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1. Tntroduction the peomsuy, Several aspecis of woondary radision emitied bry =n_m1|.1.|r.t.|.l- -:-nt;lh are oo,
Mo practicsl appheations af XRF ar: piven, I1r-_a:_rt|_ ks m‘%mlqun. ls very welll Enovwn

I section 3, emaging sechaiques ate desenibed. in CnnECkins wills the process of ;-e:u.uul:n: nrn;:.
in & spechmen hy am incident beam of adistion (imnsmhiiog tamagraphy ), of with the !1rn-|:u-|..ﬂ:Ii
coherend Complon radistion, In the htter cace, lbe secondary (scaticred] mdcation I i E:I!II:IL-"H-
collected at T, with fespect w0 the mcident beam, Finally, new posibiives of li"-'ll'l-'-.ll.':.flpj'lll. methx “
are described which rufer to the use of twn munodoergetic beams, which ¢n=r1_!--hT-_1-|:lLl the: Eﬂ-#mm
te phoroclectric discomrimulty of au element % he cxalied {differeniial fomngraphy b, ar 10 the Spal
analysis of secomdnry Ousrescont radiativn (XRF tomography |

In the past two decades there hus heen an explosion of new analytical techniyues in which keV
photons Bave boen used. These techniques have been developed by scicotists working in a variety of
disciplines, and as a resull there often exists seemingly confusing and conflicling jurgon to describe the
same processes and lechniques, Likewise, reports on the development of these techniques are scatrered
aver tens if not hundreds of journals.

In particular, there are new points of view conceming the {undamental interactions, i.e., the
photuelectric effect (PL), coherent scattering and incohercat scatlering, The “traditional” treatments of
these interactions employ simplistic apprendmatinng that should be regarded only as a starting polnt.
These approximations are extremely widely used, parly because of their classical nature, and partly
because they are extremely simple to vse. They work lo some extent in cerrain energy and angle
regions, but cannot explain all interactions, Therefors, it is imperative that the end users undemstand
the approximations and their inheecal limilations in order to avoid abusing them. To give an cxample,
the approach that led fo the Thamson and Klein-Nishina (KN) formulas assumes the interaction of an
electromagnetic wave is with a [ree clectron. It is easy 1o realize that atomic elements are not free, The
atamic form factor (AFF) and incoherent-scattering function {ISF) approach then simply provide fudge
factors to the Thomson and KN formulas. The AFF and ISF have the most important impact on the
acmal cross scclion. Frequently both the Thomsen and KN cross scctions are introduced without
stressing the fact that they are strongly dependent on the polarization of the incident photons. The
teasen is that the polarized sources have often been rare. With the revent growth in the availahility of
sources of polarized X-rays. it is impartant to review and “update™ the physics of polarized X-rays,
which was until now mostly of theoretical intercst ooly. I is more logical to study the physics for
unpolarized photons as a consequence of the physies for pofarized photens.

The most famous and widely used X-ray Lechnique is X-ray diffraction. ‘I'his technique has lonyg been

11 The photeefecteic effer

The photockectric effect i a Pwo-step event in whach (1) & eleciton from « aner shell [K, L, M, ...}
b r::-wr:dmmm subserpuently (i} an X-ray vr an Auper glectron I;lil:glrl.'lﬂlng e (b1 ﬁun'rﬂ's;-'rlﬂth‘_-'lf-lﬂ L:
canitied, The moee Ieossiv sgused eledans T h:rn.:r.gm:r{.' ra.dm_n:.n im Gnder 1o Ejmb; BEI.
e cxciting radiaton emergy B increased, we puss through jumips b I.hqu::uw I-ull!ﬂl:lilll.l-cluI ':.m'.'-i:l
shsorplion edges, These absorption cdges resubl bom as exciron = d_'JJ[I_JHﬂ s rbuu'?;l :
available for PE shsorptiva. The probabslity for eloctrom-vacamcy procluctios = a ﬁiﬂmTh'-"E
grcatest In photon cnergics immediately above the arbitals theshold for the epection of | Mun.dl
elecimem. The probabdlity then decreases npprossmately a5 £ . This encrgy dependence fis "_"F"’u_ :
comsequences when one wishes 1o analyze a wide range of elemenis wsing u singlo-energy ph o
sausce. Afier the lectsan is ejected, the bmadisted wioms will emst X.says resdliing from the Jecar .
the cxcited stases. Each glemend has 2 -.-I-r.rurr.'r.'rl.'_ = 'l_'r Xo-rms, loe energy of w||u:h..iljn'ﬁ-_ H-
idemiiRcation. A ssmplc coatalming soveral elemants will cmit i muny X-rays ﬂf_‘-iﬂ‘ﬁl-‘ll-'l::lzjﬂ_"':l“‘*’l
i ihete oo elemewis. The imensity of these X-rays b npprorimatcly proporiicaal to 1 I
studied and most of the details are readily available. Wavelenpth-dispersive (WD) X-ray [uorescence 2 jition of the samphe nsell. The photocleciric silea m, therefone, the basic cHect [or the X-ray
{XRF) is another traditional lechnique that will not be covered here. The “new" techniques developed Anneesconce analvs. 3 , g,
in the past two decades, which will be discussed in this paper, includc encrgy-tispersive (GD) XRE; Bach slement deetijlcs with the vmission of K_ and K, X-ravs wilk l.ll.'.ll.lll'll'.l.TII anpEmsity r-l'-IL-E;
photon-transmission method, which includes compuied tomography (CT); and photon-scattering fays rusults [rom the tramsition of an cleciron from the |- to the Kesheil, K, vays results frum
technigues, including Rayleigh to Compton eatins, Compton profile and scatter imaging. - sennsitian from the M- to ihe K-l Lo 2 simitar manger, when an electron of the :..-thlzllﬂlﬂﬂ":‘ﬁd-

The authors felt that a logical development of this review paper should start with a discussion of the {he muem decncicss by emitfing L, . Ly and L Xrays (traniisions from the shclin M, &, apd O). The
Tundamental interactions and some aspects of the progress achieved toward their knowledge (scetion 1). subscripts m, @, y Further rcler io the subihells of tec M, K, O electronic shells
In section 2 non-imaging techniques will be discussed such as emergy-dispersive XRF, scallering
techniques, and Compton-profile techniques. In section 3 the progress in imaging lechmiques wilt be
presented. There is averlap in the basic interactions utilized in the non-imaging and imaging techniques,
however the hreak here is along the lines of the different technological approaches required for these

1.2, Scamgring of keV phorons by = iagle eleciron

two basic categorics,

Summarizing the content of the paper, the thearetical background of photoelectric, coherent and
Compton clfcels, with particular regard to polarized radiation, will be given in section 1. Some selected
examples of how the general aspects of interaction of radiation with a specimen would help is given by
X-ray Quorescence (XRF) and Compton-scattering lechniques which will be deseribed in section 2. In
scetion 2.1, the angular distribution of seeondary radiation will be depicted in many cases of practical
inlerest. Further, the energy-dispersive Xeray Ruorescence is deseribed in detail in section 2.2. In
section 2.3 the Compton-scattering (echoiques are described. and several examples of applications are
given, with parricular reference to the ratio of coherent to Compton radiation, which is independent of

The miet “ccenmen” models e the scatterng uf X-rays by atoms stans wilh them::m:m that the
arnmic croms sezives cam be caloalmed by multiplyiog the fee-clociron cmss sebong with g coerecion,
whith is equal 40 the member of electrons in am atom that i iree 1o calicr rither cu.tn;mn -:.::
incohesently . The correction for ihe Rayleigh (enhercat) scafrering crosy sectian i'llhn:u'-'ll:iﬁ it al_:.m.i!I
fiarm factor amd the simplest correction [or the nmcfmfﬂmm_mmh-:wut] scattefing croes ﬁmnm
kmown u% tBe ipcoherentscksering function, AR of the eomic clfects s |||¢Jud-r.'f in thess 1
parteciivms bl (e mama effects, such s dffrechon, rr'l:lﬂl!'-t mmnmﬂ_rm separmiely. The aLomic
Compeon cattering 15 further complicated wab an energy distebution, wkich cuntmins m*ru-m;rlrmb:n
the malrs, Thercfore, 1he wartering of X-ays by free eletirons willl b meviewed first, bolbos ¥y i
revicw of Lhe scarlering by bound chectnoms.
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X-rays and gamma rays are electromagnetic radiatiom and as such have clectric field, or polarization,
vectors € associated with them. These vectors are normal to the propagation vectors & (lig. 1a). The
propagation vectors have the direction of propagation, and depend on the photon enerpy F;
k= Eic—hi/d— hpic (where A is the wavelength and » the frequency). Sinee the vectors e are normal
to the vectors k. the vectors & act as an axis about which the vectors e are vriented. There is an infinite
set of directions about & that the ¢ vectors can Asswine.,

If a beam of photons has & net oricntation of the € veclors, then the beam is said to be polarized. If
the orientation can be deseribed as « lincar superpusilion of € vectors, the beam is said to be linearly
polarized (flg, 14), Lincar polarizativn requires the absence of variation in the net ¢ vector projections
as a [unclivn of lime or space. If there is no net polarization of the beam, it is said to be unpolarized.
Unpolarized radiation requires that there are equal projections of the e vectars on any two arbitrary
perpendicular planas (fig. 1b). This concept is important since we have now established that the physics
for unpolarized radiation and the mathematical development can always start with the discussion of
polarized radiation. For most sources of N-rays, the assumption of lnear polarization is vakid.

In order to start our disenssion, we nead to assume the clectron is not only [ree, or guasilres, but is
also at rest. We can now present two simple modets: (1) the Thomson scaltering which is a coherent
dipole interaction. menning no less of photon cnergy or change of phase, and (2} the Compton
scattering which is an incohercat clastic ¢vent in which a fraction of the photon energy is imparted to
the eleetron. This is a source of conlusion sines the atomic Compton scattering (by a bound electron) is
an inclastic event us far as the atom s concerned, even though the kinematics is detived for an elastic
process, which i inherent to the guasifres assumption. Since there is no energy transfer in the
voherent-scatiering process, there are no effects from the relative mation of the glectrons, in contrast to
the case of atomic Compton scattering.

