwin, 1914) 

dO" = (Z 1Z 2 e2)2 _4 __ {[l -((M 1/M 2)sin0)2
]

112 + cos0}
2 

( 2.22) 
dQ 4E sin 4 0 [l - ((Mi/M 2)sin0)2]1 12 

A detailed execution ofthis lransformation is given in Appcndix A. Thc ordcr 
of magnitude of this diííerential scallering cross scclion is prcdominanlly 
given by lhe first factor (Z 1Z 2e2/4E) 2

• As an example, consieler 1-MeV He 
(Z 1 = 2) impinging on Ni (Z 2 = 28); then (Z 1Z 2/4) 2 = 196. ln electroslalic 
cgs unils, lhe clcclronic charge has lhe value e= 4.80286 x 1o- 10 slatC and 
lhe unit ofpotential is the statV = 299.79 V. For 1 MeV, the value of(e2/E) 2 

istherefore(e/!06 V)2 = (4.80286 x 10- 10 x 299.79/l06
)

2(slatC) 2/(slalY) 2 = 

2.0731 x I0- 26 (slatC/statV) 2
• The ratio statC/statV has lhe valuc oí lhe 

1 ll is cuslomary in lhe nuclear physics lileralure to use cgs units. To avoid confusion anel lo 
hclp in idcnliíying lhe syslcm of units adopled for an equalion, we shall usc e throughoul whcn 
eleclroslálic unils are assumed anti q lhroughoul when mks unils are uscd. To lranslalc an 
equation írom onc sei oí unils lo another, one subslilutcs 

(2.21) 

wherc e= 4.80286 x 10- 10 slalC, whcre q = 1.60206 x 10- 19 C. anel i:0 = 8.85434 x 10- 12 

Asec/V 111. A convcnicnl conslanl lo remember in conncction wilh Eq. (2.21) is lhat e2 = 1.4398 x 
10- 13 MeV cm"" 1.44 x 10- 13 MeV cm. This pennils quick cslimales oí drr/i/0. whcn E is 
givcn in mcga clcctron volts, as usual. 

{ ) 
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unit length 1 cm, so lhat (e2/E) 2 = 2.0731 x 10- 26 cm 2 = 0.020731 b. Note 
lhat lhe ~onversion e2 = 1.4398 x 10- 13 Me V cm yields this re~ull clireclly. 
The product (Z 1Z 2/4) 2 

• (e2/E) 2 lhus is 196 x 0.020731 b = 4.06328 b for a 
unil sleradian. Performed in mks unils, lhe sarne calculalion slarls from Lhe 
formula (Z 1Z 2q2/4ne04E) 2

, where lhe eleclronic charge has the value q = 
1.60206 x 10- 19 A sec and e0 = 8.85434 x 10- 12 A sec/V m. The ratio 
(q 2 /4ne0 E) 2 for E = 106 q V then becomes ( 1.60206 x 1o- 19 /4n x 8.85434 x 
10- 12 x 106) 2(A sec)2 /(A sec/V 111)2 = 2.0731 .x 10- 30 111 2

, which is again 
0.020731 b. (1b=1barú=10- 24 c111 2

) 

If we clisregarcl lhe faclor (Z 1Z 2e2 /4E)2, lhe RLtlherford dirTerential scat
tering cross seclion depeneis only on the rali o Mi/ M 2 of the projectile and 
target 111asses and on the scattering angle O. A plot of dCT /d0. versus M 2/ M 1 = 
x- 1 and O as given by Eq. (2.22) is shown in Fig. 2.5. For any combinalion of 
projectile and target 111ass, da/dn always has its lowest value at 180º. Ex
pressed in units of(Z 1Z7.e2/4E)2

, lhis minimum value is [1 - (M 1/M 2)
2

]
2 = 

(1 - x 2) 2 • ln the vicinity of 180º, i.e., along lhe front eclge of Fig. 2.5, where 
O = n - o, the Rutherford differential cross seçtion increases quadratically 
with ô: , 

(2.23) 

where h = l - 3x4 + 2x6
. The formula shows that near 180º, the scattering 

cross scction does nol changc much wilh lhe scallering angle. This facl 
enables one to use lhe avcrage acceplance angle of lhe particle detector anel 
stillobtain an accurate value for the calculated cross section near 180º [see 
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Fig. 2.5 The dcpendence oí lhe Rutherford di!Tcrcntial scaltering cross section given by 
Eq. (2.22) as a íunction of thc scattcring angle O anel thc mass rntio x- 1 = M 2 /M 1 • 
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. Eq. (2.18)]. For M 1 « M ~, i.e., in the lower righl comer of Fig. 2.5, the 
angular dependence of lhe righl-band side of Eq. (2.22) can be expanded in 
the power series (Marion anel Young, 1968) 

- ~ 1 sm - - - + ... dCT (Z 1Z2e
2

)
2
[. _ 4 0 2(M 1)

2 J 
dn - 4E . 2 M1 ' 

(2.24) 

where lhe firsl 0111ilted lerm is of lhe o reler of (Mi/ M 2 )
4

. The last expression 
reveals the significant functional dependences of the Rutherford dilTerential 
scattering cross sections: 

(i) dCTfdQ is proportional to Z 1
2

. The backscattering yicld oblaincd from 
a given larget atom with a He beam (Z 1 = 2) is four times as large as with a 
proton beam (Z 1 = 1) bul only a ninth of that produced by a carbon beam 

(Z1 = 6). 
(ii) dCT/dQ is proportional to Z/. For any given projectile, heavy atoms 

are very much more eíllcient scatterers than light atoms. Therefore, back
scattering spectrometry is much more sensitive to heavy elements than to 
light ones. 

(iii) <fo/dn is inversely proportional to lhe square of lhe projectile energy 
( oc E- 2). The yield of scattered particles rises rapidly with decreasing bom
barding energy. 

(iv) <!CJ/dQ is axially symmetrieal with respect to lhe axis of lhe incidcnl 
beam; i.e., da/dn is a funclion oro only. 

(v) dCT/dQ is approximately inversely proportional to the fourth power 
of sin(0/2) when M 1 « M 2 . This dependence gives rapidly increasing yields 
as the scaltering angle O is reduced. 

Values of dCT/dO for various elemenls Z 2 anel energies are tabulated in 
Table X. For He in the Me V energy range, Rutherford dilTerential scattering 
cross sections are typically within an order of magnitude or two of barns · 
(1 b = 10- 24 cm2) per unit steradian. A monolayer of a solid typically con
taíns about 1015 atoms/cm 2 • A 1-MeV He partícle will thus typically traverse -
very many monolayers before beíng scattered out of its path by a nuclear 
collision. 

Devíalions of the di!Terenlial scaltering cross seclion from lhe Rutherford 
formula do exist. 

For O~ O, the Rutherford cross section. tepds to infinily, which of course 
violales the initial assumplion that lhe cross sections of the targel nuclei , 
should be so small that they do not overlap. Small scattering angles corre
spond to large fly-by distances between the projectile anel the target nuclei, 
that is, d is lances grealer than the radius of the innermost electron shell of the 
target atom. At these distances the electrostatic interaction does not take 
place between bare nuclei as Rutherford's formula assumes (dCT/dQ:::: Z 1Z 2e2

). 
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A similar situation exists when a low-energy pl·ojectile collides with a 
hcavy alom. 1 n such instances, one must use seatlering eross sections derived 
írom a potentíal which includes electron screening. Examples are the Born 
potential (Evethart et ai., 1955), the Born-Mayer polential (Abrahamson, 
1969; Robinson, 1974) or the Firsov potential (Firsov, 1959). The validity 
oí lhe Rutherford scattering approximalion has becn tested by calculation 
using different potentials (Everhart et ai., 1955) anel by measurements with 
100-keV 1H4;. and 4 He+ on Au (Van Wijngaarden et ai., 1970). Barely 
detectable departure írom the Rutherford differential cross section was 
obtained in the latter case. 

For sufficiently high energies E, the distance qr closest approach between 
thc projectile anel the target nuclei reduces to the dimensions or nuclear 
sizcs. The short-range nuclear forces then begin to influence the scattering 
process, anà deviations from the Rutherford scatlering cross sections appear. 
Whcn the scattering process is inelastic, the energy of thc scatterecl particle 
clilTcrs from KE0 as well. ln other cases, Lhe scattering process is elastic slill, 
but lhe differential scattering cross section deparls from the Rútherford 
value, sometimes by a large factor. ln either case, the value of the dilTerential 
scatlering cross scclion is strongly dependenl on energy, on the scattcring 
angle, anel on the particular combination of projectile and larget 1H1clei. 

Apparent cleviations from the Rutherfot'd clilTerential cross section can 
occur with electrostatic and magnetic analyzers. These analyzers are often 
desirable al low encrgics because of their goocl resolution and precision. ln 
contrast to solid-state cletectors, however, they detcct particles of only one 
charge state at a time. The charge of Lhe projectile alom aftcr backscallering 
and escape from the target is a strong function of the escape velocity of the 
projectile (Marion and Young, 1968). Adjus·tments are therefore required 
to correct the observed particle counts for the undetected fraction of the 
scattered particlcs at any givcn cnergy for a givcn target. 

2.4 ENERGY LOSS ANO STOPPING CROSS SECTION 

2.4.1 Energy Loss c/E/dx 

An energetic particle that impinges on a target will penetrale into it. This 
is so because the large-angle Rutherford scattcring collision discussecl in 
the previous section is highly unlikely. The fate of an impinging particle is 
overwhelmingly determined by lhe processes that contrai the penetration 
into lhe larget, rather lhan by lhe large-angle scaltering collisions. Back
scattering spectrometry is an analytical method to seeondary process; the 
first-order process is the implantation of the beam pal'ticles into the target. 

· The conccpts used to describe how a swift parti ele pene trates into matter 
arisc from energetie considerations. As the particle pushes its way through 

2.4 Energy Loss anel Stopping Cuoss Seçtion 

Fig. 2.6 Sçhemalic of a transmission cxpcrimcnt 
to mcasme thc 1'1Bj1'1x loss of a swirt particlc in a 
dcnsc 111cdiu111. 
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the larget, it slows down and its kinetic energy E = tM 1 v
2 decreases. The 

amount of energy /ti.E lost per distànce /ti.x traversed depends on the identity 
of the projectile, on the -Oensity and composition of the target, and on lhe 
velocity itself. The simplest expcriment that can be conceived to determine 
this energy loss is to take a very thin target of thickness /ti.x and of known 
composition. A beam of monoenergetic particles is directed al this target 
(see Fig. 2.6). The energy dilTerenee /ti.E of lhe particles before and arter 
transmission through the target is measured. Thc energy loss per unit lcngth, 
also ealled. sometimes the spec(fic energy loss, and frequently abbreviated 
dE/dx loss, ai lhe cncrgy E of the incidcnt beam is thcn dcrincd as 

d E 
lim !J.E/!J.x =-(E) 

i:\x->O dx 
(2.25) 

for that particular particle anel energy in that mcdium. Note that this cx
pression gives an energy loss that is a positive quantity. 

Sinee the early days of nuclear physics, measurements of lhe energy loss 
per unit length have been perfonned for many projectile atoms, for a multi
tude of compounds, for most elements, and over a very wide range of energies. 
A list of available compilations of experimental energy loss information is 
given in Appenclix D. For backseattering spectromctry, it is lhe energy loss 
of 4 He. in the elements at cnergics betwcen 0.5 and 3 Me V that is of chicf 
concern, because beams of 4 He in that energy range are most frequenlly used. 
Typical dE/dx values for 4 He of that energy range lie between 10 and 100 
eV/Á. Additional information on the subject is provided in Section 2.4.2. 

For the present we shall assume that dE/dx is known at any energy, and 
wc wish to establish the energy E of the projectile at any depth x below the 
surface of a thiek sample into which lhe particle penetrates with an initial 
energy E0 . Generally, dE/dx is a function of energy and has the form sketched 
in Fig. 2.7a. The energy E al any depth x below the surface is then given by 

E(x) = E0 - J: (dE/dx) dx. (2.26) 

As the functional parentheses (E) in Eq. (2.25) point out, dE/dx is defined 
and normally givcn as a function of Ei. not of x. The preceding integral thus 
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t<'lg, 2.7 (11) Typicul dcpcmdcncc of dE/dx us n 
function of lhe kinetic energy E of the projectile, To 
obtain the depth ofpenetration x al which lhe particle 
cncrgy has bccn rcduccd from E0 lo E < E0 , onc 
takcs lhe reciprocai of dE/dx, as shown in (b), and 
integrates this funclion from E to E0 , as represcntcd 
in (e), ln lhe surface encrgy approximation, dE/dx 
is rcplaeed by ils value at E0 (hcavy dashed line), ln 
lhe mean energy approximation, lhe constant value 
of dE/dx is chosen at lhe mean energy E= !(E+ E0 ), 

cannot be evaluated without the knowledge of the energy as a function of x, 
E(x). But E(x) is the unknown in the equation. The difficulty is resolved by 
regarding x as a function of E, rather than E as a function of x; then 

dx 
dx = dE (E), dE, (2,27) 

so that 

fBo fBo l 
x = j,, (dx/dE) dE = JE (dE/dx)- dE. (2.28) 

To find x(E), one thus integrates over the function (dE/dx)- 1
• The situation 

is sketched graphically in Figs. 2.7b and e. Note that the upper limit E0 is 
fixed and the lower limit E varies; hence x increases as E decreases. 

It is frequently convenient to replace lhe actual dE/dx function by an 
approximatlon. The simplest procedure is to replace dE/dx by its value ai 
the energy E 0 of the incident particle, as indicated by the dashed line in 
Fig. 2.7. Either Eq. (2.26) or Eq. (2.28) can then be used to determine x(E): 

E= E0 - ~~ 1 x 
X fio 

or ( m)-11 x = (E0 - E) :__l . 
<X l?o 

(2.29) 

'1 

'l 

• .. ,,, 

1 ' 

2.4 Energy Loss and Stopping Cross Section 

· This methoel provides good estjmates only in lhe uppcrmost or surfacc 
region of the target, anel is ~hus c~llcd the sw:face e11er9y apprnximation. _ 

Anolhcr approximalion rcplaçcs dE/dx by its valuc at thc cncrgy E= 
t(E + E0 ), One then obtains, from Eq. (2,26) or Eq. (2.28), 

E= E0 - d1~-1-x i.\ E 

, (dE)- 1

1 x=(E0 -L) -
1

-:- ,' 
(.\ [, 

(2,30) OI' 

so lhat x again increases lincarly with (E0 - E). This proccelurc is callcd 
the 111ea11 e11er9y app1·oximatio11 and is sketched in Fig. 2.7 as welL The mcan 
energy approximation provides good estimates at inlerrncdiate dcpths of 
penctration. Figure 2.7c shows how lhe two approximations are rclatcd to 
the exact solution given by Eq. (2.28). 

The accuracy of the linear approximation can obviously be increased by 
selecting the specific value for d E/dx that reproduces the magnitude of x when 
this specific value is substituted for lhe integrand in Eq. (2.28), The dE/dx 
curve takes on this specific valuc at some suitably selected energy E intcr
mediate lo E and E0 • As an exarnple, Wartcrs (1953) assumes that the func
tional dependence of dE/dx can be approximated by 

dE/dx = CE-n(El, (2.31) 

where C is a constant anel the exponent a(E) varies only slowly, so that it 
1üay be set to a fixcd value for any given energy interval b.E = E0 - E. 
According to Eqs. (2.28) anel (2.30), the specific value E to choosc is that 
which will satisfy the condition 

(2.32) 

The integration over dE yields, as the condition that E must meet, 

(2.33) 

Expanding lhe left-hand side to seeond orders of b.E/E0 , dividing by E0ª, 
anel extracting the root gives 

[l - ta(b.E/E0 )]11ª = E/E0 (2.34) 

or 

E/E0 = 1 - !-(flE/E0 ) + · · · (2.35) 

To lhe exlent that Eq. (2.31) approximales dE/dx adequalely anel as longas 
b.E « E0 , the best choice of E is thus midway between E0 anel E0 - b.E. This 
is the sarne value speci!leel in lhe mean encrgy approximatíon. 

' 
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2.4.2 Stopping Cross Scction r. 