The incoherent scattering of X-rays by a quasifree cloctron can be derived with conservation of
momeatum and energy. However, hecause of the “mass differences™, the electron can never accept all
of the energy of the photon, so the photon can never be absorbed by a free electron. This is why there
is no free clectron equivalent to the pholuelectric effect.
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1.2 1. the Thomron crass section

First we will introduce the ‘Lhomson cross section which cun b undersiood as a dipole interaction of
# potarizod cleciromagnetic wave with a statiopary free electron. The interaction can be seun ax the
elastic scattering of a ball on @ wall, 1he ball changes its disection {momentum), but not its energy. If we
now add a large degre of spin to the ball, as in A gyroseope, the probability for the scattering will by
dependent on the origntalion of the spin axis hefore and after the scatrering event. In the case of an
X-ray scattering imto J62 the probability is piven by the scalar produet of the electric field vectors of the
incident (e,) and scattered {e) X-rays,

doidiz=ricos’a, cosa=e, ¢, (1)

where r, is the classical electron radius. It is difficult to visualize (he seatlering peometry a5 a function of
the angle r, but it is relatively easy to visualize it as a function of the scatlcring anple 6. The scattering
anglc is the angle between the propagation vectors of the scattered and incident photons cos # = k- k.
If we want to cxpress the cross section as a function of 4, we start by considering the casc of an X
ray-beam 1005 polarized. The probability of scattering in such a way that the e vectors are found in a
plane perpendicular to ¢, (lig. 2a) is

(doid D, _ =73, {2

and this scattering is isotropic in this plane. .
If the scattering plane coincides with the planc of the polarization, the cross section becomes (fig. 2b)

diridfd)y, | = 7o cos’d . (3)
| q

Finally, il the X-ray beam is unpolarized, there is an equal probability of any incident e, arientation and
the probability of scatier is half the sum of eqs. (2) and (3} (fig. Zc),
(do!d) g, = tra(l + vos®) . {1

1.2.2. The degree of polarization

Now that we have seen the effects that polarization has on the scattering of X rays, we need fo
introduce the definition of degree of polarization noting that we restrict the discussion throughout this
paper Lo the problem of linearly polarized X-rays. It is reascnable to define Iwo perpendicular planes,
one parailkd] (o e, (hence the parallel plang) and the other perpendlicular tv €, The fraction of
projections onto the parallel planc js defined as P and the fraction of projections vnto the perpen-
dicular plane is defined as P. For lincarly polarized photons the eross section is then

do/df} = P{de/dad), + P (doidl)), . (53
‘Ihe degree of polarization is usually defined as
P=(B- P )P +P). (6)

Pix | if the photons are 100¢% polarized and the observation is in the plane of polarization. P is [ for
unpolarized X-rays, and is —1 if the observation is in the perpendicular plane.
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1.2.3. The Klein—Nishina cross section

As the basis for incoherent scattering we will introduce the Klein—Nishina cross section. This cross
section was derived assuming: (1) the electrons are quasifree (conservation of enerey and momentunt),
hence neglecting binding effects of the electrans: (2) the electrons are at rest, and (3) the X-rays arc
linearly polarized [1]. In incoherent scattering an X-ray photon imparts some of ils energy to the
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electron, the photon changes phase, and the electron gains kinetic energy; this is the main differenee
with coherent seattering, Hence the interaction cannot be completely dipole in nature, and we will lose
some of the polarization information, as compared to coherent scattering. The Klein—Nishina formula
tor the seattering of an individual photon ¢an ba written as

(dold) = i KK KK, + KK -2 ¢ doos’a)., M
KiK,=[1+y1—cos®)]™", v=Eim;c . {8)

As in ‘Thomson scattering, the cos’z temm contains all of the polarization information whercas the
term K!K, + K,/K —2 accounts for part of the scattered radiation being unpolarized. Hence it is
sometimes referred to as the “depolarization term™. With the exception of the contributions from the
depalarization tcrms, the angular distribution is similar to that of Thomson scattering. In general, the
depalarization lerms arc small, but they ean dominate when highly polarized photons are seattered into
507,

In the Jow cpergy limit K/K,—1, the Klein-Nishina cross section is equal in magnitude to the™
Thomson cross section, Singe the cocrgy ol the photon is proportional fo the magnitude of the
propagation vector, k, the ratio of the ¢nergy of the Compton-seattered photon. £, to the incident
energy, I, is the same as K/K,. The Klein-Nishina formula [or perpendicularly palarized radiation
[equivalent to eq. {2]] is {fig. 3a)

(diridfd) = drgd KIK ) (KIK, + K /K +2) 9
and the Klcin-Nishina formula for parallel polarized radiation [equivalent to eq. (3)] is (fig. 3b)
(Aot Dy = Lral KVK P (KIKy + KK — 2+ 4cosf) {10)
The Klein—Nishina {formula fo unpolatized radiation [equivalent to cg. {(4)] is (g, 3o

{diridi),, = dra{ KiK Y (KIK, + Ko/ K - sin'p) . (11)

1.3. Scatiering of keV photons by bound elecirons

1.3.1. Rayleigh scattering

Rayleigh scattering is the eoherent intetaction of photons with bound electrans. Even though there
arc other compenents to the tatal coherent scattering, such as moclear Thomson, Delbruck, and
resonant nuelear scattering, Rayleieh seattering is the only significant coberent event for ke photons.
As depicted in the Thomson scattering, the energy and phasc of the seattered photon is the same as of
the incident phelon.

Muny different theoretical approaches have been presented in the past few yeuns w0 describe
Rayleigh scattering |2-5|. The most commonly used and simplest approach is to consider the voherenl
scattering as a modification, with an atomic form factor F{g, Z), of the Thomson cross section,

(dertdfdy, = F(g, ZWAaidD)q, . g = (sit 8}, (1
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where ¢ is the momentum transfer. Due to the simplicity of this approach, a tremendous effort has heen
cenlered on methods for ealeulating F(g, Z). Onc methed to calculate F{g, Z) is o use the total
vharge density s(r, Z) of the atom caleulated frum Hartree-Tock |6, 7] wave functions having summed

118 B Craran o ol Ireies of iV sl Bk s o e RS-

e all ewrhitals,
Ry #)- hr[ Falr, £) :"qu-a:;t dr (13)

These ibeulatives weaily assome & free atom (ar k) ih '-'ulﬂnﬂh. u Ephencally symmerric clectron
b nee incade po chemical or matroy eloce. _
Lm:ﬁ: m:i.tiuhnhm factor whem g =0 is equal o Z. 11 is then 2 monotooscally decteasing
fusction 1o 0 & g-»= Therefom, Raylcigh scallering is sroagly peaked frwend. The up'_'rm:ﬂli.ll
sesalts gvadlabile gty pusally in good ngreement with the theosetica] predactions €5a:pe fior :.d:mm'llr th
high # whese the discrepancies are wometimes e 12 should bo pointed out that, & the mamentum
{ransfer increasss. the form factons rapidly hecome small. The relstive magminds of b dﬂl‘ﬂ:ﬂ
specially for low-Z cements (1e., & <8), s Rrogly depesdent on Z [EL This th'-m; ml.uml
coheront scattering sisractive for applications, because of the seniitivy (o the I:ITEtIl':-. h.:l
samplc. Unfurrunately, it should be stressed that this siTong depescionte happens anly shea the oo
En&mﬂp:,?]r has ru;.dm“dn i vinghi-paramcter function. it cannot prodict problems sasnciatcd
with abiarption edges, kmown a4 anoeneious scatiering. Atound the sibsarplon edges the mmzmﬂum
rapicfly vasies witk cocry, Owe method to wount fur the abscrpiion ciges i 1o eepluce Fl g, )

flg. Zy=Hag Z)y+ "1 " (14}

i [l i ] traniler g, there
Attempts ate then made in caloulite and measure /* amd 7 (9-17]. At low mamentam
are stpomy; antesfirence effocts duc 16 the spotial distribution of the clectruns crdered n;unuruud #0
fusction of g. From an experimental posnl of view, the anvmabous form faice can e deserm with
mlcrferometric meusurements [10, 1]

J'T::' ;:m::m l:lﬂrr:r.ll scaticring of a phutan by brand clecirons, we cad observe Twi !u:u_
features: (i} the ejection ol shsctrons by providing encugh erergy Io temove them I‘rmthm wmlr:l;
ani (1) the hroad spectral dissribution of the scattered plotoens, which is relaied 19 ﬂw:ﬂ -
disicibnition of the cicctroms, The eocrgy kea saffered by the photon is 3E « E, - b, where £, )

are the energios of the incident and seattered photoss, respectively. This energy AE, II'Ii'.'I'I:I- the banding
energy (BE}, Is the kinetic caergy {KK) of the elearon, This statcment meass hat ;.LT n]::n:::[
Crampion seattering reyuires AE = BE and (2} the momenbam distributinn o i Eazget ebecirom :
the enerpy dmtribarbbon of the soantered phofoss ar inlerdependent. faqﬂndli. the m&h‘m:::ﬁﬁ;
cminted clectrons and sesitensd photons i coincidence allow the determination of the ﬁm;r::m
involved in the scobiering. As ume bries 1o mse the incoherenl scamiering fanchion, one frl::r
furpet thas the Klebn-Nishinn mvodel assumes for ol clectrons EPBTFS=I. With eV photont
iuntiog 5+ ariscs frequontly sl themn 1he GasudhaD s nol va : : :

= [u et analviicsl techniques ming scaibening mdalion, we m:_ﬂ:t as lnm_nud in the :}uﬂi:;
elecirnns as mnch s we are in the scatered phatans, s wc will limit the discasion caly 1o scaticr
photons. The Klet-Nishins ooms scction wi derived per clecrran free tu scalber. If the entrgy and
Iy De e | pm:mhighmlhmﬂmmmwnmhremmm.mmm“
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Complon cross section is Z(de df)yy. The simplest approximation to the atoniic Compton scatlering
cross section is the incoherent-scattering tunction approximation,

Wor!di2)o = S g, ZWdarid 2y, . {13)

The term 8 g. Z) is the incoberent-seaticring funclivn equivalent to F{ g, Z) for Rayleigh scattering.
In the Rayleigh cross scelion Fi g, 23 s squared due to the coherence of the scattering. Like F{gq, Z),
the magnilude of ¥ g, Z) ranges from 0 to Z, but to a first-order approximation, they are com-
plementary (ur competing) functivns,

Mg, Z)+Fg, Z)=Z. {16}

Therefore, §=10 when ¢ =0 and 5= Z as g—=. Like tables for the atamic form factors, tables of
invoherent-scattering functions have been genersted and are readily available in the literature |18-20),
The incoherent-scattering function approximation is cettainly the simplest and most widely used method
of calculating differential seattering eross sections, howevet, numerous other approximations to the
atomic Compton eross sections are available [21, 22).

Thete are two effects that cannot be predicted with this approach: (i) the energy distribution of the
seattered photons, which results from the momentum distributivn of the bound elecirens; and (ii) the
anomalous incoherent seattering. The energy distribution of the atomic Compton spectrum is character-
ized by two concomitant foaturcs. The finst is the shift of the atomic Compton spectrum rowards a fower
energy (cq. 8) at larger scatiering angles, and the second is the broadening of the photon spectrum due
to the momentum distribution of the electrons (known as the Compton profile) in the target. In order ta
cilvulaie this epergy spread, we must use o double differential cross section such as the impulse
approzimation [23-23],

dotdRdE' = dmp i B+ B2 =28 F cos 8) N (ENENE TE 1 EJE —sin'®) X p.. Z). (1T
I i the mean photen energy, and £7 is (he inuremental energy about £. The term J{p_, 2} is the
Compton profile and p is the component of the momentem along the direction of the incident beam.
Tables of Compton profiles (momentum distribution) have been generated from Harttco-Fock and
relativistic Dirac-Hurtree—Fock functions from the momentum distribution, p( p), for the electrons

Irom ]l orbitals of all atoms [26]. These calculations assume that the distribution does not depend on
the direction of observation,

Hpz 2)= 27 | pplp. 2)dp. (18)

The relation between p.. and the incremental enerpy E' is
p, = BEE(1—cos 8) — moc*(E - E))#(E* v E' —2EE' cos 0)° 12, (19

Ay before the impulse approzimation is not the only method for caleulating the double differential
yeattering cross section |27-29(, but is the simplest.

118 B Camres et al., Interaction of ke¥ photos with mager and sew wpplierinns

Thus an entire field of Compton profile measurements has evolved. Thl? momentum distributions are
determined by measuring changes in the wtomic Complon Spectia aganst a refcrenc.c‘sialn;:ile or 3
thewretical calculation [30-39]. However, the clectronic states arc modified by 1__he chemical an "Ta.Tx
effects, these effects cannot be accounted for separalely as was the case w1tl_: Rf}ylmgh fs«;:z‘n:g,:oﬁ;
Fxternal fickds will also alfect the distriburions and when present must be mcludcq m the ca. cula 111 s
[401-43]. The Compton seatiering distribution is further complicated by the fact tllmt\ nl is nor;—gd.usls:;e mn
shape. This may seem odd at first, since the Compton peofiles from all orbitals are nle:lse ves dlose 10
being gaussian in shape. However, the total profile is 2 sum (:".‘d nol 4 mnmluno;) of .-P;n i:;nglll uwhe;l\
{tom each otbital [#4], The deviation from a gaussiat dlsllnbutmn can be ohserve t:xpclu e -ytiuu "
the resohution ol the detector is gnod (state of the art solid srate detectors) and when the collima :

sufficiently narmow to avoid geometrical effects [40].

: summary of differential cross sections .
Lj(}fj- '?'li:llnwrenﬁrgf limit of the Kloin-Nishina cross section is the Thomson cross sclctmni (_b) Thg
atolic form factors and the incoherent-scattering functions are Fleﬁnc_:d as the rativ pt Rayleigh any
atomic Compton scattering cross section o the Thomson and Klein-Nishina cross sc-ctluflsl, respecnI\'f];:-
ly. It is then claimed that F{g, Z) and 5y, #) can be galculated from atomic wave fum,m_ms. _(c) e
tatal number of electrons available for 2 sattering event is lixed {equal s Z per atom) and in this sense
the coherent and incoherent inferactions are competing evens. (d) When the energy and m::une1;111'11'1}'1l
transfer is too small to move an electron, the scattering can ‘r)nlg.r be coherent. ‘(e] Th_e‘Ra}r EIE
seattering is strongly peaked furward {small ¢) and the atomic Compton scatlering 15 (10mmdfu n ht &
buckward directions (large g); in fact, the atomic Compton 1vs8 section 15 2610 at (F (see also figs.

4-10).

-0 e

Gealtedng Angle

Fip. 4. ‘Lhe dilferential cross section tor coherent {dulled Line} and Compiuo seuttering of unpolarizd vadiatinn in water, al E; o Liked!
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Scattering Angla

Fig. 6. The differeatiol cooss section for coberent (dnted line) and Comprm scameting of unpalurized tadiation inowater, ar F, = 40k

The atomic form factor and incoherent-seatiering function upproximation (o the calewlation of
dilforential cross sections has the merit of simplicity, but care must be exercised to ensure validity in
verlain energy and angle ranges |18, 46, 47]. It assumes that, for 4 given element, the correction is
dependent only on a single parameter, g, the momentum transfer between the photon and the target
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Fig, 7. Tle dilecemiol cioss weution for coherent §rntred line} and Compron scutlenog of unpularized redistion in o copper foil, at £, = 10 ke¥.
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Fig & The differential cross sectinn for coherent (doned ling) and Compton scatering of unpolanzed rudistion in & copper fuils wl £ = 20 kel

electron. Problems of accuracy in specific ranges of g may not be obvious from the tables of toral eress
sections and attenuation coefficients since in thaese tables the coefficicnts are integrated vver all angles.

1.3.4. Angular distribution of secondary radiation
Peuks [rom the photoclectric effect and from coherent and incoherent scattering are in general
visible al all angles around the ssmple, with an intensity which is proportional to the differential cross
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Scattaring Angla

¥, 10, ‘Ihe ditterential eross section for coherent (dootad Jine) and Compton scamering of unpolarized radiation in a lead foil, ar £. = WG KEV.

sections (scc figs, 4=10). I is also very important to plot the distribution of the diffarential cross
sections for all elfects 4s a [unetion of incident (monoenergetic) radiation and of the specimen material.
In figs. 4-10 the differential cross sections are shown for £, =10, 20, 40 keV for a water manix, £, =10
and 20keV for copper, B, =40keV for silver and E, = 1) keV for lead.

The Compten and coherent cross sections have heen caleulated from eqs. (12) and (15). The atomic
form factor i{g. Z) and the incoherent-scattering function S(q, ) were from the tables of Hubbell et
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al. (figs. 11 and 12) 18, 47]. In fig. 13, the theoretical atemic [nem factor F(g, £) of water is plited
versus ¢. sned compared with the experimental data deduced from the diflraction measurements of
Kosanetzky et al. [45].

1.3.5 Toud cross sections ] -
The total scattering cross scctions, which are wed 1o generate tables of attenuativn cocfficients of
phulon beams, are caleulated by integrating the differential cross section over ol angles,

der
o J‘mdﬂ.

4q

Since the differential cross sections are strongly dependent oo angle, only in specific energy repions
can we make the assumption of integrating the Thomson ur Klein-Nishina cross section over all angles
and then multiplying it by an effective form factor or effective incoberent-seartering factor. Therelore,
the tables of 113l cross sections are usually caloulated with numerical integrations over 4+ (18, 45]. For
the calculation of the Rayieigh cross sectivm, the atomic form factors have been fitied to nine-parameter
axponentials [6, 7). Those were used to generate the coherent scattering cross sections in the McMaster
tables [45]. However, it has been shown that with the nine-parameter function the total cross sechion
can be integrated analylically [49].

‘Wiear Coppar

1 n
o F oo
3 >
ma n
F F B
[] 5 M k‘\.\\
“ 3
1, ARl S
T - o “‘-—_"'_“————___
" T— rog S—

——————
ol =
5 2 ] F] [} T |
! " ! ! & 1 04 o4 0K aE % 1T 14 1k N
Mrmentum
a1 marmantum q (A
S L
o L]
o0
r " F
o 4 o W
b ";‘ &t
m
P r
o 2 L w
Tn f E Y .
P s T
U ——
1 T — n -—
' 2 i !
U oW 04 06 @A 1 1@ A& 18 ; - 7 s ; o
mamanhem g k) mamenium g (A}

Fig. 11, Alomic form factor f{g, £) versus momeniim g for Zw 7.5 (weler), 2 29, 7 =47 and 2 w82, thearelivul valwes from Hubhell and
iverhi [47).



R, Cesaren e ai., fmteraction of kel pheiony wath maier ard new appticarion:

s

RN
!

e

monarman g (A

133

Lupra
L E]
e —

-1 e
w
5
i
e

!

i
v -

1 ! H 3 1 E ]

mamentum g (4]
Land

o a2l
W0
w e T
L]
w
L
1
m
w
L] ' 94 .

L C | A B B r B A

e ¢ (A

Fig. 12 Ineoherent scullenog tunction 3(g, Z} varsis momentom gior Z="15 (auter), £=29, Z=47 and Z - 42 Theoretizd valucy from

Hubibell et ul. {18].

]
FiaZ)

Tt

2l

qz2
memenm g (A

Tig. 13 Theoratical atomic fonm facrw Mg, T of water {rontinuows Lneh wnd expecimental values () deduced frow (he anwasu eorors ol

Karanerrky et al. 48]

k= R Cargrea of al., Ieverasinn of &V photines Witk maitter dma mewt gpplicatay
1.2.6, hwegration of cross sectiony over detector sulid gt

The angular dependence of the. seattering cross sections is complicated sinee both the Thomson and
toin- Nighins and the scatiering factors exhibic angnler dependonce. The angular dependence bicomes
more propounced s the bam of X-rays becomes polarized. 1t the ubservation of sealtering is made it
the plane of potarization of & highiy polarized boain of X-eays, the cross soction {0 sealtering inte &
dewcctor solid angle of dfk, cannot be approximated as

i, = Cldor)dod) didy, (2

where (¢ is a tepresentative valae for either F(g, Z) or 5(g, 7). Therefors, consdersble effort bas
fieen put in e past fow yoars into Integrating eqy. (12} and (14) over the solid angls of a circulsr
detector withuut resorting o Monte Carlo methods {50-52, 54, 55},

The cHotts te infegrate the oss seotions cap be summed up in two equations. The inteprabed cross
snction Lor Rayleigh scattering is {54]

o= 7, 2N = B - Jeos’t - cos i} + 2L b beos’t —cos e}, 24
and for the atomic Compten scattertng {54]
o o= A+E, Ammisig AL ens HXKPEK, 3 KK D
(21b)

B = sl KB P - B - Teest -oms v 2R 4 4 M- cos 1y

The tuactions F{q, 23, S{g. 2} and KiK, a= 58 vvaluated 4t the nemingl scalicring ungle 8. The
parameter, ¢, is the deloctor apertare aspect ratiol = arctan(ri R), where r is the apertuts radius and &

| is the distance from the peim of scattvs to the apertues, 'The value of H is detcrmined trom the positicn

of the detortor with respect 1o both the propagatinn cos § and the polarization sin g of the X-rsys {341,
1= vos 8 ol . This fact dhatrates the Imerdependence of delcctor position and polarization.

Equativns (21a) and (21b) fequite (e assumptiony: (i) the aromic form facror and incoheret-
scatresing fuaction apgraxinationy are valid; i} tbe radiation is linassly polarized {which mcludes the
case of unpolarizes radiation): (i) the duteetor aperture fs stnalt enoegh that Fg, 23, 3g. £} and
KIE, are odd fanctions atvadd # vver 8.

1.4, Absorption and afteruation of keV photons

When  hoam of monosnergetic photops with eacrgy E, and photrn fiux tlensity (mimber of photons
per wnit ares and (ime) ¥, crosses 4 Romugeneots abserbor of shickness x, the rmesging photon Hux

densiiy Y i5 given by

N = Nyexpl~glp, Z, Egx]. (22a)
whete g (cm ') is the linear attenuation coeflicients for matcrial of physical density p (g ¢em’) and
avontic nueber 7. Tmphied i og. (228} that x is “thin” enough so tha multiple interactiols ate not
prohable.

For encrgy valzes groater tan about HikeV, whes motecular bindipg enerpies are small, 1t is a
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teasonahle approdimation 1o assume that g is directly proportional to the physical density and write
N-Nyexp[-u(Z, E)plpx, (220}

where p{Z, EYip is the mass attenuation enefficient (in em™/g). The quantity g is related 1o the
probability {or cross scction) that radietion will interact with matier in some manner. Each interaction is
assumed 10 “remove™ a photan from the beam even thoupgh 8 scattering cyeot doss ool absorl the
photon, This probability may be thought of as & measure of the arca of the alm subject 10 1he
radiation interaction mede in guestion.

The attenuation coefficient pives & measure of the total absorption of the radiation which passes
through any material, regardless of the imteraction mode. Since there are three primary interaction
modes, photoelectric {ph), Compton (C) and coberent {coh). w/p can be written as

wlp={piph, +minte + (1), - (225)

The contribution of three effects, separately, as a function of energy, for lead (£ = 29) and soft tissue
(% #7.5) are shown in fig. 14. The photoelectric absorption edges for lead (| - and K-absorption edpes)
are also shown, One of the most widely used tabilations of w/p are the McMaster tables [45].
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2. Analytical applications

2.1, Ineroduction

As was diseussed in section 1, when a specimen is irradiated by photons, part of the radiation is
absorbed through the photoelectric sffeel, part of it is coherently or incoherently scattered and part of it
traverses the sample without interacting. When detectors are placed at various angles around the
irradiated sample, photons can be collecled and analyzed due to the various interacting processes. The
coerey and intensity of the various photon peaks will reflect the single process and its different cross
seotions {(fg. 15). Useful analytical information aboul the specimen-can be therefore deduced directly
through the characteristic X-rays emitted by the elements constituting the specimen. Analytical
information can also be indirectly deduced through the energy {{or Compion cffcet} and/or intensity of
scattered radiaton.

For  monochromatic beam of photons, the spectrum will contain: {a) voly a peak of coctpy £, and
imtensity I, exp( ) in the transmission mode; (b) a peak of energy E; due tu elastic scatteriog by the
sample; (c} a peak of cuergy E,. duc to atomic Compton scattering by the sample; (d) poaks of various
energies due to the photocleattic effeer, which are characteristic of elements in the sample.

Figure 16 shows @ typical spectrum, containing peaks of the type b, ¢ and d, obtained by irradiating &
silver foil with 39.6 keV photons and collecting the spectrum at 130° [57]. The detected spectrum is
complicated by two effects: (1) the preferential removal of photons from a specific speciral region due
tn the absorprion in the sample {sell-absorption); (2) the generation of secondary radiation due to
multiple interaction, These multiple imeractions may be duc 10 multiple scattering, multiple photoelec-
Tric interaction or mixtore of scattering/pholoclectric interactions. The self-absorption 18 treated in
scotion 2.2 in relation to XRF techniques whereas muitiple interactions are reviewed within the present

seclion.
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The system has an energy resolution, which determines how close two peaks can lic and still be
distinguished. For most X-ray spectra this resolution is dominated by the deteetor. The atomic
Compton distribution is further complicated #y the fact that it is inherently broad. The energy
broadening is determined by several factors: (a) peometry-dependent factor; (b) momentum dis-
tribution of the electroms in the scatter; (¢) multiple-interaction processes.