The energy loss dE/dx accounts for lhe energy a fast particle expends as 
it passes through the electron cloud of the atoms that lie along its path or 
as it sulTers numerous small-anglc collisions with nuclci lying along its routc. 
The value of dE/dx can be vícwcd as an avcragc over ali possible energy
dissipative processe~ activated by the projectile on its way pasta target atom. 
Tt is natural, lhcn, to inlcrprct dE/dx as thc result of indepcndcnl conlributions 
of every atorn exposed to the beam. This number is $N l'lx if l'lx is lhe thickness 
of the targct, S is thc larget arca illuminated by Lhe beam, and N the alom 
dcnsity in the target. The projection of ali these atoms on the arca S produces 
a surface density of atoms SN l'lx/S = N l'lx. This quantity increases lincarly 
with /1x, as does the energy loss l'lE = (dE/dx) l'lx. We lherefore set l'lE 
pi·oportional to N l'lx and dcllnc thc proporLionaliLy factor as lhe stoppi110 
cross section e: 

t: =: (l/N)(dE/dx). (2.36) 

The conventional unit for r. is clectron volts · square ccntimetcrs per atom 

usually abbreviated cV cm 2
. ,. 

The dislinclion bctwcen dE/dx and i: is mosl eviclenL whcn one consiclers 
lwo targets madc up of thc same number of aloms per unit arca. Assume 
that in one case the aloms are closely packecl anel forma high volume clensity. 
ln the other case they are loosely assemblecl in a spongelike structure of low 
volume dcnsily. Thc cncrgy /1E lransferred to lhe target by a fasl parlícle 
must be lhe same in bolh cases as longas the energy loss is an atomic property, 
that is, independent of the packing density of the atoms. A larger value of 
dE/dx will be assigned to the clenser targel', however, because that cnergy 
/1E is dcpositcd ovcr lhe shorlcr dislancc l'lx. Bul l'lE/N l'lx has lhe sarne value 
in both instances since the difference in the densilies is caused by the dilTerent 
values of /1x in the two cases; in other words, N oc l/l'lx, so that N l'lx = const. 
Hence /1E/N l'lx =e is constant in the two cases. The subject is discussed 
also in Scclion 3.9. 

Another definition which is used predominantly in Lhe nuclear physics 
literature sets 

e* = (l/p)(dE/dx), (2.37) 

where p is the mass density (grams per cubic cenlimeter) of the target and 
e* is usually given in unils ofkilocleclron volts · square ccntimelcrs per gram. 
The symbol e* is introducecl here lo disLinguish beLween lhe two definitions 
of Eqs. (2.36) and (2.37), blit the literature does not make that differentiation. 
Which dellnition applies in a particular case can always be established from 
dimensional considerations. The two quantilies can be converted into each 
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olhcr by lhe rclalionship 

p = N(M/N0 ), (2.38) 

so thal 1:* = i:N 0 /M. Hcrc M is lhe alomic wcight (grams per mole) of lhe 
element and N 0 = 6.025 ~ 1023 atoms/mole is Avogadro's numbcr. 

The advantage of using the stopping cross scction e ralher than lhe d E/dx 
is eviclenl when one compares lhe encrgy loss of ncighboring elemcnts in lhe 
periodic table. Tablc 2.1 lists data for Na and AI for 2-MeV 4 Hc. The ratios 
of the alomic numbers 2 2 anel of lhe alomic masses M 2 are wilhin 4% of Lhe 
e ratio, but lhe dE/dx ratio is larger by more than a factor oftwo. It is mainly 
the clifference in the alomic.densily of Na and AI thal is responsible for lhis 
difference. Atomic densities vary over almost an order of magnitude. lnler
polations from onc elemenl lo another are thus much more reliably pcrformcd 
on e than on dE/dx when clirect information is unavailable. 

Na 

AI 

AI . 
-rat10 
Na 

TAllLE 2.1 
Comparison oí Encrgy Loss per Unit Lcngth dE/dx and 
Stopping Cross Scction r. íor 2.0-McV 4 Hc in Na anel AI 

N r. 

Z2 IH 1 (aloms/cm 3
) (cV cm 2

) 

11. 22.99 2.65 X 1022 39.6xl0- 15 

13 26.98 6.02 X 1022 44.3 X IO- 1 s 

1.18 1.17 2.27 1.12 

dE/dx 
(cV/À) 

10.5 

26.6 

2.53 

For backscattering spectrometry, inlerest in stopping cross-seclion valucs 
centers predominantly on 4 He because this is the mosl frcquently uscd ion 
for the analyzing beam. Ziegler and Chu (1974) have surveycd lhe 1 ilcra
ture and tabulaled scmiempirical lables of stopping cross sections for 4 Hc 
in ali elemenls and from 0.4 to 4.0 MeV. Their tables are reproduced as 
Tablc VI of Appendix F. A graphical display ofthe values from 0.4 lo 2.0 Me V 
is shown in Fig. 2.8. As can bc scen, lhe stopping cross section of ali elcments 
vary with energy in much the sarne way. The curves have a broad maximum 
somewhere ncar 1 McV. For conslanl energy, i: lends lo incrcase with Zz, 
but thcrc are slrong varialions superimposcd on this lrcnd. ln lheir fine 
structure these varialions are irregular, but their overall features are closely 
correia teci with the electronic configuration of the element. This is particularly 
pronounced al 400 keV, where the three transition metal groups show up 
as regions of reduced e values. 
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Many scctions oí this fi&ure have bccn obtaincd by intcrpolation to fill 
in nonexistent data, and sqme of the data available may be revised in the 
future. Details in Fig. 2.8 wjll theq change; but it is clear that as a whole the 
dependence or the stopping cros~ section on energy and target element in 
the range or intercst to backscattiering spectrometry is complicated. This is 
the reason why theoi·etical calculations of stopping cross sections tum out 
to be diíllcult lo do accuralcly. T!1e following subseclion lhcrcforc prcscnts 
in detail only the simplest clai;sical picture of electronic energy loss. The 
approach offcrs some physi<ial insight but no quantitativc accuracy. 

2.4.3 Physical Models 

Thc theory oí the íast particle interaction in densc media began with lhe 
work orBohr (1913) and is still an active field ofinvestigation. Much is now 
known, particularly for amorphous materiais. For the light projectile atoms 
and the energy range of interest to backscattêrmgspeétr(;tl1etry, thc two 
dorninant processes of cnergy loss are the intcractions of thc movingion 
wlth the bound or free electrons in the target, and the interactíons of the 
moving ion with the screened or unscreened nuclei of the target atoms. One 

can thus set 

(2.39) 

Figure 2.9 shows schcmatically how these two contributions dcpcnd on the 
projcctile. energy. Nuclear slopping originales from lhe multitude of small
angle scattering eollisions or the projeetile with the atomic nuclei of the 
targct. Electronic stopping comes from the ''.frictional rcsistancc" that thc ~. 
projectilc encounters on its pass through the electron clouds surrounding 

each target atom. 

Fig. 2.9 Typical dependences or clcclronic E, and 
nuclear e., conlribulions to lhe slopping cross seclion 
r. as a runclion or the incidenl parliclc encrgy E. The 
Belhc-Bloch equalion [Eq. (2.46)] is a good appro
ximalion only al high energies beyond lhe maximum 
in lhe slopping cross section. 

Bethe -Bloch 
region 

ln very simplified terms, both interactions may be viewed as taking place 
between two isolated particles that internet electrostatically. Assume that 
the direction and speed of the incident particle are perturbed only slightly 
by the interaction. If the projectile has a mass M 1, a charge Z 1 e, anda velocity 
v

1
, and if the target particlc of mass M 2 and charge Z 2 e is initially stationary, 

lhcn thc momentum traí1síerrcd 'to lhe mass M 2 in a direction perpendicular 
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to the path of lhe projectile is 

P.t = 2(Z 1Z 2e2/bv1) (2.40) 

for this simplified model. Here, lhe impact parameter b is lhe distance of 
closest approach between the two particles if the mass M 2 were held fixed 
in placc whilc lhe projcclile ílcw pasl il alonga slraighl lrajcclory. Thc cncrgy 
transferred to the stationary particle thus is 

E.t = P//2M2 
= (2/M2)(Z 1Z 2 e2/bv 1)2. 

(2.41) 

(2.42) 

The cncrgy lost by lhe projcclilc is very closcly cqual lo E1 when 1 hc pcrtlll'
bation is small, as presently assumed. Jt is lhus evidcnl ll1aL!e~_cJi:g_11~ with 
their JjghLmass_(Õ:i2_= 111.) absorb much more energy per_~~o_t~1!te1IGii1_ 
tfícf;uclci do. ---··-- -· - ·· · · ----

. ··· Fro11{ this .vt~lue of E.t onc can readily oblain the eleclronic cnergy loss 11E 
incurred by the projectile over a length t'1x of the target. Stalislically, the 
probability of an cncounter with lhe impact parameter between b and /J + db 
is 2n/J dh per unit area, since the electron may lie anywhere on a circle of 
radius 2nb around the particle track. The number of electrons per unit area 
ovcr lhe length b.x of lhe track is NZ 211x. The averagc number d b.n(E.t) of 
cncounters that will gencrate a quantum E1 of energy loss is lherefore 

d b.n(E1 ) = NZ 2 b.x · 2nf)(fh. (2.43) 

Togelher, lhcse tosses eontribute lhe average difforenlial amounl d b.E to 
the total energy loss 11E across 11x; hence, 

db.E = NZ 2 b.x[2(Z 1e2)2
/111 0 v1

2]2n(dh/b). (2.44) . 
If lhe impact para meter can range from b111 i 11 lo b111ax, and 11x tends to the 
limit dx, one finds after integration: 

(dE/dx)\ 0 = NZ 2[ 4n(Z 1 e2
)

2/mcv1 2
] ln(b111,,,/b111 i 11). (2.45) 

This result closely matches the Bethe-Bloch formula (2.46). 
This sim pie picture or scattering in a cloud of free electrons neglecls the 

faet that electrons are bound to atomic nuclei. Even in a metal, most electrons 
are bound to atoms. The ionization energy required lo separate lhe electron 
from the atom has to be accounted for, anel the scattering process becomes 
an inclastic one. The correct calculation of the average encrgy transferrecl 
to an electron is thus a problem for which we must consicler every possible 
energetic_stéll_e or .. an e~ectrn11jn.the.t<1rgetand Vjhich depencls_a_c{.~jt~Qtl!ll!Y 
on lhe ayerag~pQpúlãtion of each of these Qlat~s.:.Also, Hi~-PLQl;Jkrn hªs .t<J. 
be t~c~ted qtiantum mechariiCa]ly. . ... ~· 

A number of approximations have been clevelopecl over lhe years to per
• form this averaging. They provide very useful analylical expressions for 

I. 
1· ( 

•.l. : 

.. 

'·!~ 
Qi 
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dE/dx\e· A well-known resu'lt is that Ú1e electronic stopping can be cast in 
the general form 

(dE/dx)\ 0 = NZ 2 [4n(Z 1e
2

)
2/m.v 1

2 ]L, (2.46) 
--~__.-~----~--~---------~ 

where L is callecl the stopping number. Accorcling to quantum-mechanical 
calculations ofBclhc (1930), its value is givcn by 

L = ln(2~!e_v_c2fl),__ (2.47) 

where the energy I is an avéí-a~er the various excitations anel ionizations 
of the ele~trons in a larget alom. Exact calculations of this mean excitation 
potential are difficult to perform, and I is usually regarcled as an empirical 
para meter. Bloch ( 1933) also macle a quantum mecha nicai analysis and 
showed that I is approximalely proportional to Z 2 ; that is, I = KZ 2 , where 
K is an empirical parameter known as Bloch's constallt anel is of the order 
of approximately 10 eV. Equa!ion (2.46) is commonly refcrred to as lhe 
Beth.f=flfod1.for111ula füLth"-.§Q.esJ!1«:: .. cner~y}~s.s. The formula describes the 
experimental energy loss well only at energtes beyond the maximum of lhe 
dE/dx curve (see Fig. 2.9). Equalions (2.46) and (2.47) stale lhat for any elc
menlal target lhe elcclronic component of dE/dx has the gencric íorm 

JI dE/dxl. = NZ2(Z1e2f[(v 1
2) ,, w 

~ = NZ2(Z 1 e 2 )~/'(E/Mi), ( 

(2.48) 

(2.49) 

where f(E/M i) is a func!ion lha! depends only on lhe largel elemenl, no! 
on lhe lype oi' project ile, <i'nd also describes lhe encrgy depcndencc oi' d l~/dx\c· 
Equalion (2.49) sta!cs lhal dE/dx is proporlional lo lhe alomic dcnsity N 
(as discussed in connection with Table 2.1). The equation also states that in 
any given clement lhe electronic energy loss of 4 He (M 1 = 4, Z 1 = 2) al an 
energy E is four limes larger lhan the energy loss. of protons ai an cnergy 
E/4. Neither statement is exactly correct, but both are very useful rules. 

Electronic stopping depeneis on lhe elcctronic states in the target so that, 
in pririciple, lhe gaseous, liquid, anel solid phascs of thc sarne elen1ent must 
have dilTerent stopping cross sections. The nature of the chemical bincling 
in a target a!Tects the electronic states and should tlrns also affect electronic 
stopping. Such e!Tects, although they have been reported (Matteson et ai., 
1976) are weak. They are ignored in the theoretical treatments previously 
discussecl. These effects are expected to bc significant mainly at low projectile 
energies and for lighl targels, where the number .of core electrons are few. 
One theorelical model of dE/dx\ 0 actually assumes that lhe valence electrons 
may be trealecl as a Fermi gas with a plasma frequency wr = (4rr11 0 e2/111.) 1' 2, 
where ne is the densily of the electron gas (Linclhard et ai., 1964). The analysis, 
performed in terms of a complex dieleclric constant, again leads to Eq. (2.46) 
for high energies, where NZ 2 stands for 110 and L now has the value 1n(2111cv 1 

2 
/ 

hw"). Rccenl calculations based on wavefunclions of a Hartree-Fock--Slaler 
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m.odel have proven fru~tful in explaining the systematic variatjons of dE/dxl. 
w1th Z2 for a pxe~ pr~Jectile (Rousseau et ai., 1971; Chu and powers, 1972), · 
as shown for He m Fig. 2.8. The rather remarkable·decrease in the stopping 
cross section shown in Fig. 2.8 from Cu to Cu, Nb lo Ag, and 1past Xe is duc 
to the fact that when d-shell electrons are added in the sequenqe of transltion 
elcmcnts, t}1e clectron density neur lhe ulom incrnuses enough to. reduce 
the average electron density seen by an energetic particle traversing the 
material. 
~s long as lhe particle moves through matter so fast that the velocity 

V1 is large compared wilh lhe speed Z 1 v0 ofits electrnns in their innermost 
orbit, where Vo = e

2/n = 2.2 x 108 cm/sec, the particle is effectively stripped 
of clcclrons und moves as an ion lhrough lhe mcdium. At thcse velocities 
the simple model of charge Z 1 e interacting clastically (or inclastically) with 
free (or bound) electrons in the target applies [Eq. (2.49)]. As the particle 
slows down, however, the probability tluH nn elcctron is cupturcd by lhe 
moving ion increases (Bohr, 1940, 1941; Northcliffe, 1960) and the effective 
charge of the projectile decreases. Also, the most tightly bound electrons of 
the target atoms play a gradually declining role it1 the stopping process. 
As a result, dE/dxl. increases less rapidly with falling energy E, and even
tually turns around and actually decreases. The maximum of the stopping 
cuçye lies in the general vicinity of lhe "Thomas-Fermi" velocity z~t3 v0 and 
usually somewhat above it. This velocity is a convcnient rcfcrencc point 
When comparing lhe electronic energy loss of diffcrenl projecliles. t 

At these low energies, the Bethe-Bloch formula [Eq. (2.49)] breaks down. 
The reduction of lhe number 9f electrons contributing to the energy loss 

. gives very large corrections. Also, the neutralization probability of the 
· projectile becomes large. ln this low energy range, the electronic energy 

1 
• loss becomes proportional to the velocity of the projectilc. Linelhard et ai., 

. (1963, abbreviated as LSS in the literature), anel Firsov (1959) gave theoretical 1 

descriptions for this energy range. The LSS cxprcssion is baseei 1011 elastic 
scattering of free target electrons in the static field of a screened point 
charge which describes the projectile. Firsov's expression is based on a 

( 1 

simple geometric moelel of momentum exchange between the projectile anel 
the target atom during the interpenetration of the electron clouds surround
ing the two colliding atoms: Both theories adequately describe the general 
behavior of the stopping power with rcgard'.to thc encrgy depenelcnce and 
the magnitude. 