(a) Geameiry-dependent factor. The rclalion between primary encrgy (E,) and Compton-scatiered
photon encrgics (E,.), is dependent on buoth the incident engrpy and angle o,

Ec=El+y(1~cos8)] ', ()
in which ¥ = F,tm,¢”. Figure 17 illustrates the relationship between £, and .. The range of accepted

scattering angles A6 =4, — 4. gives rise to a “geometrical” (7 encrgy bruadening of the seattered
peak. One approximation for AG is

ACG = B+ y(1-cos B, ) ' - Ell+¢(l—cos8,,)] ' (24)
The energy broadening is detcrmined by both A8 and the primary photon enerpy £, Figures 18a, b, ¢
show AG for 4#=1° 2%, ¥ and 5°. assuming 6, and 6, to be symmetrically distributed around
§=45% 90° and 150",

(b) Momeneum distribution of the electrons in the scatterer. If the momentum distribution of the

electrons in the scatlerer was the only factor degrading the energy resolution, the FWHM of the pulse
height distribution AC would be

AC=Kp , 2), (25)
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in which p_ has been defined in scetion 1.3 and J{ p, 2] is known as the “Compten profile”, It g;m ]:lt;
determined from the distribution if the other factors can be assumed (o be consiant. From tables o
H p,, Z) (see for example ref. [28]), the Compton profile can be calculate;l.. The cft.ecis of the Eomg:on
prolilc have been studied in several malcrials by Matschenko et al. [38] using the cited K p., Z) tables.
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fydrogen, curbon, wid sodium normalized ta coe ¢levtrun frum Gutti et f. [39]. {¢) Companiwno of the Compton proties Jor atooie catbon, ethane

gk and dramundd dust fvom Gar er al. |59].

Figure 1% shows the FWHM value of the Compton broadening AC for a scattering angle 6 = %0° and

for beryllium, aluminum, polyethylene lucite, as a [unction of primary photon energy E,. peak. Complon profiles have been calculated by the anthors for atomic hydrogen, carbon and sodium

A detailcd analysis of the Comptan profile [rom a practical point of view has been carried aut by (fig. 19b). They show large differences in the shapes O.f the Lliqmptn-n profiles which is the basis ol the
Gatti et al. [39] in order to study the possibility of correlating by means of 3 new tomographic device,  analysis. As is shown in tig. 19, the Compton profile is sensitive to the state of valence electrons, su,
the chemical properties of a region of tissye inside the human body, with the profile of the Compton different molecules will cxhibit different profiles.
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{c) Multiple tmteractions. Tn muliipl: intcractions we can Jescribe the distinction between (i) the
multiple-scattering events in which a scattering event is followed by another scattering event, {ii)
multiple photoelectric interactions, and (1ii) mixed scattering and photoelectric interactions. Multiphe
interactions enbanee the inlensity of the whele speclium, 1e., of its Buorescent and scattered portions.
Unforwmately, the analytical treatment of the contribution of maliplc interactons is not possible in
general due the complexity of the probiem. Anyway, some statements can be assumed 1o be true o
gemeral. ‘The probabilicy of a muktiple interaction depends on the terms of the alsorption cocllicicol ul
the sample matrx and oo the size of the inrcraction volume. In paurlicular, the multiple-interaction
eonteibutions to the spectrem can be considered neglipible when the absorption and sell-absorption (of
characteristic radiation) arc small. Therefore, il the thin-sample approximation holds, the multiple-
imeraclion contribution can be negleeted.

In [aci, the probability of a multiple interaction depends on the number of photons that are
genetated in 4 sample by interactions producing secondary photons. In this case multiple interaction
and self-absorption are interconnected, but they produce opposite effects on the spectrum. To give an
example, we can consider the case of multiple PE in an afloy. In this case, the problem can be
analvtically solved [60, 61] and an approximate relation was calculated for enhancemient effects from
secondary and tertiary photoelecttic mteractions. The resolts obtained show that the effect is in general
negligibie, except in alloys of two or more elements with a highly absorhing matrix: as in the case of
iron and copper alloys.

The multiple-scattering contribution to the inensity and cncrgy distribution of the Compton
spectrum is an even nwote difficult problem. I this case, we should take inw sevount not only the wial
ameunt ol the multiple events, but alve the encrgy distribulion of the multiply scattered photons. Some
atlempls (0 solve the problem analyticully have been made, which can be found in the lterature
[62, 63]. but must be considered to be very crude approximations, partly because they do not include an
energy distribution. Multiple scattering can be evaluated with the Monte Carlo method. But these
methods are time consuming and give results that in many cases are difficult to extrapolate to the
context from which they were obtained. Many interesting results of Monte Carlo ealculations have been
teported, especially by the gronps interested in the development of new deviees for the measurcment of
the Compton pretile [64, 63]. The results reported show that the encrgy distribelion of the multiply
seaftcred photons is quite Bt aod that the contribution can be congidersd negligible when o light matrix
and 4 small sample have been wsed. The contribution increases strongly with the size of the sample and
the absorption coefficient. ‘

2.2 X-ray flucrescence anulysis

This section is based on ref. [66]. As mentioned in section 2. when a sample is irradiated with X-rays
of proper energy and intensity, secondary characteristic X-rays are emitted by the sample. The
characteristic energies of these X-rays allow for the identificntion of elements in the sample. The
intensity valnes arg in some way proportional to the clemental concentration. Ln the X-ray spoctrum arc
also prescot Xe-rays clastically and inclastically seattered by Lthe sumple. In particular, we will consider
the following: ingiden| monoenergetic radiation entering the sample normal to the surface and emitted
radiation composed of elastically scattered X-ravs, Compton-scattered X-rays and characteristic X-tays,
dlso leaving the specimen normal to the surface (fig, 20).

The fuoreseent flux from an clement ¢ in 4 laver of mass per unit area p Ax (gfcm’) at a depth
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Fig. 20 Physical mndel for X-ray Auotescance analysis.
ox (g!cml) is
AN, = NKo g (EL 1T )e, p Ax exp[—p (E)px] exp[— pm(E, )px] .

where the parameters of the above equation have the significance and the dimensions listed in table 1.
Integrating for a spacimen of mass per unit area, m = px (g/om’),
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The vorresponding equation for the coherent scattered radiation is

Moot = IN R, 12 (EDI{1 expl -2 (Eykml} (274)
“The incohcrent back-seattered flux is
NoKue
= ;{bg)ﬂ'i' w(E {1 —exp{—| g (E) + e (E)]m)) . (28a)

It is very useful to consider two extreme coses for the sumple thickness.

221, Infinitely thick samples

This is the most genersl case, when liguids, alloys, minerals and so on arc analyzed, with a thickness
larger than a few tenths of a mm. For infinitely thick samples, the thickness of the sample s larger than
the range for the secondary radiation. The following equation should be satisfied:

[ (Fn)+ g (ENm e 1. {29)

In this hypothesis, eqs. (264), (272) and {282) can be written in the fomm
. N Ko (ENL L e,

AT T AR Kl

Ny, = Ny Kptoon [0 E) (27h)

Ne = NoRucl [ i (o) + m(EL)) (28b)
In the approximation £, = F,, the total flux of svatlered radiation is given by

N.=NKp 2u(E) (30a)

when w, =g, + .

2.2.2. [nfinitely thin samples

A thin sample is obtained, for exampie, by depositing and drying liquids on (hip filters, by vacuum
deposition, by applying paints, thin sections of bielogical tissues and so on. For infinitely thin samples,
the sttenvation of incident and emitted radiation should be negligible. Therefore, the following
condition should be satisfied:

[ (E) + (£, )]m =1, (31)
In this hypothesis, eqs. (26a), (27a) and (28z) can be written in the form
N, = NoKayiag, J(E)(1 =10, )m, , m,—me,., (26c)

Ncoh. = M]Kp'mh_ 1 (27‘:)
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Ne=NKue , {28c)

No.=NKy, . (30h)
Equations (2éc), (27¢) and (28c) for back-scattered radiation (detector at 180° with respect to the
imcident radistion) are based on the hypothesis of the isotropic angular distribution. This hypothesis is
truc for Muorcscent radiation, hecanse the photoelectrie effect is isotropic, but, as peinted out above, is
nal eorreel for scattered radiation, either coherent, or incoherant, The differential cross section for
coherent scattering is poaked forward, and this trend increases with imcreasing incident energy. There
is, in general, 3 minimpm value for coherent scattering at 180° OQuite the contrary holds for the
Compton-scattered radiation, which has a strong minioiwn i the forward direction and a relative
maximum at 180, It is therefore very important e calculals the contribution of scattered radiation as a
function of angle and incident energy {figs. 4-10).
By considering in eq. (26a) the self-absorption term C,

_1-expl im(Eo) b (B )lmb
{ae (b)) + (8] ’

eq. {26a) can be written as

¢ (32)

N, - "\llﬂKwﬂF‘ph.u{Ell)(l = Lifje,mC.

The variation of the self-absorption term ¢ versus the thickness of the sample is shown in fig. 21 for
waler, voppor and lead, When € =1, the thin-sample condition is satisfied. From eq. (26b) one cun
deduce:

—In the limit of infinitely thin samples, there is & linear relationship between fluorescence flux N, and
concentration ¢, of element #. No interelement effects oceur.

— The fluorescence flux from a thin sample is about an order of magnitude less than trom a thick one,
but the fluorescence to scatter ratio is several orders of magnitude larger. Buecause the minimum
deteetion limit is strongly influencad by the flux of scattered radiation, much better MDL values can be
obtained by analyzing thin samples.

— For thick sumples there is no advantage in increasing the incident flux beyond about 10° photons/s,
because of the larger amount of seallered radiation snd the inability of the electronics to process more
than about 10* counts/s withoul strong cnergy-resolution losses,

2.2.3. Minimum detection fimit
Following the derivations of Currie [67], a useful definition for the minimum detectable limit (MDL)
based nn Poisson counting statistics for 95% confidence in detection is
MDL = (3.29!8)V Ry /1, (33
where K, is the hackground area under the X-ray peak of interest, § the sensitivity of the instrument for
that specific clement expressed a8 counts per wg/em® of concentration and r the measuring time. To

obtain the smallest MDL, the Hux of the cxciting X-rays, ), should be as large as possible, however
limited o the number of photons which can be processed by the detector and the electronics. Also the
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phntlcu;:llcctric absorplion coefficient for the production of characteristic X-rays, m,, should be
maximized. However, the largest value of g, does not necessarily corecspond tu the éncrgv which
prowduees Lhe smailest MDL value [68]. )

This can be done by selecting an aptimai vale of incident cocrgy, close to the photoelectric edge of
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the element 10 be analyzed. For that reason, moncenergetic radiation of variable enetgy is preferablc
for XRF-analysis, instead of bremssirahlung racistion. Further, 1o obtain the smallest MDL, the
lackground counts R, should he considered. Assuming that the background counts under the
photoelectric peaks are mainly due to swatlered radiation, these are pruportional 1o the term (mg )
{mass per unit aren of the sample and of the support, multiplicd by the absorption coefficient tor
scattering processes). Tt is therefore important to reduce if possible the mass of the sample. For
example, the matrix mass can be Teduccd by ashing, by filiering a liquid sampe through filters and so
on, and/or by reducing the support of the sample.

2.2.4. Polavized X-ruy sources

I'e hulk of the background ahserved in photon cxeitation is proportional to the intensity N of the
primary beam scattered by the sample [see egs. {30a) and {30h)]. One method of reducing this intensity
takes advantage of the Fact that the scattering is minimum in the divection of the electeie vector of the
incident electromagnetic radiation (figs. 2). Most sources of photons, for example radioactive sources or
X-ray tubes produce unpulurized photons. However, il is possible, by successive scattering of an
unpolatized heam, to polarize it. By placing the detector in the plane of polarization, il is possibie 1
minimize the intensity of the scatlcred radiation without decreasing the fluorescent counls, beeause the
photoeleetric effect is insensitive o polarization, The reduction in background for 4 beam which is
partiully polarized hy successive scatleting has been demonstrated by sevetal workers [69, 70]. The
limitations on the nse of this technique is the inherent and stroog loss of intensity through the
multiple-scaitering processes.

As an cxample. hackground for polurized *'Am radiation and for diteer *'Am radiation is shown in
fig. 22 [69]. One methnd of obtaining intense polarized beams is to usc the radiation emitted by vory
high-energy electron storage rings (synchrotron radiation) (see for example ref. [70]). Synchrotron
radiation is nearly lincadly polarized with the clectric vector in the plane of the electron orbit. Tt is
highly directional and can give rise to useful intensity, as high as B0-100 keW. The high degree of
polarization can be maintained while focusing the Mux an the sample. Polarized radiation was recently
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Fig. 22. Backeround in the aneegy interval 27-35 eV for prisrizad tadiation iwith three fiver thicknewtes) and for Am 241 excilulion in the same
detector from Kanfman |69,
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employed for “in vivo™” analysis of medium and heavy clemenis in the human body [71, 72]. In these
cases the sensitivity for analysis is vory pood, of the order of pg/e. In the case of “in vivo™ analysis of
metium and heavy elements, the combination of incident energy and scallering angle results in a
background dominated by Compten scattering [73].

Referring back te ey, (7} for the Klein-Nishina differential cross section, o is the angle between the
directions of the electric field vectors of the incident and scatfered photon; then an equivalent
CXPICssion is

d01do = Lri(KIK )V (KIK, + K/ K =2 5in'f cos™a ), (34)

where 8 is the scattering angle and « is the angle berween the planes of polarization of the incident
photons and scattered photons. This illstrates tat polarized incident X-ravs can be used to reduce
scattering. For example, Christofferson and Mattsson [71) und Jonson and Unsgaard [72] have analyzed
cadmium in the kidney cortex of a man and platinum i the right kidney of a man by using partially
plane-polarized photons. In the latter casc, the photons are polarized by scattering the primary X-rays
{155 kV, 23mA} in three mutually orthogonal ditections before they reach the detector, since the
seattering of piang-palanzed X-rays will be minimum into %0° in the plane of polarization of the
secondary beam (fig, 23). The effect of polarization on the spectram is shown in fig, 24,

2.3, Scattering technigues

The study of scatrering events has long been a source of information in the physical sciences, and for
example X-ray scaitering was recognized as a problem in image formation {rom the beginnings of
radiology. Coherent scattering has a great probahility to ocour at very low photon energies and angles
in materials with high atomic nunber; whercas Compton seattering may occur at higher energies in

Polarissl
rodighian

15t ncattarar tnd scatters-
Lan |patert

U npepiaas sedt
radit o

Counle per F0mm
-

i Energy |kevi

Fig. 23 Beam peametty 1o abdain prlatized X-rays, By scattcring the
primary X-ray baam in two mutially artharonal directions the flucaee
rate of incsherently scateered X-rave is shown in the £ dircetion (from
Jonsen [72]0,

Fig. 24 Pubw heighl drstobutwo when photons are collacred in the
dicection of minime] s maximal scetcring [from Jonsen |72)).
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maierigls with low atomic sumber. Therefore there & 2 farge degrov of complementanly 8 e
information that we call obtaing thiz facl is largely cxploited by the scattering tachnigues,

Saveral wmbyiicnl molhinds bave boen propuosed using only Lompilon-scattered nudintion {or scattéred
and tramsmitted radiation) to assess the cleetron density within a particular internal part of s object.
Applicativn of these methods have been seporied in thyee main argss: {8) densitomerry {6264, 73-77);
() whole-hady tomographic imaging [78-40; () materiat anatysts. These techniynes can be suhdivided
inte four groupw (i) dusl- aed singlo-energy Compton-seatteting densitomeley 163, 73, 75]; (i} mass
determination [81]; (&) Compon-scattering imaping [73-85%; and (4} Complon profile messuremonts
135,44},

It is worlh nofing that the most frequont use of Lomprosescetiered sadiaion Is In ralasion m the
encrgy-dispersive Xuy fluorescence technigues (XRE). In this case, the Compton peak i3 used in
numinafization procedures in order to coerrect for {i} measuring time, {B) scif-absorption, and {5}
sample mags. The last application is very usctul when we must examine sumples of variahle mass and
thickness as environmentat sampies, thin solid inyers (e} and biodngical tin sections. The tormuction
method is based on the relntionship existing between the intensity of the Cumpton-seatered radiation
and the sample wass imvolved in the seattering processes fses for sxample su. {343} [B1] Obvisusly, the
Compton-seatier intensity is also a function of the sample composilion; this imitation is very stronyg n
sarppios of wariable compositon b smell valees of momontum framsier) expecially for high-7 mateeisks.

More recently, also Jow-angle Xwray scattering has become an important arca of reseatch singe it
reprovents the umfoliing of further dizgrostic hnfremation from lraosmistion lmaging procedures. A
CT-imaging system utilizing small-angle scattering was for viample described by Harding el at. {1I9%.

2.3 1. Technigues using the transmifted and Compton-soattered photans

in she carly seventes two differems Casadise groups described the basic method for Cumpton
densitometry, using trapsmitied radiation (o correct the attenuation effects f63, 73f T this methed 2
sinple- or dusl-ensrgy cenfigerstion may be wsed sccording Lo the primary phoion energies and
scallering angle. The sinple idea on which these mcthods are hasad i fhat of colenfating ihe
attrpuntion of the primery sad seatiered beam, through fransmission measutements, using sources of
appruprinte energy. I particutar, the Complen-scatiered phoions, in 2 given dregtion, display ad
energy distributivn around # value that ean be caleulared by eq. (23). Therefure, by using a second
soutee having this coergy 0ny can sarrect for the atteruation of the Compton-seativeed beam. & sertain
number of marched pairs of low-enerzy monognerpetic y-sources may be proposed for this type of
measurement, the oaly limitation being, in praclice, the nember of gwsilshle radivimieps crutiing
photons i the range B-130keV [75]. this being the nptima] range for the energy primary radiation
69,
| Figute 25 is the basis 1o batter understand the method. "Fhe basic strategy i to perform two suutter
Measurentems rotating the sample theough sy angle of 1807 and, simultancomsly, fwe nemumision
measurements, using & second deteutor. Tt is essential 1o pass through the same beam paths, during (he
traneadesion and scatitred measurements, The foor meestrements Alow 88 o cafoyglate the astepua-
tion Taciors of the beam reaching the sample placed near the center of the object. Tn this mcthod, the
samplc should bave o vory smsll size.

The clectron density is proportional to the Tatic of the seattered 1o the transmitted intensities,
Therefore. this mathod can i used o devermane the electron density ol e Samplc, but hot is mass
density. The latter can be deduced knowing the valne of the effective Z7A ratio (see below) of the
sample wnder stady. B wori aotiny that, @t the energivs nnd sestlering amples used in these
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detector S Ll

Fap. T3 gl poimeiple of Crogiok-scattut densilomery.

Complon-wattesing technigues, unly & proporiionality relation cxists between the clection density and
Compton-scatter intensity. For low-Z motoeials, she propomionafity constant can be determined hy
pesforming the st of measurcments on 8 water semple. Using this proceduse we camot fompletcly
worreit Tor the difference in clemental composition of the standard sample, water, and the ueimews
snmpie. Anoiher inferent indtation is that the pat lerjpth of the transmitted and scartered radiation in
the oblect sheukd Be the same. As s sBown i hig, 29, the dimension of the transmitied photon beaw is
delermingd solely by the detestor collimation, white the shape of the seatiered photoa beam is defined
hy the combination of both source and detscror collimators.

The ussuraption that the saaipls sige & very small unplies that self-absorption effedts ean be
segiected. Good tesylts arc thas obtained onty for small varations of the sample size. Huddlestae and
Bhaduri [74] heve shown thel meassiemouts with this photun scattering techinique are strongly
dependent o the sample size. They have sttributed the observed Bas, in the efoctron density
determination, 10 the conoomitunt action of the maltiple seattceing and e setf-shaorptivn effects.

Many changes in the origing) oethod have been proposed by various awthors. Dikkonen and
Rargaiainen {751 in pardcalar deserfbed » single-source, low-cnergy, small scattering-angle method; this
wsthad has later been extensively veed by Huddieston and coworkers [74, 76]. W addition, Wobber and
Coates [77] have constructed a three-source donsitometer for the measurement of fung density. This
sysrem avoids the ncoessity of rotating the abject. Couper ot al. {82] have dovelopidd 2 singhesouroe
densitumetcr using a 5137 grmma source and 4 seindllawr for indostral uscs, With this syslem they
have ybtained excellen 1esulls in the densitometric measurements of low-density liquids in high-density
casings. 2., Nauids & pipes and voids, inchuyions and scgTegation imputitics in transition-metal alloys,

Garnert et al. [73] have demonstrated that for the messwement of bone density with Compton
Scallering the analysis is optimized when the phaton caergy i abaut 9 ke To reach s concution
they considercd ) the Compton-scatiering differential wiass-absorption coelficient; (B} the totud
mass-abeorption coelivient of sofl tissue and hone; (c) the detector eificiency; and (d) the time requirgd
for 3 piven dose from a Sxesd sowrcs sirength. For nwaterials with highor Z optimal cergy range will
shift towards higher energies. The analytical pertormansc of pbewer watiering techmiqucs both in
laboratory and “in vive meagurcments are well estatilished. In the assessment of bone density, Webber
ard Keonett 182 ieve found thal with three-minute measuring time it is possible to obtain a staristicat
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precision of 1% With wn overall precision of 1.3%. They studied the scewracy of the iechnigue in
soletion 30 the mwier soprees of erpoy, de., falle geometry, noa-igentics] peometry 4nd muluple
seattering. After 2 ewrelul stedy, they found that the meastrements usuefly underestimans the electnon
deusity and thar the gowmey s 109, Fiaally, Hoddleston and coworkens 174, 76] obscreed that the
densily wees overestimuted Bat bigher densities sad for larger samples. These suthors showed That
carrections can he made vsing Wrear approximutions [74). Shrimptos [8Y) studicd the anz_&iytfca}
performance of this method in the determination of the elactron denity of different ‘h‘mlr-Z 11Lqu1ds,
Uging labopatory eguipment and pedorming meuswraments on thirtoen different liguids, it was
domonstrated thet 5 very good linear goreclation oan bo achieved belweon measured and theoretival
elestron-density valies (fig, 26). This reyult clearly revesls the analylical capabiliies of this method.

Cne of the most promisiog wes of thiv methed s the “in wivo” dolerwrination of lung density,
because of thy wide ringe of densities {8.20-118 g.écm*}. These varimions in densiy ast {m?)f due, m
part, (o the state of the luag, Further, Webber and Coatey (77, 84], using d three-source densitometer
optimized for this upphication, have shown good results in terms of statistival precision (2.2%), total
prosision {~3%} and scowracy, Move recently, Huddieston and Weaver [76] beve s:ﬁwd&amﬁva new
Compron-scaiter mehod using 2 dichromatic yoarce. This methed fas the advantege of miding the
sotation of detectors and sourves seennd the semple under cxamination. & schematic drawing
describing the Gual-escegy Complon-seatter method i shown m B 77, This mutbod atsames tha; the
meRging system in wse has o smaller scattering vulume compared ta the sample size, Now, If we study
fhe Complun-scatter intonsity prodoced i samples of increasing size, we would note that th; scaltered
inteasity decronses with increating sumple size. This phenomenon is due to the absorption of the
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primary and scattered photons by the sample parts not under investipation in the scatllering procusses.
Therefore, I we assume that the scatier inlensily decreases exponentially with increasing path lengths
of the two beams in the sample, we can deduce the electron density knowing the path lengths of the
beams in the sample. 'The absorption coefticients are assumed to be konown or have hoen cstimated
independently, From the few results published so far, the characteristics of this method szem to be very
interesting, In fact, Huddleston and Weaver |79] have shown that an accuracy of 3.5% can be reached.
The big advantage of this new methed is in the possibility of using high-energy photons. This reduces
the influence of some major sources of error. such as multiple scattering, finite geometry and
dttenuation.