1 The velocity v0 = e2/f1 = 2.2 x 108 cm/scc imparled to one nucleon corresponds to 25 keV 
oícncrgy. The Thomas-Fermi vclocily zt13e2/fr thus corrcsponds lo Z1'3 x 25 kcV per nucleon 
or lhe projcctile. This amounts to 25 keV íor 'H and 250 keV íor 4 He. Maxima or eleclronic 
stopping íor 4 He bccur more typically at 0.6 to 1.0 Me V (see Fig. 2.8). 
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. ~Joçjtj~§i_ a11 additiQ_t~<lLe~erg~· l°'ss P.1:0.C:C:~s_Qc;cur~. Ene1:gL .. 
can b~ !ransfe1J:ed (LOJDJhe ,rncleqs of lhe proJecttle to thal of a_lat~g.cl alo.111 

~!J:Q_~atic interüction.bctwcqnlhe scieerí~crch1!r:11&~QfJ.bc.lwo nuclci. 
This 1111clear.e11er{jjl m~~s~ tíslr ísT1~ü!llly callcd, may be víewed as an elastic 
i11têractTonbctwéeii two rí:ye particles, except for the vcry lasl collisions, 
whcrc lhe chcmlcal blmling cncrgy (-1 O cV) musl bc co11sidcrcd. t\s sug
gested by Bohr (1948) and (ater ~eveloped by Lindhard et ai. (1963),~ 
nuclear cncrgy loss .~C:~t~~i..1~~ anolhe,r 11.1.ªj~r .Cº-1.n112t}cnl of.c;11çrgyJoss. al 

ToWcncrgles, cspeêfall.}.' for hcãv{prgjcctile atoms: To a good.npproximn:. 
tron:nucTcit·t:anéf e.leclrnnic cnet·gy 'loss urc roughly independent oi' each 
other, as is stateel by Eq. (2.39). 
~füu:Q,.19. m.i;~c,lc,.c:~~~~.t!1L?.ª.c~~a t lct~i~~ s pecl t'll l;1.1.e(l:x~.1 l.1c, ... ~ L~.l·'ª -

tion is.j.hal.,.fo.L:lLlJ11d 4 1-Ic as pro,1ecl1lcs, nu.clcar stgppmg .1s 111.~gl1g1J1lc 
-·every~l1.cr.e~c.xc~mUt.Llh.c vcry ·1owésT encrgíCs, thal is,at ~hc VCI)' cm! gí 
·-r11cjmcls.C1Lthc.Ll!'.P.ic,c(i.lç í11Jffc 1111.1tc.1'.i1~I. 

·· · ·1n summary, it is fair to say that accurate numerical prcdictions of stopping 
cross sections from theory are difficult, at bcst, because of lhe largo number 
of possiblc intcraclions thal can conccivably takc placc. /\lomic collisíons 
are violcnl dislurbanccs of aloms, and onc would cxpccl that cffccls duc lo 
chemical bondíng anel shell slruclurc shoulcl normally bc of minor impor
tancc. ll has indccd turncd out that approximalc rcsulls come out rathcr 
casily, but accuralc calculations are cxcccdingly difl1eult lo obtaín. Thc 
mosl lruslworlhy values of 1: are lhercforc scmicmpirical compilalions thal 
combine lhcoretically cvalualcd dcpcnelcnccs wilh lhe mosl rcliablc experi
mental data, such as lhe recenl table of Zicglcr and Chu rcproduced in 
Table VI of Appendix F. 

A numbcr of rcvicws anel rcports on the subjcct of encrgy loss of charged 
parliclcs in mattcr havc bccn writtcn ovcr thc ycars. Thc render is rcfcrrcd 
to these and their refercnces for further infonnalion on lhe subjccl (Bohr, 
1948; Fano, 1963; Lindhard et ai., 1963; Linclhard, 1969; NorlhclifTc, 1963; 
Datz et ai., 1967; Sautcr anel Bloom, 1972; Schí~lt, 1973) and lo lhe bibli
ography of published tables givcn in Appendix D. 

Spccial effccls occur in dE/dx whcn lhe bcam is channclcel in a single 
cryslal largct. Thc subjccl is trcalcel in rcccnl rcvicws· (Gibbons, 1968; 
Maycr et ai., 1970; Dearnalcy et ai., 1973; Gemmell, 1974). 

. ' 

2.5 LINEAR ADDITIVITY OF 
STOPPING CROSS SECTIONS (BRAGG'S RULE) 

The preccding section on energy loss is restriclcd lo clemcntal targcts. 
The present seclion deals wilh energy loss in compouncl targcls. 

· ... 



2. Bnsic Physicnl Conccpts 

To a simple approximation, the process by which a particle loses energy 
when it moves swiftly lhrough a medi um consists of a random sequence of 
indcpcndent encountcrs belwcen lwo parliclcs: the moving projeclile and 
an clectron attached to an atom in the case of eleclronic energy loss, or the 
moving projectilc and an alomiC core in lhe case of nuclear energy loss. 

·To lhe cxlcnl lhal lhis piclurc is correcl, lhe silualion prcsenle<l by a targct 
lhat contains more than one elcmenl di!Ters only wilh respect to the lype 
o[ atoms the projectile encounters. The energy lost to the electrons or to 
the atomic éore in each encounter should bc the same at a given projectile 
velocity, regardless of the furthér surrounding of the largel atoms, since the 
interaction is considered to take place wilh only one alom at a time. This 
is, in cssence, the idea contained in the .LJl'Íll(ÍJ!.ÍfLQ[_íLddUJJliJJ!.JlL SLQJUJÜ1{L 

cross sections, according to which the energy loss in a medium comJJgsed.2L 
0~r:Íot1s;t~1nic S[l_ÇCÍCS is_thesul11 of thClõSSesm.llreco11stlllJ~n(clc1ll~lllS, 
weighted proporliot~tlely lo lhefr itol.ú1dance ií1 thc co1111)ol.l11<l, The princitJle 

·-w.-ls~postt1lated first by Bi·élgg and I<lee111ar1 ( 1905) for lhe special case of 
molecules. Their postulate is now known as Bragg's rufe. It slates lhat lhe 
slopping cross section eA,,,o,, of a molecule A111 B11 or a mixlure with an cquiv
alent composition of A111B11 is given byt 

(2.50) 

where BA and F.8 are the stopping cross sections of the atomic constitutents 
A and B. Let lhe volume density of the molecular units A111 B11 in a compound 
be NA"'º"; then the specific energy loss of the material is 

(2.51) 
• 

This formula, complelely analogous to Eq. (2.36) for an element, stales that 
the energy dE dissipated over the distance dx is proportional to the number 
of molecular unils A,,,B,, traversed over this distance, lhe proportiot~ality 
constant being BA,,,n ... Oflen, to simplify nolalion, lhe clumsy form A,,,B,, as 
a supcrscript or subscript is abbreviated AB, e.g., i;An for BA,,,n,,, or NA11 for 
for NA,,,D.,; lhe symbol AB then refers to a molecular unit of lhe compound 
composed of atoms of A and B. 

For high-velocity protons (v » v0 ), the rule is valid within about 1% 
(Fano, 1963; Burlin, 1968). For 4He in lhe 1-2-MeV range, good agreement 
has been reported in metallic alloys and compounds (Feng et ai., 1973; 

t We prcfer superscripts to denote lhe stopping medium. Subscripts thcn always indicate 
thc idcntity ofthc parlner in a collision (as in K s1o [nHiº'). Sincc this convcntion is nol followcd 
consistently in the literature, some care is indicatcd when formulas of diITercnt sourccs are 
comparcd. 
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Baglin and Ziegler, 1974). There are ii~dications that violations can occur 
in gaseous organic compounds (Lodhi and Powers, 1974) and in oxides, 
nitricles, or other compounds in which one elcment is a gas in elemenlal 
form (Ziegler et ai., l 975). Gcnerally, lhe dcpartures are 10% or lcss. 

2.6 ENERGY STRAGGLING 

An energetic particle that moves through a medium loses energy via many' 
individual encounters. Such a quantized process is subject to statislical 
lluctuations. As a result, ielentical energetic particlés, which ali have the 
same initial v~Iocity, do not have exactly lhe sarne energy arter passing 
through a thickncss /1x of a homogencous medium. The energy loss l':i.E is 
subjcct to fluctuations. The phenomcnon, sketched in Fig. 2.1 O, is ca llcd 
e11e;·gy s/.l'O{J?/li11y. Energy straggling placcs a rinite limit for lhe prccísion 
wíth which energy fosses, and hence depths can be resolved by backscatlering 
spectrometry. The ability to identify masses is also impaired, except for 
aloms Iocated at the surface of the target. The reason is that the beam energy 
E before a collision with a specific mass M 2 al some clepth withín the larget 
is no more monoenergetic, cven if it was so initially, so that the ratio E 1/ Eo, 
anel hence the ielentificalion of M 2 , become uncertain as well. For thcsc 
rcasons, il is important to have quantitative informalion on the magnitude 
of energy straggling for any given Cot!Jl:;iination of energy, target material, 
target thickness, anel projectile. 
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f<ig. 2.10 A monocncrgctic beam of cncrgy E0 loses cnergy to.E in travcrsing a thin fllm oí 
thickness t-.x. Simultancously, energy straggling broadens lhe energy profüc. 
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Light particles such as 1 H or 4 He in lhe megaelcclron volt range lose 
energy primarily by eneounlers wilh lhe eleclrons in lhe largel as discuss0d 
in Section 2.4. Onc would thus cxpcct that thc dominant co;1lribution to 
energy straggling is lhe consequence of these electronic interactions too. 
This is indeed lhe case. One can therefore calculate the rnain contribution 
to energy straggling with the help of the sarne classical model ernployed in 
Scction 2.4 lo dcscribc lhe proccss of clcclronic encrgy loss. It is shown 
there [Eq. (2.43)] that the average nurnber d/111(E 1 ) of encounters that 
generate an energy loss E1 over the distance /1x is NZ 2 11x · 2nb db, where 
b is the impact parameter for such an encounter. The actual number of 
encounters will fluctuate statistically abou't this average value d/1n(E i). If 
one assumes thal the aclual numbers of lhese· encounlers have a Poisson 
dislribulion, lhe standard devialion of d/111(E1 ) is [d!1n(E1 )] 112 . ln turn, the 
deviation of these nurnbers from their average value causes devialions from 
lhe average differential valuc dl'lE that lhcsc encounlcrs contribute to l'lE. 
Lel lhe devialions from lhe average conlribution d/1E be called do/1E. Their 
standard deviation will be E 1 [dl111(E 1 )] 112• The variance of encounters 
wilh an irnpacl pararneter betwecn b and b + db is lhcrefore 

d((ME) 2
) = E/NZ 2 1'1x2nbdb. (2.52) 

Encounlcrs wilh olher impacl paramelcrs producc similar íluclualions. As 
longas these lluctuations are independent, their corresponding variances add 
up incoherently, and the overall variance (ME)2 ) of ME will be given by 

((ME) 2
) = NZ 2 l'lx 2n (''"''" E1

2b db. (2.53) 
J,,111RX 

for an impact parameter b, the energy loss E 1 has the value E l.. == 
(2/1110 )(2 1 e2 /bvi)2 [ see Eq. (2.42)]. The integral thus yields 

<(ME)2) - N l'l (Z1e2)2 - Z2 X 2n --2- {Emnx - E111111), 
11101! l 

(2.54) 

where E1110, and E111i 11 are lhe energy losses corresponding to encounters 
with minimum and maximum impact parameters h 1 and b respectivelv 

111 n rnax' .. • . 
The largest possible energy lransfer in a collision belween lhe ion of mass 
M 1 anel an elect1'on of mass 111,, « 111 1 is 21110 v1

2
, so lhat if E 1 « E then 

o.: l1l n 111UX' 

((ME)2) = NZ2 4n(Z 1e2)2 tu. (2.55) 

This result was first derived by Bohr (1915) with the help of the sarne sirnple 
classical model discussed here. It is usually referred to as the Bohr value 
Gn2 of energy sÚ'agg/i110. t For a layer of thickness 1, Bohr slraggling thus 

1 The common notalion in lhe literalure is !10 • We use Q11 lo distinguish between the standard 
dcvialion or an encrgy dislribution o and a solicl anglc or clctcclion n. 

'·'· 
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has a variance 

We inlroduce lhe abbrevialion 

s2 = 4n(Z 1e2) 2NZ 2 (2.57) 

with which lhe Bohr value of cnergy slraggling has the sim pie form 

Q11
2 = s2 t. (2.58) 
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Fig. 2.l l The value oíthc variance Q1,2 = 4nZ 1
2e4 Z 2Nt for t = 1000 Â for energy straggling 

according to lhe classical model of Bohr íor electronic energy loss versus the alomic number 
or lhe target atom. The pronounced slructure reflects the dilTerence in lhe alomic density or 
thc elcmcnts. 

Bohr's theory predicts that energy straggling does llQt depenei on the 
energy of the projectile and that the rms value of thc encrgy Varialion in
creases with the squarc rool of the electron density per unit area NZ 2 t in 
the target. A plot of ~h 2 as a function of Z 2 is given in Fig. 2.11. The pro
portio°nality with the number of electrons per atom Z 2 accounts for the 
general increase of Q0 

2 with Z 2 , but the pronounced structure in lhe plot 
is caused by the difTercnces in the density N o[ the elcmenls. This varialion 
is removed by considering Q.0 2/Nt. Oú fineis that this quantity is numerically 
equal to .Z 2 within 4% when expressed in units of 10- 12 (e V cm) 2

• This fact 
can be remcmbered fot· quick estimates of energy straggling. 
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TABLE 2.2 
Expcrimcnlnlly Obscrvcd Vnlt1cs of lhe Slnndnrd Dcvinlion n.,., of 

Llncrgy Slruggling Compnrcd lo lhe Encrgy Loss ôE ol' 4 11c Truvcrsing Films of 
AI, Ni, or Au al 1111 Encrgy E of 1.0 and 2.0 Me V" 

Thickncss ôx 
lravcrscd 

ó E Ocxp º""/ó E (E/óE) 1
'
2 E 

(Mgm/cm 2
) (Â) (kcV) (kcV) (%) (%) (Me V) 

AL 120 4300 125 7.0 5.6 4 2.0 
Ni 180 2000 125 5.6 4.5 4 2.0 
Au 370 1900 125 5.1 4.1 4 2.0 

AI 60 5900 200 7.0 3.5 2.2 1.0 
Ni 260 2900 200 5.6 2.8 2.2 1.0 
Au 520 2700 200 5.1 2.6 2.2 1.0 

"Thc film lhickncsscs are choscn lo producc lhe samc XE in all Lhrcc clcmcnls. Expcri
mcnlal valucs are dcrivcd from Harris and Nicolcl (1975a). 

Anolher useful relationship can be obtained by comparing the variations 
in !1E given by lhe value of !]0 with /1E itself. For an estimate, one uses the 
Belhe-Bloch formula [Eq. (2.46)] for dE/dx anel subslitutes some average 
value Vi2 for the vclocity along the track, say, E= !M 1 UiZ, anel compares 
this wilh the value of !]11 ; the resull is 

n (E 2 111·)''2 
~~ = /1E L Mel • (2.59) 

• 
For 4 He, the ratio (m./M 1) 112 is about 10- 2

. ln this case, neglecling lhe 
factor 2/L, one lhus fineis 

!Jn/11E ~ (E/11E) 112 X 10~ 2 , '(2.60) 

so that !]11 ilself is approximately 1 % of the geometrical mean of /1E and E. 
Hclium ions of 2 MeV undergoing an energy loss of l 25 keV thus have a 
standard cleviation of energy slraggling that is aboul (2.0/0.125) 1

'
2% = 4%. 

Table 2.2 shows the experimenlally observecl values of (Qexp//1E) 112 for lhis 
anel anolher example, with AI, Ni, and Au as targets. As can be scen, this 
ratio is indeed quite constant; it agrees in lhe orcler of magnilucle preclicted 
by lhe formula above, allhough the aclual value dilTcrs from lhe estimate. 
The formula is thus a good rule of thumb, bul does nol yielcl quanlitalivcly 
trustworlhy numbers. 

Bohr's model assumes that an individual energy transfer takes place be
l ween a free stalionary eleclron anel a fully ionizecl projeclile of charge Z 1 e. 
These assumptions are fulfilled only in lhe Belhe-Bloch region (see Fig. 2.9). 