Recently, Loo et al. [32] developed a new Compton densitnmeter in which a HpGe delector ic used
in order 1o measure the spectral distribution of the incohcrently scattcred photuns. They showed, with
an empirical approach, that it is possible to evalnate density gradients in @ sample with only one
measurement. This method is very similar to that previously proposed by Farmer and Collins |83], but
the tesults they have obtained are of hotter quality, duc 10 4 careful optimization of the spectrometer
design.

23.2. Complon-profile megiurements

‘The Compton profile has been considerad an extraordinary source of information by some scientists
infercsted in the modilications of the clegtron momentum distributions in the sample [35, 4],
Unfortunately, tbe ditlicultics in perlorming “profile” measurements have limited the use of this
technique. The possibility 1o use the measurement of Compton profile as an analytical tool in
applicationy has been considered in the last decade by few authors [30, 59). In fact, a precise measure of
the Compton profile in a finite sample is difficult, due to the presence of the attenuation and multiple
scattering. Many authors have studied the spectral distribution of the muliply scattered photens
showing the important influence of the sample dimensions on the spectra [86, 87). Some measurementy
petformed by two of us [88] have led to the conclusion that the geometrical sffects are also a severe
limitation for this kind of measurements, Methods Tor theoretically Jetermining geometrical effects
have boen recontly developed [89]. So fur, few experimental results of analytical applications of the
Comptov-profile measarement have been published. The only possibility that we can conceive of s the
devclopment of bigh-luy, high-brilliance monochromatic sources of more than 51t key, with which to
perform measyrements of the Compton profile i a finite sample using very narrow-collimation and
position-sensitive detectors, '

2.3.3. The coherent (Rapleigh) to Complon scatter ratlo

Both eoherent- and Compton-seattered photoos are collected by a detecior within the same solid
angle. The ratio R/C is therefore independent of the geometry, The rtativ of the coherently to
Compton-scattered photons is given, under the wswal assemptions regarding multiple scattering and
nthet highet otder provesses, by

(doidf2)y,

R=N“—“"=F—2ﬂh' &), [k, 6= ,
S e L E) il J Tl (’dU’-‘ld-”)Kr.; H

a5
. (35)
where fi,. §) is the ratio of the Themson to the Kiein-Nishina cross sections [see eqs. (4) and (7)]. It
is independent ol the stomic number. The terms F (atomic form factor) and § (inecherent scattering
tunction} have been delined previously in eqs. {12} and (13).
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The R/ rafin at various scattering amgles, incident {monoenergeticy encrgivs and scattering
materials, is shown in fige. 28-32. It is important to oole that to resolve, in many cases, thgl'. cwherent
peak from the Compton peak. o detector with 2000 ENETEY resolqtinn i r‘equirm_‘]. The avallabﬂlt_y of
solid state detectors with high energy resolution and high counting efficiency, improved. therefore,
significantly the study of the R/C rutio. The first proposal to use the ratio of the wo scatte‘red peak
intensilies was made by Kunzendorf in 1972 [90]. This work immedialely showed the potential of the
method, despite the primitive (uncollimated) set-up used in the measurements. The Kamzendorf results
were obtained with a hack-scattering peometry, using a Si{Li) detector {FWHM 250eY) and
radicisotopic sources of plutonium 238 (emitting 13.5. 17.2 and 20.2 keV photons), cadmium 109 (22.1
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and 24.9keV) and americium 241 (59.4 ke¥). The reparted results demonstrated that the value of the
power index of the K ratio versus 7, was greater for higher energies of primary photons. Later, a
Finnish grovp started extensive studies on this method; they proposcd (he use of the B/C rativ in the
measurement of trabecular bone mineral determination (TBML) using an americium-241 source ansd 1
nincty-degree scattering angle [91].

Schatzler [92], in 1979 described the first analytical applications of the R/C method, using an
americium 241 source and scattering angles of 48° and 68", Using twenty-six organic compounds, he
found a relztionship between the R/C ratios and the effective atomic number. His aim was to
demonstrate thar it i possible 1o identify a compound only by measuring its X/ ratio; fip. 33 shows the
plot of the K/(C ratios, relative to water, as & function of the effective atomic number. Schatzler
approximated these valves with a power function obtainiog an index of 3.5, which agrees with the
strong dependence of the cohercnt-scatrering coctiicient on Z. Schatzer also gives examples of the
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analysis of binary mixtures; he attempted to delcrmine the percentage of fat content in_nu']k and mlcat
[42]. From the resnlts reported it can be seen thal a precision of 3 4% can be reached with a measunng
time of a few hundred scconds. ) S

Similar results have becn obtained by Puumalainen ¢t al. [93] in the determination of Ilodmc in
tissues: in fact. the resuits reportcd, showed a sensitivity of about one milligram per cubic centimeter. It
can be observed that the typical scositivity of the R/C techoique, in the measurcment of Ithc
concentralion of a particular element in & sample 18 very low il compared with that gf ather analytical
techniques such as X-ray Aluorescence and activation analysis. However, these techmgucs can e used
for “in vive” measucements. The above-mentioned results, characterized, already in the wery carly
aitempts, the R/C method as an analytical lechnigue with which to perfonm bolk analysis rather thag
the determination of a sinple trace element.

Almost simultaneously in 1980, some groups again proposed the use of the R/C technique for the
derermination of TBMD, using a small scattering angle und coergies around one hundred keV [.951, ‘JSl].
In particular, Stalp and Muzess [95] cartied out experimental siudizs on the pehaviur of the R r;mo
using radicisotopic sources of americium 241 and gadelinium 153 ane A scatrering angle of les:lhan sixty
degrees. Their conclusions were thal with a 103 keéV energy of the primary heam anq a 30 seatiering
angle (i.e.. al a value of momentum tramsler of g — 2.15), better results can be nbtau?ed than ufqlhlan
ameticium 241 source scattered into 907 (g =3.42). Stalp's conclusions can be explained considering
that, at 103 ke¥ with a scatiering angle of 30%, there is, at the same time, a lowct g value and a 1uw§-r
atienuation of the primary beam and scattered radiation. However, if should be pointed out that,
that work, the authors did not attempt to optimize (he geometry at different anglos using the same
callimation condition at 30° and 60°. No larger scattering angle was investigated.

For a Jow-7 matrix, Kerr ol al. [94] discussed & procedure fo optimize the perlormance of the
measuring system, with respect lu the primary beam energy and seattering angle. UsiJ}g, {his procedure,
they found that, with their very tighlly collimated experimental set-up, the best conchtu;ns would be at
an energy o 80 ke and a scattering angle of 25°. The procedure was a8 [ollows: fnr a given encryy and
scattering angle, the FWHM of the Compton band was determined by assnming a certain range of
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scattgring angles along with the delevtor resolution. The coherent peaks and the Compton band are
considered (o be resolved when the upper limit of the full-width at lenth maximum FWTM of the
C{_Jnjptnn band coincides with the lower limit of the FWTM of the ¢laslic peak. Hawing detcrmined the
miMimum geceptable cohcrent-Compton separation in this way, the corresponding Complon energy
shift was then calculated. With this procedure it is possible to tind, for a given energy {and known
v(fllues of the collimation parameters}, the minimum scartering angle that can be usclully employed.
Figure 34 shows the spectrum of photons seattered from o foat using a primary heam energy of 103 keV
nd @ scattering angle of 22.5°. To find the optimal range of primary photon energies the anthors
studied the eocrgy dependence of: (i} the number of coherent]y scattered photans per unit dase, (ii) the
detector {an intrinsic planar germanium 400 mm? active ares counting efticicney), {IIT) the dif%crential
mherem-scauer mass-absorption. coefficient. Figure 35 shows the plot of these functions [#4]. It is
evident that an energy around 80 keV is the most Lavourable.

Fig, 77, Fire crhetent fo Ctpron saitering 2o, sk o Wk,
fnr 26 orgsdc compownds. The pripary bewm emery was B =
M kY gn) the segiennyg e 0 5 (o Schavder [97).
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In 1942, Ling ct al. [96], published the results, in the measurement of TBMD, using anericium 24
sonrces sod lmeer scotiering angles. They disrussed the cxperimental abstacles encouptored in the
development of » measuring system for clinjeal wse, They showed the advaniages of using 4 907 angle
genuitiry in order io obtain # sentiering volwme of » more regular shape ohmpared 10 the elongated
[nrm obtained at smaller and larget angles. These authots, depicted e mothodofogy for stadyiag the
difterent sourees of creor in an Vin vive” system. In twn later papers [%7, 98], the authors poinied out
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tha! the best sensitivities tun be ohtained either at larger yeatiering angly, for a 60 keV primary beam
cnergy, or, which 5 cquiviient, al higher momenium-ransier vafues. in particular, they showed that
the figure 10 optimize is the precision in which the counting rate and the sensitivity are simmltaneously
considered, Their congiusivms were that the opifmizing provedure proposed by Kerr et al. [%4] must be
completed by taking imto aveoust e chenges in senwdvily aad precision observed at higher
momenwm-iransfer values.

Pinaily, these authors clearly pointed vut the Importance of the geometrical counting efficiency that
changes considerably at differeat scartoring sngles, So fae rhis gromp ix the only one o huve published
restlts on the clinical use of the R/C teehnigue in the measurement of TRMD [99]. Using a 7 angle
and = 1.2 nmericium 261 souree, hey obtained an seowracy of 3% and a precision of 3% with a
counting titne of 15 minutes. The dose o the patient is sbowt 30 mBad. Fiaure 36 dumes 2 comparison
berwoen bone migera) density detcrmined by the KO technique and measured dircetly, Cripanie and
Scitt [HO0, HRY comploned the sowdysis of the above meetuned group {97.98] showing ihat a
back-seattering geometry can be used to opiimize the performance of the systam in measugments ig
petipheral bone sites. Studies o the shope of the seattering and the bohavior of the self-absorption
function in & bagk-schttering goomstey wore alan cartled out An micresting dewclopmont from the
ingtrumantation point of visw was illustrated by Puumalainen ot al. [1U2] with the use of an X-ray tube
ia the place of the iow intense radioisotopic sourees. The aim of thesc authors was o obtain a more
intgnse primary hemm, possible with a tuwauble ancrey. The monochromatic bearm was obtwteed nsing &
CsC) filter, aud 2 mbe voltage of 59 KV, They thus ubtamed 4 38.9 keV energy beam, usclul only for “in
wiry sipdive, ’

Later, the Cooper group {103, 104] studied the possibility of ohtaming higher ererpy morochewnatic
radiation from an X-ray wbe by fittering the primary heam and the scateercd tadiation with rare-garth
foils. in this way, B is possible to ne 3 somiflation dutector opening vhe pussihility 1o use the ratio
technique in an industrial environment. The availability of mure ietense Xorzy sources, such s
synehisotron radiation, may give a new impulse to thesy technigues. _
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Besidss the very stevcsting application in the detormrination of TBML, R/C rechiigues have other
analytical applications in the ientification of uaknown melensls wadio i the vhatacierization of
asues, The latter was studied by Holt and Cooper [44]. using o spectrinneter explivitly set up for
Compten-profile anslysis [105]. This spectrometes uses a 5 G ameticium 244 source with a scattering
angle of 174 The resaks domonsimicd thal awuraie charseterization of the Hise, through the
determination of theit RIC ratios, can be obtained. Table 2 shows the Ri( valuey weported in that
work, as measured jn different tssaes and a low-Z sample. Other measurements [103) carried oul with
saline solution up lo 0% havwe shean et A7C technigues provide 2 good precision. In faer, & 0.24%
change n saline concentration gives 3 measurabfe 2.5% change @ the intensity ratin. Thesa authots
underlined hat in order to obtain such good results, s careful study of tic Compton profiles is
nevessary, v minkize o arrore la the /0 Diasuremonts. o

Several investigations have been carried ow on the analytical power of Bi wechniques, in the
identification of low-Z compeunds and in the analysis of metal alloys. Gigante and Seiuti 1111 have
studivd she pousibility of simpltansouly wsing the scotter sad fluprespence information. This is only
possible when somy elements caty be fhuoresced emitting pholons of sulficiently high easrgy, In many
{nstances the two picees of information are complementary and can be simuftanecusly employed. This
srrategy i particulardy uwsefed i the analysis of tepiary and quaternary alloys. poseibly using scatter
intensiticy From the same statexiat at difforont peimary beans energies [B08). Fusthermere, authors have
chown that identifizstion of low-Z materials is only possible using the R/C rutio. The valeulated values
of she scalter AJL Iteasity satio are comparcd in fig. 37, with those measurcd with a spectromete,
wiing & back-scattating peometry anc teg amariciom 241 souwsces. (Hgante and Scub 1191 have shows
that semisuiomatic ientification of a sample i possible using the theoretical R/C vatues for the single
elements, and a specific computer programme. Corrections for the attenuation cifects can be made
ysing The tabulatod vatues of the sttenwation cuefiicients, Bui of ob, 1307) have studicd the capatility of
this teehnique [or 8 quantitative analysis of metal alloys,

Mauninen et ), [108] first, and later Manstiven and Koikkalainen [109] studied the possibility to
defime an offective momic pumbes. They carchully stadicd the belmvior of the R7C rathy as 2 fanction of
¥, both [ar pure glunents and low- 2 compounds. They found good ugreement gan be oblatued
between valculated and measured K/C valugs, for an energy of 60keV and large scattoring angles,
Fignre 38 vhows the toselis obtuined by these suthers o) different wattering wnges, The measured Z
values differ from the elfective caleulated valucs by less thar (L3%.

The analytical capability of R/C tochniques is clearly shown by the resuls reported abive. The
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3. Imaging technigues
3.1, Physical principles of CT-transmission

Let us consider again eqs. {224} and (22b) and, in particular, the mass-atienuation coefiicicnt g ip (in
cm’ig). If the absorber is a chemical compound or a mixmure, its mass-attenmation coefficicnt wi/p can
be approgimately cvahiated from (he coefficient of the constituent elements,

wip = 2wl (36)

in which w, is the weight fraction of the ith constituent, The mass-alicnuation coefficient is also
proportional to the Lotal photon interaction cross section per stom o (in em’/atom). This total is the
cum of the cross sections for all elementary processes: photoclectric-effect. atomic Compton scatwering,
Raylcigh scattering.

The carrelation between attenuation coctficient and atomic cross section is

plip— i NA 37

where N, is the Avogadro number and A the atomic mass of the absorber, Since there are Z electrons
per atom.,

.“""I.D = G':m & rmz"lA = Cr:m.ac H (38)
where a°, {cm*/clectron) is the tolal cross section per clectron and the cxpression N Z/A=8,

represents the number of electrons per gram. For all elements except hydrogen, &, approximatcly
equals ¥, ~3% 10”7 (scc table 3). This indicates that the dependence of wlp on the atomic
composition is principally related o that of 7, Considering nuw the three effects contributing to the
attenualion coefficient, we have from eq. {38,

“ =p~5c{cr;1| +ant o), . (39
in which p8, = @, is the efectron density (electrons/ em’). .
It should also be abserved that the Compton cross section o, (tahle 4) is independent of the atomic

pumber 7 and the contribution of cohercnt scattering is less than 105 of thy total attemuation.

Table 3
Tlectron demsity &, {oumher of eleclions per gram) veus atomic uither

Atamic umbsT Flerment Electran denrity & (= 10%) Atomizc numbes Tlement Edectron density 8, (%107
1 H & n v 7
g He 3 * Fr 28
% C 3 b Cu R
& ) 3 & Mu 164
13 al 24 S S 2l
15 P ol 33 1 23
7 a 2y 32 B 24
0 Cu 3 i U 3
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Elgetran Caniptan

N

Elesteun Oeappton

E v Elraren sreag seeleas Théglertnm Aseuni; fiyznbes Eleaent arost. egtion (hilppoon)
1 H 0402 % tu o3
[ o B 4 K N34
I A 140 i n 042
% ¥ {1485 hs) 1 i34z
X Ca 4z L Pl {r453
n e 042 a3 14 0403
Therefore
peps {4+ HI?,  B=3-4, A Bconstant. {4

In eqg. (40) we have expliciily separated the comtributions of physical density amf atoraie namber. ¥a the
enerpy region where the Complon offect i prodomzisant, wo have

p=pdA or pep, {d3a. b}

and the Compton Lincar-attenvation eoefficient is fineasly proportional to the mass bulk density of the
absorber (fig. 3¥). In the low-eergy region, where the photuclectric olfert & predominang,

p=pb B, pupZf, {42}

and the Lnear-gicnpation coefficient critically depends on the atomic number of the absorber,
Since tomagraphy i based on many narrow-bemm Xotay attenuation measuvements, # gives rise ® a
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viserveg, Tolinwing =y, §457, ot BNV anly, slior phreacits sonlabution i peglighle,
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map of atteaunlion eoefficients. The charsctoristics of the imupe should reflect shic depesdence of the
total antenuation cocftietsnt on the density snd stepic numir of the wheorber, therefurs, UT-inbgss
carriyul out with monocnergetic radiation give imfotimation about the atdmic nuniber in the photocleetric
{leweenergy) voginn and sbuul the physicsl deosity in the atomic Compton (high-cnergy) tegion (A

3.2 Differentinf wmmagraphy

The attenyalion coefficient of any element cahjhits shaep discontinuities (K, L, . . ) comespoundiog
with the minimum energy values for the gjection of the electrun from its shells (sec fig, 41). For a
santitative ovalestion, values of the attenution socfficlents of Fe, Ap_ 1 and Pb nesr K- and L-sdges
arc shown in table 3. As can be vbserved, the differcuce in the attenwation coefficient above and beiow
the edges is large.

When 100 mlenuation messgpetnonts 21 carzied dut with 4 pair of soanensrgetic sadiation benms,
whose energies bracker the BE. Jiscontinuity of the element, fhe difftrance betwucn the two
measurcmEents 18 sensilive only to the presence of the eloment tself, This clfect has been well known for
a lony vime in madiolopy for the visualimation of jedingled vesssls (enceay-dependent subtrastion
angiugraphy ) In this case, Premssirahieng radiation was employed generated ax different 1 Veealues of
the Heray tubg, instead ul monoghergelic radiation.

Fiz. ¥t Uomaust ceacbptie of 3 1 Fimage ot BTV (high contciutdon of phosiueiee: o8t} tnd SR EcY Fhigh moerrilvetion of Tosgelrs #fecs).
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3.2.1. Theorercal backeround
Wo start by considering a matrix of thickness x containing an element @ with concentration ¢,. If we

usc a beam of X-rays made up to two energies £, and £,, which bracket the photoelectric edge of the
glement ¢, the attenuation is given by '

‘Nl = ‘Nﬂl cxP{[F-'-m(] - Cu) + j‘"’alcw]x} il

T T 43
Ny = Ny expl= [l —e,) + g6, ]} -

In e, {43} My N N am‘i N represent the intensilics of the incidenl and (ransmitted radiation al
energics b a{ld E,, respectively. gep,, Myo, £y and g, represent the atteouation coefficients of the
matrix and of elemenl « al cnorgics £, and E,, respectively. The ratio R = Ny/N| can be written as

Ny expl =l — ol g, — &, )[2}
Ny exp]—[pe = ol — W dit *

R= RIJ W&pl (A”m ) c.f(‘a-“'m : :.‘a.ua}xj B

Lo . (44)
Ry= NNy y Apy, = (g — )y Ap = (e, — B,
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Clowe Lo the edge o, — s =0, f — My, =0 and thotelore, dp, = Ap, W Ap & &, then

R— Hyexplape,v). (45)
Dilleicntial tomography therefore depends only on the concentration ¢, of the element Lo he analyzed.
One van calculate thsl (he sensitivity of the method ranges between K and 400 ppm, tfor mediom

stomic-nimber elements [112], which i moch better than the sunsitiviey of “ordinary” transmission
tomugraphy.

3.2.2. Resufty

Tomographs have been carried out at energics above and below the K-discomtinuity of silver and
iodine |110]. For silver, which has the K-discoulinuity ut 25517 keV, secondary targels of fin
(K., = 25.15keV} and antimony (K, — 26.2 keV), have been emploved to obtain monoenergetic charnc-
teristic radiation. In fig. 42 results of differential tomographs carried oul om @ plexiglas cylinder with
two hales filled with Ag solutions al 4% and 2% are shuwn. For iodine, which has the K-discontinuiy
at 33,164 keV, various pairs have boun examined: Ba-K, (32 keV) and Ba-K, (36.4keV): Ba-k,
(32 kev) and Ce-K_ (343 ke¥ )i LK (33033 keV) und La-K,, (33,44 ke¥'). Tomographs using the
Last pair are shown in fig. 43.

The same principles have been applicd by Fryar et al. [ 111, 112} They first employed o 3 mCi Cd 108
gource cmitting silver X-rays (22 and 25.2keV) for imaging palladinm {K-cdge 24.4kev between K,
and K, Ag lines). They also nsed secondury X-rays emitted frum barinm excited by an Am 241 souree
for detecting cesium, In u more recent work, they also employed an X-ray tube and fiered the
bremsstrahlung radiation with tin foils, for producing selective images of palladium, silver and cadmum
[1121, A scrics af images of a sample of epoxy wlue containing the theee elements Pd, Ap and Cd
separately, al 4 enncentration ol aboui 1025 mg:’cm3 was, shown in fig. 49 [112].

1.3 Complon womugraphy
Ax was shown in seetion 2.3, and in particnlar section 2.3.4, analytical informalion can be cxtracted

from the scattered photun distribution, When using Compton-suattered radiation, two aspects can be
considered: the encrgy shill of the Compton peak as 4 function of cucrgy and scattering angle (sec for

Prg. 42 Tifferental tomugplry ol & pleingles cylinder with meo wlindiival albes Blled with 451 angd 295 sl inwale snliticon (a) woograpiy o
15 ke (Sn-tarpet]. (1 lomography an 26,0 eV [Sketarper], fed 1h— ) dsfereniial wmography.
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Fig. 43, Ditterential tomogranhy of & plexights oyliodes with four cylinrical holes Hled with 4% 2%, 165 und U.5% jodine in water salution.
[u] wmugeaphy ar 23405 keV, {b) tomngraphy a1 5344 kel oy (b - wh = dibicreniial tomerraphy. :

F1LVER

___________ e e

-

Fig 4t Upper lell “nomal™ tomogeaphy nf the test abject contaicing ¥, Ag smd Cd. Lowe lefi: differential tmcgtaply of PD. Upper right:
differential Lumugmaphy of A, Lower eight: differential tonogiply ol O

(T K Coams na  eaeee of b pleess s sl i sy iy

capmple fg. 17), ond tee Campton differontial oo sectemn, Decrgy discriminataon i fretysaary fir
seforing 1he Compenn peak, and thoe energy separstion hetween fhe caherent and [oospinn (e RCE
increaies wilk the angle. ‘Vhe Namptom diffesential onoss sefison his o meimom el WP, Punher, the
intsagily of the Compton-catiercd raiion & 1he desesion ls proportionsd b the clecison density g,
scc egs, {38) amd (415}, Therefuee, the reconsirucied fmage should feflies wn “'clecon dermty image”™
Furtber, une problem & the shape ol th mradisied volume elenem (voxel) of the sample duc B9 e
PG apd detgviog peoumctry.