.n 

" 

2.6 lfoergy Strnggling 4H 

At energies in the Vicinily of lhe maximum of the dE/dx curve and below, 
lhe assumplion of a fully ionizcd projcclile is 110 longer valid. Thc fa<.:l tlrnl 
eleclrons are bound to aloms anel are not free anel stationary, as assumecl, 
also becomes increasingly important as the projectile energy clecreases. To 
accounl for this, Lindharcl anel Schar!f (1953) extencled Bohr's theory anel 
derivcd a correetion factor for low- and meclium-energy projectiles. They 

obtained 

gz = !Ju 2!-L(x) 
gz = g

0
2 

where x., a reclueed cnergy variable, is 

for X~ 3, 

for X 2:. 3, 

X= v2/Z2Vo2· 

(2.61) 

(2.62) 

Here v is the velocity of lhe projectile, v0 = e2 /fi = 2.2 x 108 cm/sec, and 
L(X,) is lhe stopping number, which appears in the Bethe-Bloch formula, 
Eq. (2.46). Bonderup anel Hvelplund (1971) have improved Lindhard and 
ScharlT's expression by using a more refined description than had been 
usecl previously for the alomic charge distribution anel for the process of 
energy slraggling. They compare their calculations with experimental re
sults of energy slraggling for 1 H anel 4 He in various gases (Bonclerup anel 
Hvelpluncl 1971; Hvelpluncl, 1971) anel conclude that the Lindhard-ScharlT 
formulation gives a fair account of lhe observed oxerall cnergy dependence 
of straggling. They also observe that when one plots g;,"; N t against lhe 
projectile energy for various gases, the curve exhibits oscillations versus Z 2 

similar to those observecl in Fig. 2.8 for the slopping cross seclions. These 
oscillalions have been explainccl bolh for d E/dx (Chu anel Powers, 1972) 
anel for energy slraggling (Chu, 1976) by using atomic charge dislribulions 
of the Hartree-Foch-Slater type and incorporating them into the theory 
of Lindharcl anel Winther (Linclhard and Winther, 1964) for d E/dx, anel the 
theory of Bonderup anel Hvelpluncl (1971) for energy straggling. Wherc the 
measurements of energy straggling are sufficiently reliable, an acccptable 
agrecmenl with these calculations is obtainecl. 

In lhe energy range 1-2 Me V, which is ofprimary inlerest to backscatlering 
spectrometry, almost ali of the available experimental data on energy 
straggling pertain to 1 H in gases. The aclvent of bac~scattering speclrometry 
as an analytical tool has generated renewecl interest Ín experimental infor
mation on slraggling in this cnergy range, particularly for 4 He in solids. 
Presently, the only data available are for AI, Ni, Pt, anel Au (Harris a.ncl 
Nicolet, 1975a,b). The results show only a weak energy dependcnce wh1ch 
is in qualitative agreement with lhe theories of Lindharcl anel ScharlT, of 
Bonclerup anel Hvclplund, anel of Chu. Numerically, Bohr's value !Jn is 
within 40% of the data. Until more exl?erimental data are available, the 
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standard devia~ion Q0 thus is lhe most appropriate value to use jn estimating 
energy s~ragglipg in solids in the 1 to 2 Me V range. ' 

Bohr's 1hco1;y of cncrgy slrnggliqg. 1101 only givl.'s lhe sl1111d11rd dcviuli(111 
Ou of a bcam which has traversed a medi um, but also predicts that the dis
tribution is Gaussian. This is a consequence of the assumption that the 
number of collisions is large and follows a Poisson distribution. The result 
is clearly approximate, as a Gaussian has a finite amplitude af any energy, 
but lhe transmitted beam surely cannot contain particles of cncrgy larger 
than E0 • An accurale description of energy straggling musl therefore neces
sarily lcad to a distribution function that is not symmctrical with respcct 
to the mean. This is bom out by theoretical studies of energy straggling in 
beams passing through very thin absorbers (Landau, 1944; Vavilov, 1957; 
Tschalãr, 1968; Kolata, 1968; and others; for a recent contribution, with 
references, see Bichsel and Saxon, 1975; Deconninck and Fouilhe, 1976), and 
by recent transmission measurements of protons through Si. ln the energy 
range of 1 to 2 Me V for 1 H and 4 He, the elfect is below the resolution of 
coiwentional solid-state detection systems. Fór the purposes of backscat
tering spectrometry, the Gaussian distribution thus describes energy strag
gling satisfactorily (also see A'ppendix B). 
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Fig. 2.12 Plot oí(a) the Gaussian distribution (2nQ 2
)-

112 exp[ -(x 2f2Q 2
)] with Q = l/J2, 

anel (h) lhe corrcsponding error íunction integral crí(x) = (2nQ 2
)-

1
'
2 J-~ 00 cxp[ -(x2/2Q2

)) dx 
with Q = l/.fi. 

2.7 Linear Aclclif.ivity of Enerqy Strnp-gling !) 1 

· Backscatlcring spcctra most oflcn display lhe integral of lhe Gaussian 
distribution, lhe error functiqn . 

crl'(x) = (2nQ2
) · 1

12 f"' exp[-(x2/2Q 2
)] dx 

ralher than lhe Gaussian dist ribution 

(2.63) 

(2.64) 

The rclation betwccn the two is graphically shown in Fig. 2. l 2a and b for 
Q2 = i;. As can be secn, lhe full width at' half maximum (FWHM) of a 
Gaussian corrcsponds lo lhe 12 to 88% range of lhe error function anel lhe 
±Q points in the Gaussian correspond to the 16 to 84% points. Thc FWHM 
is wider than O by a factor of 2(2 ln 2) 112 = 2.355. 

2.7 LINEAR ADDITIVITY OF ENERGY STRAGGLING 

Experimental data on encrgy straggling below 2 Me V for 1 H and 4 He in 
solid elemental targels are few. For solid compound targets, no experimental 
data cxisl at ali. The nced for information is obvious. Until such results 
become available, statemcnts on energy straggling in solid compounds musl 
necessarily bc conjeclural. 

Thc mosl obvious suggeslion as lo how cncrgy straggling bchavcs in a 
compound or a 111ixtu1:c t\,,,C,, procceds as follows (Chu, 1976). Lcl N /\ and 
Nc bc the volume dcnsitics of lhe individual elcments A and C, and let. 
N/\.,,,c,, be lhe volume density of compositional units A,,,C,, in lhe mixlurc 
or compound. t\ssume that for a lhickncss /,lhe energy slraggling in clcmcnls 
A and C individually is [Eq. (2.56)]: 

(Q1/)
2 = 4n(Z 1e

2
)
2NAZ/\t, 

(011')
2 =4n(7: 1e

2
)

2 NcZcl. 

(2.65) 

(2.M1) 

This means that (Qi/) 2/NAZ/\t = (Qnc) 2/NcZct = 4n(Z 1e 2
)

2 is independcnt 
of the target, the ratio being simply the square of the energy variancc per 
elcclron in li uni! arca of lhe largcl with lhickncss /. t\n cxtcnsion of Bohr's 
modcl to a compound target then prcdicts that this quanlity should apply 
independently of the composition of the target, or 

(Q/\.,,C,,)2 , ' 
-

11 
• = 4n(Z 1e2

)
2

, (2.67) 

(
number of electrons per umt ) 

arca of the largel of lhickness t 

and therefore 

(Q~,.,c.,) 2 ~ 4n(Z 1.e2 ) 2 N/\,.,c.,(mZ/\ + 11Zc)t. (2.68) 
~ 
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Thc .lasl lhrcc íactors givc thc numbcr oíclcclrons per tÍnit arca in the largct. 
This cquation can also be writtcn as 

(n~,,,c,,)2 (QnA)2 (n11c)2 
----.-- = Ili·------- + li ---, (2.69) 
NA,,,c,,l N At Nct 

which clearly bears out lhe assumption or additivity. Until measuremcnls 
are made, these equations must be considered as hypothetical and should be 
used as guicÍelines only. Their validity has yet to be tested. 
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Chaptcr 

3 
Concepts of 

Backscattering Spectrometry 

The purpose of this and the following chapter is to describe in principie 
how a backscallcring spectrum is generated anel how it is interpreted in 
terms of the basic concepts introeluceel in Chapter 2. The concern here is 
with general notions. ln Chapter 4 these concepts are applieel to thin films 
anel layered structures. Detaileel examples are presenteei in Chapter 5. 

3.1 INTIWDUCTION 

The components of a backscattering system are shown in Fig. 3.1. The 
source generales a beam of collimaleel and monoenergctic particles of energy 
E

0
• A typical case is a currenl of 10 to 100 nA of 2.0-MeV He+ ions in a 

lncidenl 
parlicles 
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Beom 
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Fig. 3. t Conceptual layout of a backscattcring spcctrometry systcm. 
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.1-mm2 arca. These particle~ impirge on the sample (or target) which is the 
object to be analyzed. Almqst ali df the incident particles come ~o rest wilhin 
lhe samplc. A vcry fcw (muçh less than one in 104) are scallercd back oul of 
the samplc. Of these, a small frac(ion is incident on the arca defined by lhe 
aperture of an analyzing system. The output of that system is an analog 
signal. This signal is processed by fl mullichannel analyzcr, which subdivides 
its magnitude inlo a series of equal increments. Each incremenl is numbered 
and referred to as a cha1111el. Modem multichannel analyzers contain 
lhousands of channels. An evcnl whose magnitude falls wilhin a particular 
chãTrnel is rcgistered thcre as a count. At the lermination of lhe ex perimenl, 
each channel has regislercd a ccrtain number of counts. The output or lhe 
multichannel analyzer is lhus a series of counts contained in lhe variàus 
channels. 

A segment of such a series from channels 132-136 is shown in Fig. 3.2. 
We shall refer to lhe counts contained in channel i as H;. This digital in
formation can be recorded in various ways. The graphical display is advan
tageous for quick inlerprctalion. Digital outputs are used for numerical 
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Fig. 3.2 Basic conlent of a backscallcring speclrum and some mclhods of rccording. (a) Thc 
ordinal number (lcfl) idcntifics cach channel, which contains a certain numbcr of counts. 
(b) Various ways of rccording u spcctrun~. 

~ 
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analysis. Computer facilities with graphical display terminais can combine 
both. Such a series of cou'nts versus channe.l number constitutes a back
scattering spectrwn. ln lhe graphical display, the ordinate is frequently 
labeled yie/d or backscattering yie/d. 

The analog signal generated by the analyzer contains quantitative in
formation on one particular parameter of the detected particle. As shown 
in Fig. 3.3, there are a number ofparameters-encrgy, momcntum, etc.-that 

· .. can be usecj to characterize the backscattered particles. For example, 
magnetic spectrometers measure momentum. The backscattering spectrum 
obtained with such an analyzer is a backscattel'ing 1Í10111e11tum spectrum. A 
semiconductor particle detector produces an analog signal proportional to 
thc encrgy of the backscattered particle. Correspondingly, a spectrum 
obtained with such a detector is a /Jackscatterino enemy spectrnm. 

Parometer Analyzer 

Energy l Momenlum 

Veloeity 

Charge ! 
Mass 

• Porticle 

) 
Analog 
signo! 

Amplifier Mullichonnel 
onolyzer 

Fig. 3.3 The parlicle analyzer syslem of Fig. 3.1 may measure any one of severa! dislincl 
paramelers lhal characlerize a backscaltered parlicle. This analyzer generales an analog signal. 
Thc 111ul1ichannel analyzer measurcs lhal signal and registers lhe value as a count in lhe 
appropriale channel. ' 

The particular analyzing systcm assumed in lhe rest of this book consists 
of an energy-sensitive analyzer followed by amplifiers and a multichannel 
analyzer, as shown in Fig. 3.3. This analyzing system is the most com1nonly 
used in backscattering spectrometry, but there are other methods to obtain 
a spcctrum. For instance, the multichannel analyzer can be replaced by a 
single channel whose position is changed sequentially soas to scan the range 
of the parameter measured. Regardless of their inner working, the common 
feature of ali such systems is an output consisting of a sct of counts corre
sponding to a sequcncc of channcls. 

ln general, whatcver the analyzer, there should exist a one-to-one cor
respondence between the channel number and lhe magnitude of the particle 
pÚramctcr to bc measured by lhe analyzcr. Thc most desirable property of 
this relationship is that it bc exactly linear anel stable in time. Additionally, 
for convenience, one likes fast acquisition of data and detectors of small 
physical size. Thc scmiconductor surface-barricr detector combined with a 
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ch?rge-sensitive preamplificr mects these cri teria best among current oplions. 
It is theref~re u.sed almost univcrsally in backscattcring spectromctry. Con
sequen~ly, 111 th1s book we shall bc concerned almost exclusively with back
scatte_nng,, en~rgy spectra. The descriptive term, "backscattering energy 
spectt um, w1ll tlrns often be shortened to backscattering spectrum or 
spectrwn. I n thosc rare cases where energy is not displayed one should 
explicitly identify the parameter measured. ' 

The relation between the energy of a backscattered and detected particle 
and the channel number in which that particle is counted is a characteristic 
of t~1e. system. and must be determined experimentally (as describcd in 
Sectlon 5.2). Figure 3.4 shows this relation schematically. The abscissa gives 
thc channel .number i. The ordinate gives thc cnergy E 1 of a dctcctcd particlc, 
where E1,; is lhe energy of particles that produce counts in channel i. We 
shall. assu.me a linear relationship, as indicated in the figure. The slope of 
the lme w11l be denoted by iff, the e11ergy interval corresponding to one channel. 
The offset º.r th.e line is always adjustable by changing the gain settings of 
lhe electromcs 111 the analyzer system. This allows one to display a sclcctcd 
part ?f the energy spectrum over the full range of the multichannel analyzer. 
(Typ1cal numbers for lo' are about 4 keV with megaclectron volts He ions 
an? the offset is some hundreds of kiloelectronvolts.) As defined previousl/ 
iff is the slope of a straight tine, anel hence constant. ln the rest of thc book 
wc shall assume that this holds in a given experimental situation. When ,,r 
is a function of energy, i.e., when the relation between channcl number and 
particle energy is nota linear one as shown in Fig. 3.4, equations describing 
an energy spectrum must be modified. 
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Fig. 3.4 ldca.lly, in an atrnlyzer lhat senscs cnergy, lhe energy E 1 of a dclccled parlicle is 
rclalcd exaclly hncarly lo lhe ,chünncl number lhal idcnlilics lhe ehanncl in which lhe evenl 
is rcgistcrcd 11s onc counl. The slopc of lhe linc is ch11raclcrizcd by lhe cncrgy inlcrval lí of 
onc channcl. ·~ 
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E1,1 

ENERGY, E1 

----r 
Surfocê 
helghl 

.. .! ... ~ ... 

Fig. 3.5 The conversion or cha;mel number to energy E 1 (shown in Fig. 3.4) transíorms lhp 
abscissa ora backscallering spcctrum (ns shown in Fig. 3.2) írom channel number lo encrgy 
E1, whcre E0 gives lhe energy oíthe incidcnt particles and KxEo is called lhe edoe ofelement X 
in lhe spectrum. 

With the relation of channel number to energy established, one can convert 
the abscissa of a backscattering spectrum from channel numbers to particle 
energy E 1 , as shown in Fig. 3.5. This plot is a lypical form of a backscattering 
energy spectrum. Sometimes spectra ate plotted in terms of channel numb~rs 
only. ln such a case, one should specify <ff and the energy offset; otherw1se 
the information provided is not complete. 

One frequently interprets such a spectrum in terms of a continuous 
funclion H of the continuous variable E 1• t The expression H(E 1) then stands 
for the counts H1 in channel i which corresponds to lhe energy Ei,1• The 
terms H· and H are both referred to as the height o.f the spectrnm. The terms 
yield and backscattering yield are sometimes used with the sarne meaning. 

ln Section 2.2 it is shown that the energy of particles scattered from an 
atom at rest cannot have energies above KE0 , where E0 is the energy of the 
incident particle. For particles backscattered from a monoisotopic elemental 
sample, the spectrum has a step at an energy E1 = KE0 corresponding to 
scaltering from surface atoms; this step is referred to ,as the edge of the 
element and is frequently indicated with an arrow or a tine, as in Fig. 3.5. ln 
the vicinity of-xE;;; the~helghCÔf the spectrum is fi:equently called the 

su~(ace height. . 
· lf lhere is more lhan one element in lhe sample, lhe speclrum contams 
counts generated by particles scattered from the different elements. The 
counts generated from a given element are called the signal of this element 
in the spectrum. 

t Ccrtain analyzing melhods actually generate a permanent continuous record whose ordinate 
givcs an analog signal of H (e.g., pholographic records). A digital output can then be íormcd by 
subsequenl digilalization and multichannel analysis. 

1; 
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· Thc purpose of backsq1llcrin~ spcclromelry is to extracl quanlitalive 
information on the elemental cqmposition of the sample. Since the cdges 
are well defined, one can usually rpdily i?entify son:ie ofthe el~ments present 
in thc outcrmosl laycrs of fhc sa1~1plc. S111cc thc pr11nary parl1clcs pcnclralc 
inlo the sample virlually unaltcnuatçd, scaltering occurs from atoms located 
below the surface as well. The energy immediatcly before lhe scaltering is 
less thail E0 because energy is lo~t along lhe incident path. t\flcr scallcring, 
lhe particlcs cscaping lhe sample lose energy along lhe outward palh. 
Consequently, lhe energy of lhe detected particles depends on the depth .at 
which scattering occurred. The backscattering yield at that energy depeneis 
011thc11u111bcr of11to11is prcscnl al lhat dcpth. Thc problcm in lrnckscaltcring 
analysis, therefore, consisls of properly interpreting lhe measured back
scaltcring speé:trum in terms of distributions of atoms in depth below the 
surface. This, then, is the topic to which wc shall address ourselvcs in lhe 
rest of this chapter. 

We assume, of course that the sample is laterally uniform. When that 
assumption cannot be made, the analysis of lhe spectrum becomes vastly 
more difficult. 

3.2 DEPTH SCALE FOR AN ELEMENTAL SAMPLE 

This section describes how one relates the energy E 1 of lhe dçtected par
ticle to the depth x al which the backscattering event occurs in a mono
isotopic clemental sample. ln Fig. 3.6 lhe cncrgy of thc incident particles 
is E0 , the eneroy immediately befóre scatterin(} ai a depth x is E, and lhe 
energy of the particle emerging from lhe surface is E 1. The incident beam is 
smaller than the targcl. The incident particle, the exiting particle and lhe 
normal of the sample are ali contained in one plane, so that the scattering 
a1,1gle in the laboratory frame of refcrence is given by O= 180º - 0 1 - 02 , 

where O 1 and 02 are the angles between lhe sample normal and the direction 
of the incident beam and of lhe scattered parlicle, respectively. Note that 

Fig. 3.6 Symbols uscd in lhe dcscriplion oí 
backscatlering cvcnls ín a samplc (or tnrgct) 
consisting oí a monoisotopic clcmcnl. Thc anglcs 
n 1 and 02 are positive regardless of lhe side on 
which lhcy lic wilh respcct lo lhe normal oí the 
sample. The incident bcam,. thc direclion of 
delcction, and lhe samplc normal are coplanar._ 
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bolh 01 and 02 are dellned as positive numbers whelher they are loealed 011 

onc or lhe olhcr of thc samplc normal. (Othcr geomctrical arrangements are 
describcd in Section 7.5.) According to Scction 2.4, wc can relate lhe cncrgy 
t·: tn tlÍl' kngth s/l'OH 11 1 oi' tlll' it1l'idl'lll p11th hy 

s/co110 1 = -f,'.; df?./(dT?./d.'(). (3.1) 
llu 

where the negative sign arises because E is smaller than Eo ~nd dE/d.x is 
laken as a positive quantity. Similarly, lhe palh length x/ern; 02 oi lhe outward 
path is related to KE and E0 by 

fF1 
x/cos 02 = - J K,li dE/(d E/d.x). (3.2) 

A graphical interpretation of these two eqm~lions. is gi~en in Fig. 3.7. Parl 
(a) shows dE/dx as a function of energy as a hghl ltne. 1 he heavy segments 
give lhe dE/dx va\ues for lhe inward path from E0 to E and for the oulward 
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Fig. 3.7 Graphical represenlation or lhe energy loss or particles alo1.1g lheir inward :111d 

oulward palhs (heavy line) through a sample eonsisting oí a 111onoisolop1.c elcm~nl. Th~ lighl 
line is lhe runclional íorm or dE/dx versus E in (a) anel oí(d E/dx)- 1 versus E 111 (b). Smcc d E/dx = 
N1;, lhe plol in (a) applies to i: versus E as well. 

3.2 Depth Sc11le for an Elementnl /')amplj) Gl 

pnlh l'rom /\/\lo /•: 1 • The difl'crcnçe /\0 · • /\is lhe l'll<'l'fl.I' loss a/0110 tll!' /11111ard 
path ô.E; 11 ; similarly, KE - E 1 is lhe e11emy loss along the 011tward pai h L';E"'". 
/\ccording lo Eqs. (3.1) nnd (3.2), il is lhe reciprocai or dE/dx lhal 111usl be 
integratcd o ver l hesc 1 wo segmenls. This reciprocu I curve is show11 i11 pn ri 
(h) oi' l,.lg .. \.'/, wilh thc hc11vy scg11w11ts ugain indkallng vulues l'or lhe i11ward 
anel outwarcl palhs. By Eqs, (3.1) nnd (3.2), l hc two shndcd nrcn:; 11ivc l hc pnl h 
le11gtbs x/cos U 1 fot• lhe Juward palh and x/cos 02 for lhe outward palh. 1 f 
0 1 = 02 , thesc two arcas are exaclly equal. 

Tti relate lhe cnergy li 1 oi' lhe detected particlc lo lhe depth x at which the 
backscallering event occurs, il is necessary to finei lhe valuc of lhe shadcd 
arcas. The prnblem is that lhe energy E before scattering is nol an cxperi
menlally accessiblc quanlity, bul E0 anel E1 are. One lhus dcsires to lind x 
in terms of E0 and E 1• There are threc ways of doing this: 

1. Use tabulated values of dE/dx and execute the integrations numerically 
to find corresponding seis of E and x, and subsequently KE anel E 1• This 
approach, generally carried out with computers, is elescribecl in Seclion 3.4. 

2. Assume lhat dE/d.x is constant over each path. Equations (3.1) and 
(3.2) can then bc inlegratcd and E can be eliminateel. This is discussed in the 
following seclion. 

3. Assume some functional dcpenclencc for dE/dx. Matching pairs of E 
and .x and of .x anel E 1 can lhen be obtained analytically. 

3.2.1 Encrgy Loss Factor ISI 
mui Slopping Cross Section Factor lr.I 

If one assumes a conslanl value for dE/dx along lhe inward and oulward 
paths, lhe lwo integrais in Eqs. (3. 1) and (3.2) reduce to 

E= o----···-E X dEI 
cos O 1 dx ;11 

(3.3) 

and 

E1 = KE-~--- , X dEI 
COS 02 dx out 

(3.4) 

where the subscripts "in" and "out" refer to the (constant) values of dE/dx 
along lhe inward and outward paths (Fig. 3.7). By ~liminating E from these 
two equations, we have 

KE0 -E 1 = --- +--- x. [ K dEI 1 dEI J 
cos01 dx in cos02 dx oul 

(3.5) 

The energy K E0 is lhe edge of lhe backscattering spectrum (Fig. 3.5) and 
corrcsponds to lhe energy of parliclcs scatlered from atoms at lhe surfacc 
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oÍlhe larget. The energy E 1 is lhe measured value ora parqcle seattercd 
from ai1 atom al deplh x. If one inlroduces. lhe symbol !J.E for lhe e11e1·gy 

, d(fference betwee11 E 1 a11d KE0 (Fig. 3.7), i.e., 

(3.6) 

then one can wrile 

!J.E = [S]x, (3.7) 

where 

[sJ = [_!5_ c1E1 +-1- c1E1 J 
cos () l dx in cos () 2 dx oul 

(3.8) 

is called lhe e11ergy /oss jáctor or S factor. An equivalent sel or equalions 
can be given in lerms ofstopping cross sections rather than dE/dx: 

t\E = [i:]Nx, (3.9) 

where 

[1:] = [·· ~-- li111 + c:o._sl 0 .. 2_ ·1:.,u1] · cos0 1 

(3.10) 

'is called lhe stoppill{/ cross section factor or B factor. 
The assumplion oí conslant values íor dE/dx or B along each lrack thus 

lcads lo a linear rclalionship belween lhe cnergy !J.E below lhe edgc KE0 

and the deplh at which scattering oecurs. One can thereforc assign a linear 
deplh scale lo lhe energy axis, as indiealed in Fig. 3.8. 

{~~"""'' ;• í'íE : 
!"' 1 

Fig. 3.8 When one assumes lhe encrgy loss lo bc 
cons!ant along lhe inward and outward palhs, thcn 
lhe energy ó.E can be linearly related to1 the depth x 
lhrough 6.E = [S]x as indica teci in lhe abscissa oí thc 
backscatlering spectrum. 

This result is derivcd under lhe assumplion that dE/dx or e is constant 
··along the inward and outward path. Since this is an approximation, the 
resulling depth scale also applies only approximately. However, it is also 
clear rrom inspection oíFig. 3.7 that for any given E0 and E 1 a pair ofunique 
values or (dE/dx);,, and (dE/dx)0 .,1 exist for which this linear scale gives one 
ex'aet value of depth at which seattering occurs. These two particular values 
of c/E/dx are those for which lhe produet of (d E/dxr 1 and the energy intervals 
!J.E111 and !J.E""' exaclly coincide with lhe values of lhe corresponcling integrais 
(shaded arcas in Fig. 3.7). Tn Seclion 3.3 an ilcrative procedure is described 
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. by which these particular values of dE/dx can be sought. By applying lhis 
procedure point by poinl, an acqurate relation bctween lhe backscattering 
depth and E 1 can be constructed, ln the next subsection, useíul approxima
tion methods of finding valucs of (dE/dx)111 and (dE/dx)0 u1 or 1;1" a~1d 1:0u1 are 
discussed. We also use e(E1") and e(E0 ui) to indicate lhe cnergy at which B is 
evaluatcd. 

Figure 3.9 describes graphicalfy the connection belwcen thc energy loss 
factor [SJ and the actual depth x'at which backscattering occurs (ora given 
energy loss !J.E. The exact relationship between !J.E and x derived from 
Eqs. (3.1) and (3.2) is generally not linear. The energy loss factor providcs a 
linear approximation [Eq. (3.7)] which is exact atone point. 

w 
<J 

ui 
U) 

s 
>
(!) 
ct'. 
w 
(5 

(,/ (s)x 

BACKSCATTERING DEPTH. x 

FI~. J,() The solid cmve shows lhe gcncrul rclnlion hctween lhe encrgy loss Ali nnd lhe 
dcplh x at which backscatlcring occurs, Thc linear rclalion f!..E = [S]x is cxacl al onc dcplh. 
The symbol [S0 ] rcícrs to lhe suríace cncrgy approximation discussed in Scction J.2.2. with 
lhe dnshed linc rcprcscnting [S0].~. Thc incidcnt encrgy is E0 • 

3.2.2 Approximations to [S] and [e] 

a. Surface Energy Approximation. For regions near lhe surface, the 
thickness x is small and the relative change of energy along lhe incident path 
is small also. Therefore (dE/dx)1" is evaluated at E0 • Similarly, (dE/dx)""' is 
taken at KE0 (see heavy dotted tines in Fig. 3.7). ln this swjace energy 
approxi111atio11, one thus sets 

[So]= --- +--- , [ K dE\ 1 dEI J 
cos0 1 dx En cos02 dx KEo 

(3.11) 

. ' 
or 

[ 
K 1 J [Bo] = -

0
-u(E0) +-

0
-B(KE0 ) 

cos l cos 2 
(3.12) 

where lhe slopping cross seclions i:(E0 ) and n(KE0 ) are evalualed al energics 
E0 and KE0 , respectively. This particular approximation is used so frcq uently 
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that the symbols (S0J anel [r.0 ] are introclucecl to reíer to it. The connection 
between [S0 ] anel lhe exacl !}.E versus x clcpcndcncc is shown in Fig. 3.9. 

b. Mcan Encrgy Approximation. When the P~.lh lenglh becomes appre
ciable, the surfaee approximation degrades (Fig. 3.9). As can be seen from 
Fig. 3.7, a better approximation ean be obtained by selecling a eonstant value 
of dE/dx ore al aÍ1 e11ergy E intermediate to tlwt which the particle has at the 
em/ poi11ts o.f .each tracl<. We define 

_ [ K d E 1 1 dE 1 J [S]= -- +--
cos O 1 dx Ein cos 02 dx E,,,,, 

or 

[ 
/( - 1 - J [e] = -

0
- E(E; 0 ) + -(-) c(Eout) · 

eos 1 cos 2 

ln the 111ea11 energy approximation, one assumes that 

E;11 = t(E + Eo) 

anel 

(3.13) 

(3.14) 

(3.15) 

(3.16) 

The value of E in the preceding equalions is unknown, but can bc eslimaled 
in various ways. General melhocls are describecl in Section 3.3. 

For quick eslimales one can assume lhat lhe energy clifferenee !}.E= 
KE0 - E 1 is known and lhat this loss is subdividecl symmetrically between 
lhe incidcnt path anel thc oulward palh, so that E is approximalcly E0 - ! !}.E. 
Thc values E; 11 and E001 are lhen given by 

E111 ~ E0 -tt}.E (3.17) 

and .AE-=-

Eout ~E,+ t~E. (3.18) 

When lhese values are used lo complete lhe definilions oí [S'] or [e], lhe 
mcthod is called lhe sy111111etl'ical 111ean enel'gy approximation. This approxi
mation, which is particularly goocl when K ~ 1 and O 1 ~ 02 , has lhe advan
lage· oí simplicily. ll serves well as a quiek cstimale oí lhe probable errar oí 
lhe surfacc approximalion. 

3.3 ENERGY B BEFORE SCATTERING 

ln the previous section the energy E immediately before seattering at the 
depth x is needed for the mean energy approximation. This energy E is 
needeç\ not only for depth caleulalions, but also to evaluate the sealtering 
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eross seetioil <T(E) in clepth profile applications. ln that latter case, fairly 
accurale eslirnales are required because scallcring eross seclions vary in
versely wilh the square of lhe cncrgy E. Cruder approximations lo E suffice 
for the evalualion of the deplh at which scattering occurs, since dE/dx is not 
a strong function of energy. ln this section we enumeratc mcthocls for finding 
E that have been used in lhe anfllysis <i)Í backscattering spcctra. 

3.3.1 Encrgy Loss Ratio Method 

A simple but very useful procedure to obtain E as a function oí E 1 and E0 

has been clescribed by Lever (1976). One assumes that the ratio a oí the 
energy Jost along the outward track ~Eout to that lost along thc inwarcl track 
ti.Ein is inclependent of clcplh, i.e., 

(3.19) 

(see Fig. 3.7).-The energy lasses ~Eout anel ~E;0 are ~Eout = KE - E 1 and 
~E;0 = E0 - E. Thc ratio !'/.. then is!'/..= (KE - E1)/(E0 - E), whieh gives 

E= (E 1 + aE0)/(K +a). (3.20) 

An approximate value for a can be determinecl from lhe suríace cnergy 
approximation, which assumes thal Eqs. (3.1) anel (3.2) ean bc wriltcn as 
(E0 - E)/c(E0 )N = x/eos0 1 anel (KE0 - E 1)/E(KE0)N = x/eos0 2 , rcspcc
lively, so that 

(3.21) 

wherc 

{J = eos0ifcos02 . (3.22) 

This valuc of a can readily be computcd from tabulalcd stopping cross 
sections anel substiluted into Eq. (3.20) lo finei E. This method is most 
accurate for thc analysis of lhin-film spectra where the surfaec approximation 
holds. ll is also useíul for thicker films where the surface approximation is 
poor, because lhe ralio a oí lhe cnergy lasses changcs lcss rapidly lhan 1;. 

3.3.2 Itcrative Mcthod 

This melhod slarls wilh the suríaee encrgy approximation in which 
. E; 11 ~ E0 anel Eº"' ~ KE0 anel scts [S] = [S~J 'or [E] = [i:0 ] to obtain a 
zernlh-orc.lcr dcplh x al which scallcring occurs by using Eq. (3.7) anti a 
given value of ti.E = KE0 - E 1 • Then, one calculates a zerolh-order E using 
dE/dx or e evaluated at E0 [Eq. (3.3)]. With this valuc of E, a new anel im
provecl estimate of E; 11 and Eout is obtained with Eqs. (3.15) and (3.16). Thesc 
improvcd values of E; 11 and E0 u1 define a first-order [SJ or [r.] [Eqs. (3.13) 
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and (3.14)]. Th~ process can now be iterated to find still better estimates of 
x, E, anel [SJ qr [e]. The method converges rapidly and an acçúrate depth 
scale ca11 be eslablished. . 

3.3.3 Analytical Methods 

To obtain analytical formulas for E, the functional depende11ce of dE/dx 
or (dE/dx)- 1 must be known analytically. Two methods have b~en described 
in the literature. 

a. Taylor Expansion of s. Since E0 and E1 are the experimentally 
ac,cessible energies, it is natural to expand r. around those two points. These 

,,expansions can be used to find lhe values of B at lhe mean energies Ê;n and 
Ê001 • It is assumed that these energies are given by the mean energy approxi
mation, i.e., Ê10 = t(E + E0) and Ê0111 = t(E 1 + KE). By eliminating x from 
Eqs. (3.3) and (3.4) one obtains 

(E0 - E) = (dE/dx)IE,,, (1_ 1 = a(:~ (1- i. (3.23) 
(KE - E1) (dE/dx)IEout l>(/.'..out) 

Note that the energy loss ratio method of Section 3.3.1 is based on the same 
rclationship [Eq. (3.21)] except that Ê 10 and Ê 0111 are evaluated at lhe surface 
values E0 and KE0 . 

The Taylor expansion of B below E0 gives 

e(Ê; 11 ) = s(E0 ) - t(E0 - E)s'(E0 ) + · · · , (3.24) 

where s'(E0 ) is the deriva tive of B with respect to energy taken at E0 . The 
: 1 ,_ expansion of s above' E 1 gives, similarly, 

e(E0111 ) = e(E 1) + t(KE - E1)r.'(E 1) + · · · . (3.25) 

By substituting these expansions for the ratio r.(Ê;,J/B(Ê°'11 ), one obtains a 
quadratic expression for E: 

where 

and 

aE2 + /JE + e = O, (3.26) 

a= tK[r.'(E0)(1- 1 + r.'(E;)], (3.27) 

h = [ K1:(Eo)fi- 1 + ii(E i)] - ! (K E0 + E 1)[1:1(E i) + 1i
1(E0)/1- 1 ], (3.28) 

e = ! E0 E 1 [e'(E0){1- 1 + i:'(E i) J - E0 i:'(E i) - E 1 e(E0 )fr 1• (3.29) 

The coefficients a, b, and e are expresseel in ten~s of the known quantities 
E0 , E 1, K, {3, anel e and i:' at E0 and E 1 • V alues of B and r.' are given in Tables 
VI and VII. Therefore, a, b, ande can be written in terms of E0 and E1, and 
E can be solved from Eq. (3.26). The method was introduced by Chu and 
Ziegler (1975). 
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b. Powcr Law Assumptipn for t/E/dx. Another way to obtain the relation 
between the energy E before scatiering anel the depth x at which scattering 
takes place is to assume a functi~nal dependence for e or dE/dx such that 
the integrais in Eqs. (3.1) and (3.2} can be solved analytically. Onc approach 
(Behrisch anel Scherzer, 1913) ass\'imes that dE/dx can be approxirnated over 
an energy region by a power law in E, as dE/dx = A .. E''. They assume that 
the exponent v o[ the powçr depçndence is a constant with values equal to 
!, O, or -1 depending on the energy region where dE/dx is evaluated. When 
this power law expression for dF;/dx is substituted into Eqs. (3.1) and (3.2) 
and the variable x is elimin<tted, oúe obtains 

= (E[-v + fJEfi-v)l/(1-v) 
E Ki-v+(J . 

3.4 NUMERICAL METHODS TO FINO THE 
ENERGY E BEFORE SCATTERTNG 

(3.3.0) 

Numerical melhods proceed from Eqs. (3.1) and (3.2) with tabulated values 
for dE/dx. With the first equation, (3.1), one computes a table of x values 
versus E values for the incidenl palh. With lhe second equation, (3.2), one 
computes E1 for each pair of values of x and E. This establishes a set of 
corresponding values of x, E, anel E1 for a given E0 • . 

ln practice, there are lwo dilTerent ways to do the numerical calculation. 
One approach is to divide lhe depth into many slabs of equal width ~x, as 
shown in Fig. 3.1 O. The calculation starts from the surface layer. The thickness 
L\x is made thin enough so that dE/dx is practically constant over the width 
L\x. The energies at the two boundaries of the (11 + 1 )th slab can be related 
to each other by the recursion relation 

dEI ( X ) (n+l)E=,,E--
1 

. --
0
-. 

lX .,E COS 1 

Fig. 3.10 Concepl and symbols uscd in lhe 
numcrical mcthod of calculating lhe cncrgy E 
bcforc scallcring a! dcpth x and lhe corrcspond
ing detccled cncrgy E 1 a! lhe detector. 

(3.31) 
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I n this way one obtains the energy of the incident parti eles before scattering 
at cach slab boundary. Upon scallering, lhe encrgy of lhe parlicle is reduced 
by the kinematic factor K. Along the outgoing path, the energy lost in each 
slab is equal to the product of dE/dx evaluated at the local energy and the 
ell'ective palh length x/cos 02 • The emerging particles will have energies 
iE1 , 2 E1> ... , ,,E1 , and ,,+ 1E 1 , etc., where ,.E1 is the energy of a particle 
cmcrging aflcr a collision in thc íith slab; thcrcforc, 

óx dE\ 
1E 1 =K 1E----

cos 02 dx K iE 
(3.32) 

The cnergy 2 E 1 of an cmerging particle scattcred after traversing inward anel 
outward through two slabs is 

2E1 =(K2E-~dEI )- i'.ix ~/E1(cnergyntl,2)· 
COS 02 dx KiE COS 02 dx interface 

(3.33) 

The encrgy at the l,2 interface at which the last term must bc evaluated is 
idcnlical to that given in the parentheses prcccding that last term. Iterating 
this procedure, one can wrlte 

(((( 
l'.ix dEI ) l'.ix dEI ) l'.ix dEI ) 

,,Ei = K,,E - cos0 2 dx K.,E - cos02 dx (El - cos02 dx win 

-~dEI )- ... 
COS Ü2 dx (((E))). ' 

(3.34) 

whcrc cach dE/dx is evaluated at a local energy which is givcn in thc paren
lhcses preceding the term and from which it is sublractcd. 

The other approach is to divide the sample into thin slabs of differing 
thicknesses chosen such that particles scattered from the two boundaries of 
ali slabs have a fixed energy difference tff at the det~ctor. This procedure has 
thc advantage that it reproduces the subdivision of the energy E 1 into e(( uai 
increments, as a multichannel analyzer really does. 

It is also convenient to peform numcrical calculations whcn dE/dx can be 
expressed as a function of E analytically. This is usually clone by fitting a 
polynomial to dE/dx ar f,. For lhe purpose of numerical calculations such 
fits are presenteei in Table VII. 

3.5 HEIGHT OF AN ENERGY SPECTRUM 
FOR AN ELEMENTAL SAMPLE 

In the previous sections we have discussed the relation between the energy 
of the detected backscattered particle (abscissa of an energy spectrum) and 
the depth within the target where the backscattering events occurred. ln the 
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nex! fcw scctíons wc dcvclop lhe rclalion bclwccn thc heighl oi' lhe cncrgy 
spectrum (ordinalc of an cnergy spectrum) and the number of scattering 
centers per unit area within the sample where backscattering occurs. ln the 
remaining sections of this chapler, only slopping cross seclions r. anel slopping 
cross section factors [e J will be used. A conversion to dE/dx or [ SJ can always 
be made [Eqs. (3.7) and (3.9)]. 

Accordi11g lo lhe prcccdi11g scclions, thc cncrgy axis oi' a bm:ksca!!cring 
spcclrum and lhe dcplh bclow lhe surfacc of a samplc are uniqucly rclalcd 
to each other by a funclional depcndencc such as that shown in Fig. 3.9. Each 
cncrgy widlh tí' of n channcl i in the multichanncl analyzer is thus imagcd 
within the samplc by a slab i oflhickness r; from which ali the backscallcring 
events recordeei in channel i cmanale. Thc number of counts H; in channcl i 
is thusdctermincd by l'YQ_füs;torn_:JtLc_~~~~ :<if sça_tie~:ing~ce1ltet:s~(l\lQJl}s}i!~~ll1~t- s]~~fiiebaSICPfoblem thc11~istõ··í:-el<ile 
the number of counts H; to lhe number of scattering centers per unil area 
Nr; in the slab of thickness r; at dcplh X; which corresponds lo the cncrgy 
width fo' and the position E 1,; of channel i in the cnergy spcctrum, as indicaled 
in Fig. 3.11. 

Fig. 3.11 Schcmalic showing lhe correspon
dcncc bclwccn (a) slah i al dcplh X; in a 111011oiso
lopic samplc and (b) channel i al cncrgy E 1,;. The 
width r%' of cvery channel is lhe sarne, bul lhe 
widlh r; of lhe slabs is nol. 

ENERGY 

· Assume for the time being that lhe width r; is known. (The mcthod for 
determining this width is explained !ater in this section.) It then follows from 
Eq. (2.19) that for a beam of normal incidence thc total number of parlícles 
detcctcd in channel i is H; = <T(E;)O.QNr,, where <J(E;) is the difTcrcnlial cross 
scction evaluated at energy E; and averaged over the finite solid anglc O. 
spanned by the detector, Q is the total number of particles incidcnl on lhe 
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sample, and N is lhe atomic density of lhe sample element. This resull is 
correct only for a normal incidence of the beam, beca use then ffr:; correctly 
gives the number oftarget atoms in a unit of arca perpendicular ~o the beam. 
For olhe~· angles orincidence, i.e., for O 1 > O, lhe trajeclory of the pct~m across 

. , the slab 1 has a length r;ifcos O, not r 1• Thc number of aloms per ,u111t arca as 
secn by the beam is therefore increased by 1/cos Oi. so that for this general 
case 

(3.35) 

ll will be seen thal the value and lhe position of r 1 also change as lhe beam is 
lilled from a normal to a slnnted incidencc, c.g .. (3.35) holds for thc vnluc of 
r;1 applicablc lo lhe parlicular geomclrical arrangemcnl under considcralion. 

The shape and the height of the backscattering energy spectrum were first 
treated in lhe early 1950s (Wenzel, 1952). Severa! difTerent versions of the 
analytical form of lhe backscallcring yield cxisl and are well documenlcd 
(Wenzcl and Whaling, 1952; Van Wijngaarden et ai., 1970; Powers, 1961). 
Although lhe nolnlion dilTors, nll lhe npprouchcs urc concoptuully the sumo, 
Approximalions have bccn applicd in some cases lo simplify lhe problem 
and lhe mathcmalics. Wc will slarl wilh lhe simplillcd case anel progrcss lo 
the general form. 

3.5.1 Spcctrum Height for Scattering from 
the To1> Surfacc Laycr 

Consider the backscattering spectrum obtained from a thick sample and 
focus attention on the backscattering events that take place either at the 
surface of lhe sample or near the surface region. For this region the analysis 
is simplified because the energy before scattering can be taken as E0 and is 
therefore known. Figure 3.12 gives ·a schematic of the backscattering pro
cesses in this surface region, and the resulting spectrum. The notation,adopted 
for the near-surface region is H 0 and r; 0 in contrast to H; and r;1 for regions 
within the sample. For the surface region Eq. (3.35) then becomes 

(3.36) 

The subscript is often dropped from H because of the widespread use of this 
symbol in this particular context. The thickness r; 0 is defined by the energy 
width 8' of a channel. Particles scattered from atoms within r 0 will have 
energies bctween KE0 and K E0 - tf. From Eqs. (3.9) and (3.12) the depth 
scale at the surface is given by 

(3.37) 

The corresponding expression in terms ofthe energy loss factor is tf = [S0]r;0 . 

As stated previously, we shall retain only the formulation in terms of R and 

\ 
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Fig. J.12 Schcmalic oílhc backscullcring proccss in thc suríucc rcgion oí a samplc consisting 
oí a monoisolopic clcmcnl (a) and lhe rcsulting spcclrum (b). 

[r.] in lhe remainder of lhis chapter. Substituting Eq. (3.37) in (3.36) lo clim-
inalc Nr 0 yiclds · 

(3.38) 

This equation states that the height of the energy spectrum at the surface is 
directly proportional to 

(i) Q, the total number of incident projectiles bombarding the sample; 
(ii) a(E0 ), the average differential scattering cross section between the 

prójectile and the sample evaluated at the incident energy E0 ; 

(iii) n, the solid angle spanned by the detector aperture; 
(iv) tf, the energy width of a channel, which is determined by the electronic 

setting of the delecting system; and 
(v) ([ e0 ] cos Oi)- 1, the inverse of the stopping cross section factor 

evaluated at the surface for a given scattering geometry multiplied by the 
cosine of the angle of incidence of the beam.ag.ainst the sample normal. 

The direct proportionality of H 0 to Q, a, n, and tf is physically evident. • 
The inverse proportionality of H 0 to [ e0 ] cos O 1 can be understood by con
sidering the energy that particles lose on their inward and outward paths 
through the surface layer. Consicler first the case of normal incidcnce. If the 
stopping cross section is high, then so is the stopping cross section factor 
[1;0]. A fixcd energy is t!1en diss!pated by the moving particlc ovcr fcwcr 
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atomic Jayers than if [ e0 ] were small. This means that the Jarger [ e0 ] is, the 
smaller will be lhe numbcr ofscattcring processes for lhe fixcd encrgy inlcrval 
$. For example, compare two target materiais A and B, where A has a larger 
stopping cross section factor than B. For lhe sarne energy loss, the projectile 
.will have fcwer encounters with A atoms than B. Thus there will be fcwer 
ba~kscattering events lhat produce counts within a given channel for targel 
A Uw.nfor target B (neglecting differences in a). 

Consider n~xt lhe case of fixed stopping cross section but varying angle 
-ofcincidence 01• Changing 0 1 has a lwofold effecl: the thickness of lhe slab 
'éôrresponding to lhe single channel of the multichannel analyzer undergoes 
a change expressed by lhe faclor [1:0]-

1
, and lhe numbcr of aloms per unit 

of an arca perpendicular to lhe bcam undergocs a change expressed by lhe 
factor ( cos 01)-

1
• These two effects tend to cancel beca use one of the two 

lcrms of[1:0] gocs as(cos0 1)-
1 [Eq. (J.11)]. This is lhe rcason for considcring 

lhe producl [i;0 ] cos O 1 ralhcr lhan lhe individual lerms when discussing lhe 
dcpendencc on lhe anglc of incidence O 1 of the beam. ln general, signal 
heights depend 011 the product ([i; J cos oi)- 1

, whercas deplh-to-energy-loss 
convel'Sions depend on [1:] only [compare, c.g., Eqs. (3.7) or (3.9) and (3.44)]. 
Because signal heighls depenei on the producl [1:] cos O 1, some authors intro
duce the effective stoppi11g cross section factor cerr = [i;J cos O 1, which is lhe 
natural par;1111clcr to inlroducc whcn lhe inlercsl focuscs on lhe hcighl of a 
spectrum. 

Observe that the height H 0 does nol depenei on the atom density N of the 
samplc. This is a general propcrly of backscattcring yiclds. The matter is 
discussed in Section 3.9. 

3.5.2 Spcctrum Hcight for Scattcring at a Dcpth 

The essence of depth profiling is to relate a spectrum height H; to a slab of 
material with thickness r; anel number of atoms per unil arca Nr; at el~pth 
x;. From Eq. (3.35) lhe hcighl is 

H; = a(E;)D.QNrifcos 01• (3.39) 

Ifilsross scclion a is cvaluated hcre al lhe cnerg_i!Qor lhe projcclile im~ 
~~~-alt~~~1~~t-~~-U1_~;J§.ee S~QQ1L3-JLThe ~ria! 

Nr; is defined by the energy widlh it such that the parl1cles backscatlereel 
from the slab will emerge from the sample with energies between E 1,; anel 

E 1,; - it. I~~oncl~-~?l~~~f_()J~t:JhatJ.h~y~icllJL@';.' 
.Q[Jh~arlicLc:~in1n1~elialc:t1_ª"[L~r scal_lcrin~ is_~l-~g§~ The rcason is lhal 
parlicles with slightly clifferent energies after scallering a,l X; undergo slightly l1 

~ 
dilTercnl energy tosses on their oulwarel palh, so lhat ~;' =F $.To be precise, 
the energy lost along the outgoing path reeluccs K. E; to E 1,; whilc (KE; - $;') 

. is reduced to (E 1 ; - $). This is skelched in Fig. 3.13a. l 
' ' ~-
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Fig. 3.13 Schcnrnlics of and nomcnclalurc for (a) lhe backscallcring proccss ai dcpth x1 

wilhin a monoisolopic samplc in lhe language of discrele funclions, and (b) lhe rcsulling 
spectrum. (e) and (d) givc lhe corrcsponding schcmatics and nomenclalurc in lhe languagc of 
conlinuous fu11clio11s. 

Before clevcloping further the subjecl of the speclrum heighl for scattcring 
bclow lhe surface, il is appropriale at lhis point lo introeluce a more cnlcicnl 
nolation. The subscripl i in lhe precccling equations indicates lhal lhe quan
tities considered refcr to a spccific slab i and ils corresponding channcl i at 
energy E 1,; in lhe multichanncl analyzer. Wilh this subscript, the equalions 
are cumbersome to read anel to wrile. When it is understood that the quan
tilics discusscd hcrc are really discrclc, lhe subscripl i nccd nol bc rctaincd, 
anel Eq. (3.39) can be writtcn as 

1-l(E i) = 0-(E)D.QNr/cos O 1 • (3.40) 

The cross scclion a is now a function of a conlinuous variablc E, lhe cncrgy 
of lhe particle immediately bcforc scattering at any dcpth x within the 
sample. Similarly, H is a function of thc continuous variable E 1, the energy 
of a detecled parlicle, and r is lhe thickness of ~ slab (al any elepth x) lhal 

produces parliclcs dctcclcd .in _l.b.S:_~lll'.!:gxj1:1.!,~r~l~!fJJll~~~1~l]J: ... ~J-~!tl1_()[a" 
channe. in lhe multich~1nçLmrnJ~ç_i:. As was previously explained, this 
el1ergy~inleí:Yaf-ctirre;-~~--from lhe interval $' that lhese samc parlicles span 
immedialely aner scatlering frotn a slab or lhickness r al elcpth X. These 
definitions and the ncw nolalion are explaineel in Figs. 3.13c anel d . 

'\ 
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We now return lo lhe derivalion of the speetrum height H(E 1) for scat
lcring at a deplh x below the surface. The surface energy approximation. 
cunnol bc usc<l, since lhe energy E beíore lhe collision 111uy di!Ter noliceably 
from E0 • Consequenlly, the thickness i- of a slab al depth x may differ from 
that of 'º at lhe surface. We shall therefore solve lhe problem by first cal
culaling the thickness' of a slab in terms of the energy interval éf'. Then we 
shall express the energy interval C' in lerms of the inlerval <ff' localed at an 
energy E 1 in the energy spectrum. 

To find the rclation between ' and r!', note that the particles scattered at 
opposite interfaces of the slab at depth x can be viewed as a backscattering 
process al a surface covered by a layer of lhickness x. The particles incident 
on this surface have an energy E, and the energy difference corresponding to 
scattering at the opposite interfaces of the slab there is cff'. Exactly the same 
condilion would prevail al lhe aclual suríace of lhe sample if lhe incident 
energy E0 were reduce<l lo E and lhe energy widlh per ehannel were sel to 
<%" ralher than <ff' al the multichannel analyzer. Il therefore follows from 
Eq. (3.37) that 

(3.41) 

The stoppii1g cross section factor [e(E)] which appears in this equation is 
defined in analogy to Eq. (3.12) as 

K 1 
[i:(E)] = -- c(E) + -- c(KE) 

cos0 1 cos02 

(3.42) 

iand there exists a corresponding energy loss factor 

[s(E)J=~c1E1 +-1_c1E1 
cos0 1 dx E cos02 dx KE 

(3.43) 

defined in analogy lo Eq. (3.11 ). The inlerpretalion of lhis energy loss faclor 
in lerms of Fig. 3.9 is as follows: [S(E)] is lhe slope (dashed curve) at lhe 
orlgin of lhe energy loss versus depth curve, which is measurcd for parlicles 
of incident energy E, ralher than E0 • ln other words, [S(E)] gives thc depth 
scale of a spectrum in the surface encrgy approximation when the incident 
energy of lhe parlicles is E. Wilh i- expressed in terms of /,f', the hcight H(E i) 
of lhe speclrum becomes 

H(E 1) = a(E)QQ(cff'/[i:(E)]cosOi). (3.44) 

This cxprcssion for H is incomplclc in lhal iff' is nol an experimentally 
accessible quantity, whilc c!f is. The seconcl ste12_!§_~1us~~p_i:es1Liff_.'.lu_te11!1J 
~e1~1L~ .. ªt. ª p2s.iti().11Já i...-911.U.1t:. i:;nergy .. sç.ale o.(ª .s11ect.i:u111. 
The answcr is oblainecl by consiclering thc energy loss of backscattered 
particles along their outward path. Consicler two particles whose energies 
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l'ig. J.14 Graphical inlcrprclalion of Eq. 
(146). Thc lighl linc givcs i:· L versus cncrgy. 
Thc hc11vy scg111c11ls i11dic11lc lhe i:'· 1 1111d 
encrgy valucs for lwo parliclcs along lhcir 
inward and oulward lracks. Onc parliclc loscs 
slighlly more cncrgy lhan lhc olhcr. A dill'crcncc 
li" in lhe parliclc cncrgy i1111ncdialcly aflcr 
scallcring produccs an cncrgy dirTcrcncc f; whcn 
lhe parlicles emerge írom lhe samplc. Thc two 
shadcd arcas for lhe oulward palhs nrnsl bc 
cqual. 

'-~~.l.J"'~~lL~-'.µ~1_____,. 

E1 KE E E0 

ENERGY 

immedialcly after backscallering al deplh x diffcr by <S''. The cnergy loss 
along lhe outward path is given by Eq. (3.2) or 

Nx/cos0 2 = - s:•,; dE/t:. (3.45) 

Since the slab ' is very lhin compareci to the deplh of scallcring, onc can 
U8SUlllC lha! scallcring l'rom lhe samc dcpth with diffcrc11l c11crgics approxi
males closcly lhe real silualion where parlicles scaller from lhe fronl anel 
rear surfaces of lhe slab. The outwarcl palh thus is essenlially lhe samc for 
bolh parliclcs anel lhe right-hancl siclc has the same valuc in bolh cases; hence 

f, li 1 f,1; 1-R 
dE/n = dE/c 

Kli K/i-R' 
(3.46) 

must hotel. By assumption of the moclcl, c!f' anel c!f are small compareci lo K E 
anel E 1 anel can bc lrcalccl as cliffcrcnlials, so that c!f /c(E 1) = /f'/r,( K E), or 

(3.47) 

Thc graphical inlcrprclalion of this resull is sketchecl in Fig. 3.14. Becausc 
lhe lwo·parliclcs lravcrse lhe samc layer on thcir oulwarcl palh, il is lhe arca 
under lhe 1:- 1 curve lhal musl be conservcd. Equalion (3.47) lhen follows ai 
once. 

If there is liltle clilTcrence bclwcen 1:(KE) anel c:(Ei), a linear inlerpolalion 
betwcen these lwo valucs proviclcs a reasonable approximation lo 1:. Thcn 
i:(KE) ~ i:(E 1) + !1E

0
u1i:'(E0

u1), wherc n'(E0 u1) is the clerivativc of 1: with respecl 
lo energy, evalualed al some inlermediale encrgy Eº"' along lhe oulward 
palh. Whcn this exprcssion for i:(KE) is usecl for lhe ralio r;(KE)/D(Ei), onc 
oblains (Fcng e/. ai., 1973) 

(,)' = J + f1Eoul '(E ) 
g i;(E1) B oul 

Nx _ 
~ l + -0- i;'(Eoul). 

cos 2 

(3.48) 

(3.49) 
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This expression shows that lhe difference between <%'' and frJ' increases witl~ 
the length x/cos 02 ofthe outward path. It also shows thal r!J' '.:!:'. rC for particles 
scattered from the surface region of the sample because x is small there. 

With Eq. (3.47), lhe yicld H(Ei) from á slab located al deplh x given by 
Eq. (3.44) becomes 

, tf' r.(KE) 
H(Ei) = a(E)QQ [·(E)] O ~(E ) . 

ll cos 1 f; ~, 
(3.50) 

. 
ln lhe discrcte nolalion of Fig. 3. l 3a and b, this formula lakes lhe form 

lf' 1:(KE;) 
H; = a(E;)QQ [c(E1)]cos0 1 1:(E1,1)' (3.51) 

Thc physicnl i11tcrprctatio11 of this rcsult is as follows: As lhe incidcnt 
bcam penelrates lhe sample lhe encrgy of lhe projeelilcs decreases. As a 
CtlllSOlj llCllCcTl1c-sei\ Clcdi1g cn)sS8ccfi()oi( /t)iílercílscs~T@Sfíc<JJ~ni1R:I~ 
f11 e rea sclTlc-yicTd Hf E~f\vífllâccrcffsing. e1"r~!fD'}Ií~Q.C[iJ~1~1ecle~L1~~tLeJº's.;_ 
5-,j lhe oThcrliand; lhcslop1)i11gcross_s_e~clion 1: also varies wj_t,~l!lgç11er~~ 
tílTS<lepcndenccls-11oCilsslrong as.ll111iJol·-;[(f;),~G:\~1uüU1~ increase or 
dcc1~c11se-wTC11<lCcrnasing values of E (Fig. 3.7). Consequenlly, lhe ell'ccl of 
(~i~_l'~iltli_e fü1~l<scátteri1~fyieícl m~y eiWer éílh~í1ce.or c§_iü1Tef~c~. 
lhe clfocl of lhe changc 111 a. Spcc1ltcally, whcn B 111crcascs wtlh elccreasmg 
energylfleeffcclls to decreáse the yield a:s ex presse~~-erse _12!'.§j2~
~-t_cfffilfil]~he conlribution from lhe change in the ratio B(K E)/c(E 1) 
is or lcsscr imporlancc. [Thc applicalion of Eq. (3.50) will bc discusscd in 
Seclion 5.5.2.] 

Alternalive derivations oflhe thick-target yield have been given for uniform 
largels (Wenzcl, 1952) and for nonuniform largets (Wenzel anel Whaling, 
1952; Powers anel Whaling, 1962). Rccent work on the lhick-target yicld has 
emphasized specific aspects such as the iníluence of energy straggling (Van 
W~jngaarden C'I ai., 1970; Brice, 1973), the iníluence of scattering geofoelry 
(Jack, 1973), lhe dependence on energy loss (Behrisch anel Scherzer, 1973; 
Siritonin et ai., 1971, 1972), and analytical formulations (Chu and Ziegler, 
1975). 

3.6 DEPTH SCALE FOR A HOMOGENEOUS SOLID 
CONTAINING MORE THAN ONE ELU:MENT 

(COMPOUND SAMPLE) 

ln lhís section, we shall discuss the backscattering spectrum of a sample 
composed ora homogeneous míxlure of severa! elements. For simplicily we 
denote the material as a compound sample although it could be either a 
mixture or a chemical compound. This case differs from that of the 1110110-
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isotopic elemenlal sample considered thus far in this chapter in two significant 
ways. First, as the probing particles penetrale lhe film, they lose energy as 
the result of inlcraclions wilh more than one clcmcnl. Consequenlly, lhe 
stopping cross scclion depeneis on lhe composilion of the sample. Seeond, 
when the probing particles wilh cnergy E are scattered al a specific deplh 
within the sample, lhe value of the kinematic factor K and lhe scallering 
cross seclion a will depenei on lhe particular mass (atomic numbcr) of lhe 
alom they strike. Since lhe slopping cross section varies wilh em:rgy, lhe 
energy that lhe particles lose along ielentical outward tracks also elepends on 
the alom slruck in lhe scallcring collision. For a compound samplc, lhe 
yielel ofthe backscallering spcctrum and lhe energy-lo-depth conversion lhus 
depenei on lhe clcment slruck in lhe collision. Ali counls gencralcd by hack
seallcring f'rn111 a given clcmcnl constilulc lhe signul oi' lhis clc1nc11t in thc 
spcclrum. 

l 11 t hc rest or l hiH scet ion 1111d i11 Scetio11 17 wc sl1111l considcl' t hc pari ku lnl' 
case oi' a samplc composed of' two 111011oisolopic elemcnls /\ and ll. The 
exlension lo lhe general case or a mullielemcntal compound samplc is 
slraighlforwnrd. We also nssttme thal lhe sample is homogcncous, i.c., of 
uniform composilion bolh in lateral dimensions and in deplh. 

3.6. l Slop1>ing Cross Scction Factor [r.] 

To relate lhe energy E 1 oflhe delectcd particlc lo thc deplh x at which lhe 
backscallcring cvcnl occurn, wc shall l'ollow lhe íormalism described in 
Section 3.2 for the dcplh scale of an clemental larget. We use a subscripl lo 
indicate the a tom slruck, so lhat E'" and E 1 n denote the energies of delecled 
parlicles scallcrcd írom aloms A and 13, respeclively. Supcrscripls are uscd 
to denolç thc slopping medium, so lhat i;"'" 11

" is lhe slopping cross seclion of 
a material conlaining elements A and B in the atomic ralio 111/11. For a com
pound: /11 anel 11 are intcgers; for a solid solulion, for cxamplc, thcy nccd nol 
be. ln lhe spiril of Section 2.5 we shall give preference to lhe abbrevialed 
nolation B"n for e""'º'', even if 111 and 11 are not unity. From Chapler 2, the 
slopping cross section 1:""'11

" of lhe sample is given by 11rn" + 111; 11, assuming 
thal Bragg's rulc for lhe linear addilivily of stopping cross seclions holds 
lrue: Examples oí lhe applicalion of thal rule are given in Scclion 5.4. 

For the scallering gcometry shown in Fig. 3.15,·a particlc pcnclraling lhe 
sample to a depth x undergocs an cncrgy loss '1E; 11 along lhe inward palh 
given by 

(3.52) 

where N"B is lhe number of'molecules A"'B" per unil volume. The cnergy 
loss 11Eout along the outgoing palh depeneis on lhe collision partner. There
fore, lhe encrgy differcnce 11E bclwecil' particlcs scallcred al lhe fronl surfacc 
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l~ig. 3.15 Symbols uscd in the descriplion of 
backscallering evcnls in a comppund samplc 
composed of a homogeneous mi~ture of lwo 
monoisolopic elcmcnls A and B. ' 
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Fig. 3.16 Graphical rcprcscnlalions of lhe cncrgy loss of parliclcs along lheir inward and 
oulward palhs (hcavy lincs) through a samplc composcd of a homogencous mixlurc of lwo 
monoisotopic elemenls A and B. The lighl line is lhe funclional form of dE/dx versus E. Since 
dE/dx = NAncAn, lhe sarne plols apply to BAB versus E as well. Particles scallcred at the two 
elcments covcr di!Terenl cnergy ranges along their outward paths. Thc top of the figure applies· 
for scattering by the heavy atom A; lhe boltom of lhe figure is for scattering by the alom B 
which is lightcr lhan A. (Compare this with the corresponding parts of Fig. 3.7 for a monoisotopic 

samplc.) 
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·and ala depth x ean have lwo Vétlucs, b.EA or b.E11 , clepencling on whcther 
the particles scatter from &tom 1\ or atom B. The situalion is representeei 
graphieally in Fig. 3.16 in ~ way Qorresponding to Fig. 3.7a. Notice the lwo 
different energy regions covered l:>y particles seattered by atoms A anel B. 
Thus there are now two clepth sc~les, one atta:ched to each signal, as shown 
for a single elemenl in Fig. 3.8. Tl~ese seales are in general dilTerent, but not 
by more than 10% in most cases fpr megaelectron volts of 4 He. 

ln analogy with lhe resull of Séction 3.2 for ah elemental sample, we thus 
have 

(3.53) 

and 

(3.54) 

where 

[ ]
All _ KA All 1 AD 

B A - ---
0
- Etn + --

0
- Bout,A' 

cos 1 cos 2 
(3.55) 

[ 
·]All _ J<o All l AO \ 
'' 11 - --0- e," + --0- 60111,0· \ 

cos 2 cos 2 ) 
(3.56) 

These ge/l('l'Ctlized stopping c1·oss section .factm'.~ contain the special case of 
an elemenlal sample composed ofelements A or B only as [i:]~ or [c]g [see 
Eq. (3.10)]. As shown in Section 3.2 for elemental stopping cross section 
factors, approximations can be used to evaluate the stopping cross sections 
on the inward path e~º anel on the outward paths B~u~.A and B~u~.u for particles 
scattered from atoms A or B. The discussion given there applies to lhe present 
case of a compound samplc as wcll. The next seetion repeats this treatmcnt 
in·brief. 

3.6.2 Approximntions to [a] 

For regions near the surface, the thickness x is small and the relative 
changes of encrgy along lhe incident and outward path are small also. 
Therefore, in analogy lo Eq. (3.12) one gets 

[ ]
AO KA All E 1 AO 

Bo A = -- E ( o)+ -- E (KAEo) 
coso, cos 02 

(3.57) 

anel 

[ ] An Ku Au · ) l All Bo o = --
0
- B (Eo + --

0
- B (KoEo), 

_cos 1 ~ cos 2 

(3.58) 
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whcrc lhe symbols [i: 0]~ 11 and [1: 0]~ 11 are used to denote the surfacc cnergy 
approximation to the slopping cross section factor for particles scattered 

from atoms A and B, respectively. 
Similarly, one defines [r:]~n and [il]~n as the mean energy approximation. 

For lhe inward path, E;" =!(E + E0 ), as given in Eq. (3.15). Howcver, lhe 
intermediate energy E

0
" 1 along lhe outward path is di!Terent for particles 

scattered from atoms A and B and must be specified for eaeh case. Following 
Eq. (3.16), ' . 

(3.59) 

and 

(3.60) 

where E 1.A and E 1,11 refcr to the detected energy of particles scattered at a 
depth x from atoms A and B, respeetively. The locations of Eout,A and Eout,n 
for the mean energy approximàtion are shown in Fig. 3.16 also. 

The value of E can be found from the melhods described in Section 3.3 
or estimated from thc symmetrical mean cncrgy approximation, in which 
case the values of E; 11 and Eout for the signals from A and B are then given by 

E111,A = Eo - i f..EA, 

Ein,B = Eo - t1'1En, 

Eout,A = E l ,A + ;\: f..EA, 

Eout,n = E1,n + tt'1En, 

(3.61) 

(3.62) 

(3.63) 

(3.64) 

in analogy with Eqs. (3.17) and (3.J 8). Note that in this case different values 
of E and E; 11 are used for the different collision partners. 

3.7 llEIGllT OF AN ENlmGY SPl~CTIWM FOR A 
HOMOGENEOUS SOLID CONTAJNING MORE THAN 

ONE ELEMENT (COMPOUND SAMPLE) 

1 n the preceding section wc established lhe connection bel ween lhe energy 
of a detected backscattered particle and the depth within the homogeneous 
compound sample where scattering occurs. ln this section we shall discuss 
lhe height of the backscattering spectrum of such a compound sample. Again 
we shall consider in detail the case of a mixture of two monoisotopic elements 
A and B. The extension to a multiclemental compound sample is straight

forward. 
The backscattering spcctrum of such a compound samp\c is skctchcd in 

Fig. 3. l 7b. This cncrgy spcctrum consists of a supcrposition of thc two signals 
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Fig. 3.17 SchcnH~lic of lhe backscatlcring proccss in thc surfacc rcgion of a samplc composcd 
~~)~ homogencous m1xlure oftwo monoisotopicelcmcnls A and B (a), and lhe resulting spcclrum 

generated by the.eleme~ts A and B in the sample._Tu~~~ .. ~J~~.~<?L~acl~ig.n~ .. is 
~fined by the_kfil..~mati~ fa~~ .. C>r ~<zL.lli~1~}wo~legients. For the example 
shown, KA > Kn; that is, A is lhe heavier or lhe tWo atomic species. If 
HA(~1) and Hn(Ei) .are the heights or the individual signals generated by 
parttcles clctccted w1th cnergy E 1 after scaltering from elemcnls A and B 

. lhe height of lhe total spectrum H al that energy is givcn generally by ' 

(3.65) 

W~ shall develop the shape of this total spectrum by first considering scat
tenng from thc top surface region. 

3.7.l Spectrum Height for Scattering from 
the Top Surface Layer 

For .backscattering processes near the sample surface, thc energy bcfore 
scattenng can be laken as E0 • The expression for scattering from elements 
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A and B can !hen be laken directly from that for an elemenlfil target [Eq. , 
(3.36)] to givei 

(3.66) 

and 
(3.67) 

where NAn and NAn are the number of atoms A and B per unit volume. The 
A B d . h' 1 thicknesses r and r 0 are chosen such that particles scattere wtt m t 1ese A.o n, d E 

slabs will have energies between KAEo and KAEo - cC or KnEo an Kn o -
ct. There are two such surface slabs now, beqwse the energy lost along the 
outward path for particles scattered by atom A differs from that for particles 
scattered by atom B. This is shown schematically in the diagram ofFtg. 3.17a. 
These two widths thus satisfy lhe conditions 

(3.68) 

and 

(3.69) 

where NAn is lhe numbcr of molecular unils A,,,B,, per unit volume. Sincc 
N~º = mNAn and N~" = nNAn, the surface heights can be written as 

(3.70) 

and 

Hn,o = u0(E0)UQn(cC/[e0]~0 cos01)· (3.71) 

The ratio of these heights is ~----------r 

HA,o uA(E0) 111 [eo]~º L 
f:~:~~ __ q:ll(~oLliIB11~'1_-_ __ _ 

(3.72) 

To determine the ratio 111/11 from a backscattering speclr~m, ~he rali~ 
[80]~º/[80]~8 can be taken as unity in a zeroth-order approx1~at1011. Tl~ts 
ratio actually approaches unity within 10% in most cases for He 1011 energ1es 

of 1 to 2 MeV; thus 

111/11 ~ [HA,o/<TA(Eo)]/[Hn,o/<Tu(Eo)J., (3.73) 

From this zeroth-o~der approximation, one can then obtain a better estimate 
of the ratio [s0H 11/[e0]~8 and hence a first-order approximation t? 111/n. 
Typically, this first iteration is sufficíent to give a value of the ratto m/n 
within the errors of the experimental data. 
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3.7.2 Spectrum H~ight for Scattering ata Depth 
' ! 

The. calculation of the spectr~m height H(E.) for parti eles cletectecl al 
encrgy E 1 is complicalcd by lhe facl lhal lhe signals gcneralcd by scattcring 
from atoms A and atoms B ha~e dilTerent depth scales. That is, particles 
escaping the sample with the sa

1

me detected energy E1 are scal~ered from 
atoms A at a depth xA, whereas those scattered from atoms B co:me from a 
depth x 11 "# xA (see Fig. 3.18a), Thus the energies EA and E13 of tl~e parlicles 
immediately before scattering will dilTer. ln analogy to Eq. (3.44), the height 
of each signal can be written <tS 

(3. 74) 

and 

( 3. 7 5) 

where <ff A, and <ff 11 ' are lhe energy intervals spanned by particles immediately 
after scatlering wilhin the slabs of thickness rA and r 11 at dcpth -'A anel x 0. One 

E1 K6E0 KA E0 

ENERGY 

Fig. 3.18 Schematic of lhe backscallering process at some deplh wilhin a sample composed _ 
ofa homogeneous mixture oítwo monoisotopicelements A and D (a), and lhe rcsulling spectrum 
(b). 
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can relate the energies tf A' and tf n' to tf by the procedure developed in con

ncclion wilh Eq. (3.47). Thc result is 

tf é 11(KAEA) 
HA(E1) = ITA(EA)QQm [e(EA)J~ 11 cos0 1 eAn(E1) ' 

(3.76) 

tf BA11(KuEn) 
Hn(Ei) = <Tn(En)QQ11 [r,(Eu)]~Bcos01 ºAn(E1) ' 

(3.77) 

and' corresp;nds to Eq. (3.50) for the element~l cas~. As is tr_u.e the~·e, the 
last íaçtor with the ratio in stoppin~ cross secttons 1s ?f lesset tm~ot lance. 
Thc main changcs as comparcd w1lh lhe surfacc hc1ghls HA,o <~nd Ilu,o 

"~-wne from variatio~s in the ~~os~ sectio~1s O" A and <Tn and the stoppmg cross 
scction íactors [i;J~ and [H]n w1th ene1gy. 

3.8 HJGH-ENERGY EDGE OF AN ENERGY SPECTRUM FOR 
AN ELEMENTAL SAMPLE WITH SEVERAL ISOTOPES · 

ln the preceding discussions we treated the sample as com~osed ofmono
isotopic clcmcnts. 111 general, an eleme1~l has sev_eral ~table ~so~opc~ º.r th_e 
same atomic number, but dilTerenl atomtc mass. 1 he k111emal1c factot d1ffe1~ 
for each isotope. As a consequence, a samp.le of such an element has. cl 

backscattcring spcctrum with steps in lhe h1gh-cnergy cdge. as shown 111 

Fig. 3.19. The formalism required to develop the spectrum he1ght of such a 
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FI . 3.19 Each isolopc in an c\emcntal sample cont~ibutcs ª. step to the high-energy edge 
com~iensuratc with ils natural abundancc. These isotop1c steps are o~ten so dose to each º'.her 
thal lhe high-encrgy edgc oí an isotopic mixture can bc replaccd by a smgle stcp at some aveiagc 

location. 

3.9 ~E and li Hcspond to Atoms per Unit Area 85 

sample is like that for a compound sample. The equations are simpliíicd 
by the íact thal lhe stopping cross scclions i; and scattcring cross scctions <T 

are practically lhe same for each isotope. However, since lhe kincmatic 
factor K is differenl for each isotope, the stopping cross section factor [e J 
will differ for each isotope also. Assume that the mass M1 is present in a 
fractional abundance 1111• Then the kinematic factor KM, will specify a 
stopping cross section faclor, which we can denote as [e ]M,. The rali o of 
the spectrum heights al lhe surface for any t~o isotopes, such as M 3 and 
M4 , is then 

HM.1.'!_ 111 3 [1:0]M 4 

HM.,o 1114 [eo]M3 
(3. 78) 

by Eq. (3.72). For backscatlcring of 4 He in lhe megaelcclron volt energy 
range, lhe ratio of isotopic [c]'s is very close to unity and the ratio of thc 
spectrum heights at the surface equals thc ratio of the fractional abundanccs, 
as indicated in Fig. 3.19 for a sample containing five isolopes, such as Ge. 

With 4 He ions in the megaelectron volt range and convenlional solid
state detection systems, the isotopic sleps in the high-energy edge are difficull 
to resolve whcn lhe element is of medium or heavy mass. Thc spectrum is 
then often interpreted as a single step of an avcrage mass M = I,1m;!vl1 al 
lhe position KFJEo in lhe encrgy scale. This procedure is actually incorrect, 
because the kinemalic factor is not a linear function of M. Striclly takcn, 
the mean ofthe isotopic steps is located at KE0 = (I,1 m1KM,)E0 and !(#KM 
in general. The dilference is insignificant for target masses much larger than 
the projectile mass, anel usually K is used for !( or Klif. We follow this 
usage in this book as well. The table of Ziegler (1973) gives KM, not K. 

3.9 ENERGY LOSS ANO YIELD nESPOND TO 
ATOMS PER UNJT AREA 

Up to this point in our development ofthe subject wc havc dcrived general 
formulas for convcrling energy lo dcplh and for calculating lhe height of a 
backscatlering spectrum. The purpose of this section is to emphasizc the 
facts that (i) depth has a specific mcaning in backscaltering spectrometry 
which is not lhat of distance, as commonly associated with the word, but, 
rather refers explicitly to atoms per unit area, and (ii) the height of a back
scattering speclrum does not depend on the atomic volume density of the 
target. 

The fact that lhe cnergy loss thal particles incur whcn they pcnetrate 
through a sample does not depend on the atomic densily can be seen with 
the help of a conceptual experimcnt shown in Fig. 3.20, whcrc a bcam of 



86 3. Concepts of Backscattering Spectrometry 

-Eo 
-Eo 

(b) 

(e) 

Fig. 3.20 Three different samples of Lhe same material but di!Terent overall density ali of 

which gcneralc Lhe sarne backscallcring speclrum. 

particles is shown incident perpendicularly with ene:gy E0 _on three differe1~t 
samples. In the first case (Fig. 3.20~), the s~mple_ 1s a thm ~h:1 oí a~om1c 
densily N, specilic gravily p, and lh1ckncss <'ix. ~Iler lntnsm1ss1on lhto~1~l1 
the target, the particle energy is E0 - ô E. I magtne next ~h~t t~1e yhystc~tl 
lhickness or lhis samplc is increased lo a value ôx' by shcmg ll tnto thm 
slabs anel spacing them. Clearly, no energy is lost as .lhe bcam erosses lh~se 
spaces, since 110 matter is prescnt lhere .. H~nce ()E 1s uncha~1~ed. lmagme 
now that this proccdure is carried to the lumt so that the add1t1onal volu~e 
is dislributcd microscopically anc.l uniformly Lhroughout Lhc samplc. ~ga111, 1 
<)E is unchanged, bul lhc alomic density has becn r~ducecl lo a value N < _N. 
Similarly, the specific gravity is now p' < r:· TlllS shows thal lhe energy 
loss depends only on lhe amount oí material Lraversed regardless oí the 

physical Lhickness. . , . , .. , 
The number oíatoms traversecl 1s expresscd by N ôx = N ôx. The enc1gy 

loss <)E is given by ô E= (dE/dx)dx = (dE/dx)' <5x'. This shows Lhat dE/dx 
depeneis 011 lhe alomic densily or lhe larg~t. ,an, lh~ other haml, l~1e ~nergy 
Joss can also be written ()E = aN c5x = (a) N ôx. Smce N ôx = N ôx, then 

6 =(e)'. The formal deseription of energy loss as 

ô E= eN ôx (3.79) 

has lhe advanlage orexpressing lhe energy loss in lerms oflhe lwo physically 
relevant quantilies: 6 , the specific energy loss per atom, and N <5x, the number 
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of atoms per unit arca. For this ~ame reason we prefer thc formulation 

,1E, = [a]N Í'!x (3.80) 

rathcr than ,1E = [SJ Í'!x for energy loss in backscattering. Whenever a 
measurement made by backscattering spectrometry expresses depth in units 
oflength, lhe knowledge ofthe de'nsity has been assumed. The worcl "clepth" 
used in connection with backscattering therefore inclicates a distancc only 

1 

when the density is known; otherwise "depth" stands as an abbreviation 
for the number of atoms per unit arca N Í'!x over the distance Í'J.x traversed. 

The thrce samples shown in Fig. 3.20 ali have the sarne number of aloms 
per unit arca. This is stated by the equality N ôx = N' ôx'. lt also must follow, 
then, that the. total numbers of counts generated by these samples in back
scattering measurements are the sarne. Since the energy widths Óf the back
scattering signals from these samples are the same, the spectra of ali three 
are indistinguishable. Thcrefore the height (counts per channel) of a back
scattering signal is indepcndent of lhe atomic density of lhe samplc. For 
example, backscattering measurements on a sample of evaporated silicon 
that has an atomic density less than lhat of bulk silicon will give spcctra 
identical lo those obtained from bulk silicon. One should note, howcvcr, 
that density changes gcnerated by additional atoms or a dífferent species 
do change the spectrum, as discussed further in Section 5.3. Such modifi
cnlions are 1101 of lhe typc dcscribcd by rig. 3.20, bccausc lhe additional 
volume conlains energy-absorbíng atoms, not voids. 

J.IO NUMEIUCAL METl-IODS TO COMPUTE 
BA CKSCA TTERING SPECTRA 

Many laboralorics engaged in backsealtering analysis have developed 
col11pulcr programs to calculale backscatlering speclra. Mosl of lhese 
programs are tailored to ú1eet lhe specific nccds ofthe respeclive laboralories. 

One program is available in documented form.t lt is wrillen in Fortran 
anel ean accommodale samples consisling of up lo 10 dislincl layers wilh up 
lo 1 O clemenls. The program considcrs only beams of norinal incidcncc and 
does not incorporate energy slraggling. Bragg's rule ofadclitivily ofslopping 
cross seclions is assumed lo be valid, and the ,composition and thickness of 
each layer in the sample are constant. 

1 Thc prograrn is availablc frorn Rome Air Devclopment Cenler, Air Force Systcms Com
mand, Griffiss Air Force Base, New York, as Repor! RADC-TR-76-182 (Junc 1976), entillcel 
"Compuler Program lo Synthesizc Backscallering Spcclra for Sam pies Composcd of Succcssive 
Laycrs of Uniform Thickness anel Composition," by P. B~rgesen, J. M. Harris, anel B. M. U. 
Scherzer. 