Asiempas o e Cnmpsunscisiered plstors 1o pinduce medcel images ae teported by Farme and
Collims [£5], Muddiesron and Bhadurd [79), Batista and Branskill |104], Gecenrdi and Mey [115]. They
£l usced & 0 peoametry. Ciseesrdi and Wiy essployed n ks beam of 37 ke y-rayy from as 8em iscar
sousue . Llg 205 (halflife of 47 dayi) for aeadistlng o selected porrwa! chost mection. The debecting
devies: wis @ pamona caniera positiunce ever the palicne’s chest with dhe detoeter plane parslie] o the
incidont heam, In bz way 5 AEcE o able o detedt the radialem Sltenid inle ¥, baving n
Complon eserpy of 587 ke AFer comection for the aflecs of sticacatim snd muBtiple scaftering
wiihis the paricnt. the limearily of counts versus densily was svalumsd (fg- 45). The performance of the
gestem In serms od :.Fujj_-.r resulal it ame] densiiy-grediesr decyimmation o Hmived, Bt o conkd provide
A ieadiap spatial rescluisn mellnd for detecting the overnll distribation of hung demity. Hesce i could
be suitstile for monitorng changes in lung pathology.

A, dilferent appeoach 1o Comples scabler tmaging wai akea by Bratcman et al. [114], Herding and
Trchler [117] and Harding and Kouanetky [] |_j| They doetect the back-scatered photons by mziss al
ne o o detecicnn gymmentically placed witl respect 1o the mcidant beam. [Jending and Kosanciry
1118] developed a system called COMSCAN-Fadips, for Compion hack-scmter lomagraphy of low
sinmicwember msterats, The sahuss observed Bt the spatial disizibamion of 122 eonttered pholoss
waé appentimately iswtrnic (cxmept in the forward disection) for incdent energies larger than a few
tens of k¥ (se figs, 4=10). A pracical consequence & the [fee choie of e imaging geomery. The
intessiny of raiution soatiered [ @ volume clement (maed) 4V imside the irrsthaned abiect can be
eapreased my

A= g AV enpl = o) expd - 7l 4 M {4y
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The two cxponentials deseribe the beam aticnuation along the path of the primary beam &, as well o5

the scattered radiati_m? path &', with p = g due to the vnergy shift of the Contpton-seattered photons
The last teem M originates from multiple scattering processes. I

.lt is illlcr5ﬂstin.g to compury the contras. of the transmission system with that of the back-scatter
s:za.[e-m. {;‘nnmdumg an ohject ol size ¥ whose attenuation cacilicient s equal 1o 4 excent in « small void
region (size Ax) (fig. 46), the (rensmitted infensities are

No=Nyexp(-px),  Ne=Nyexp[—pu(x - azl], (473
for rhnil regions not inchiding x and including , respecrively. If the eontrast C of the small defect is smal
enough 1o cosyre the replacement of the sxponential tunetion by its linear expansion, ¢ can be writlen
as ’

C={Nn MW =exp( pdn)-1. [48)
II' the Idefec; 'is san enough lo ensure the replacement of the expencntial function by its Lnear
expansion, this results in £ = p Ax. Thus, in irapsmisst 45 coutrast is pr it

e e LS, I lransmission syslems the contrast is proportional to the

lu the back-scalter system (lig. 47), the inensities are given by
'N-. = (‘1"‘}3“ 'F|"‘f~K b Ns' = ('ﬁstﬂprFsK— g (49}

where Fp_and F, arc thn? attenuation of primary and seatter radiation and X is s geometrical factor, The
conlrast is therclore given by € =4u/x, and is independent of the defect sive. Tior example if we
consider an air bubble in aluminium, prabed with 60 keV Xeravs. m =028 am’/g, and with tramsimis-
slon measpremedts the smallest defect deteclable with 10% contrast is Ay =3.5‘ mm. By usin ‘Lh.e
back-seatter method, we get a contrast which is nearly 7% irrespectivc of the defect silzc ’
lThe CQM‘SC‘:‘-\N has found applications in several arenas (light metal alloys, laminated Qnd plastics)
with the limitation of a ncar-surface region. Further, it can be employed —w,ith a free choice 0% th‘c

ip;aging geomerry. Thercfore, large bulky objects can he inspected, without any prohicm just from onc
imag 3 . HEC

Traramlsalot rydiegraphy

1
| : Back-scattar syatem

Fig. 46, Coun-density aclationship fue |he eantrast culeolation of

B M. A7, Count-densite telationship for the comlrust calootation of

back-seatter watam.

|68 R, Ceqarep ¢f al., Interaction of kel pheseuty with maier wnd moe ppplications
3.4, Coherentscatter compuied omagraphy

Referring to figs. 4 1o 10, it is evident that the predominant component of very small-angle scatier is
actually coherent seatlering. Coherent seattering is important in the small-angle region because the
differential cross section mereases in the forward direction and because the small-angle Compton
scattering is inbibited due to electron binding effects. For example, consider 10 ke photons interacting
wilh a watcr sample; the differential eoherent eross section at 109 is about 4 x 167" cm’, and the
differential Compton cross scction about & % 107 em”. At 18(F the situatiom is inverted, the differential
coherent cross section is about 2x 10 " cm® and the differential Compton cross section about
§% 107" cm”,

The dependence of the diffcrential cohicrent cross scefion on the atomic nmnber Z of the scattering
material is an expression of the type (de/ddd) = Z" (3¢ fig. 48) where nrsharply increases with the
scattering angle.
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As observed in section 2.3.1, a new imaging method using small-angle coherent, sgattering has been
developed by Harding and eoworkers {117-119]. The measurement system is shown in fig. 4%. The
tadiation source was 3 W oanode wbe, operated at 120kV and 5 maA with 0.4 = 0.4 mm?® foca] spot. The
transmillod and scattered raciations falling within a gap of haif-angle 6° are recorded by an array of
scintillation derectors (BGO) uperating in eurrent integration mode. The ptimary beam and (he
detector array were fixed, and the vbject and the calibration bleck were mounted on a translation slage,
which provided the mevement required to accumulate the dala for one projection. The object was
mounted on a standard translation rotation stage. Figure 50 shows the phantom transmission image and
Dine scatter images. A standar] phantom of the American Association of Physicists in Medicine was
used,

3.3, Fluorescence Xerqy {XRT} tomography

"This type of tomography, also called X-ray microscopy, is based on the delection of the fluorescent
X-royg cmitted by a sample containing clements with medivm or high atomic number [120]. The
principle of the method is shown in fig. 51, The output of the X-ray tube is strongly collimated
delimiting the object to be scanned as a <ection of a conical volume. The detector, which analyzes the
X-rays emitted from the irradiated volume, is placed at XF with respect to the primary radiation, 1t i
also strongly collimated like the X-ray output. The intersection of the solid angles of hoth collimators
identifies o fixed volume in the object. By moving the object in the x-y direction, the X-ray intcasity of
elements present in the sample can be mapped, and finally an image can be obtained relawd to the
distribution of the clement or of the elements in the sample.

351 Theoretical background

Let us consider a sample containing an element a, with concentration ¢, , iradinted with N, photons
with energy E, in a %" geometry. One can divide the scetion of the sample into many viewing elements
{pinels) in which the attenuation of incident and output radiation is neglipible. For pixels of about
1-2mm?® und elements with atomic number larger than about 40, esch pixel van be considered 25 an

ray fube
| inphrogms
primary cakibrgtion bock
beaom ™ i
{raraiation
direcHen
\ \nb,‘ecr
centrol saction
defector - ———— -
array

Fig. 4%, Schematic illustration of the measurenent syslem for X-ruy ditfraction tomagraphy (from 1larding et al. (108
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AAPM CONTRAST FHANTOM

1 Polystyrena

2 Folyethylene
3 Nylan

4 Paiycarbonate
G Lucite

8 Water

{bh

Fig. . {a) Focm wa cupuposition uf the U1 perfonmance phantom. (hh Travsmission CT-iuuge of che phantom, Scatter wmage: of the phantom at
[t left to bottom sight) LS, 1.7, 20, 3.3, 4.1, 4.5, 5.0, 4.0 (from Harding e al. [118]).

infinitely thin sample, and X-rays emitted into 90" are given hy

N = N Ka,py, AE NP, {50)
which is similar to eq. (26¢), cxecpt for the value .7, which duperds on the angle. The parameters of
vy. (30) have been listed in tablc 1. There is a linear relationship between the concentration ¢, and the

characteristic X-rays from cloment a, N,.
The number of scattered photons is N, = &,Kpu, m. The ratio beiween photoclectrie and scatterad
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fiig. 31. Nuperimental sct-up for XRF-tomography. The primary tadimion is highly colimsted (when joding is analvand the collisater is avered by
a Ce-mixtiee fie improving the iotensity). The collinators selecl, iy geometnical way, the cadiation emitked at ®1° by the sample. The inlercuion
af enllimated primary and fooveseent radiations defioes o malune sement wlled voxel, Typical primary and secondary speciru ure sbw shown [1
wmdd 23, andd transuitied spectium | ).

counts i piven by
‘Mn"llec = wau‘ph. aﬂ'.?cu;-“'su - . (51)

The sensitivity of the technique, both in the single-point and in the tvmographic version, is of the order
of ppm, which must be compared with hungreds of ppm of the differential tomography, and with
thousands of ppm in the case of normal transmission tomography. :

3.5.2. Fxperimental ser-up and measurements

The experimental arrangement employed for the anatysis of jodine has been shown in fig. 51. The
bremsstrahlung radivtion from the X-ray tube passes through a collimator 6cm long and 1mm
diameter, imtornally coated with Ce, in order to partially converl the primary radiation to Ce X-rays,
whose ¢nergy lies just above the iodine K-edge, The detector (2 HpGe having %00 ¢V resclution at the
idine X rays) is also collimated, with a collimator 6 cm Jong and 1 mm diameter. A fixed volume of
approximately 0.5 0.6 X 0.5mm? is thercfore analyzed. With this geometrical arrangement, the

L B Cumarver oo od fgrdcilont o BV phciems wirlh aier dmd new apalicagans

cificioney is low, K= 0400 — 135 107% w2 very swong source is nuwded. The irradiated volume
wartes with the distae betwoun the sonpple and bush the source and the dutcator. Bt s thersfore
necessary to kecp constant the position of the volurné by mowing the sample in the x—y intersection
point, Xoray connts of clament @ have to be corrected for attenuation cifects, both of incident and
mtput radistion {sos the frradiated piscl .

A test objeer hax been amalyzed, constitored by 1 plexiglss matrix 200 20mm” section, with &
cylindrical holes ol diameter 2 mim. The hales are empty, excopt thase on the dingonal of the objeul,
which sre 8lled with 2 sodution contuining §.59% fedine (fig. 321 Further, mepsurcments have been
carricd aut ot @ plextglas sgampie with severat Co wires disposed vorticalty in the syeaple (g, $3a) and
On an ¢poxy Tesn sample containing a small Ap grain (fig. 53b). Finally, the diffusion of Ag iony
through = §iF arvetal was siudied, after doping e LiF orystal with a small quantity of Agl, and heating
at S00°C fon 24 hours {figs. 343

Bavilaz ¢t al, [121] wsed synchrotron radiation a3 a more collimaled, high-intensity souree to map
elements in a low-Z malrix. The advantages of wsiag synchrotron radistion instead of J-ray wbes liss

{6} &
bag. 53, G} XRF winngeaphy of an ohjeet cnntsining 2posy resio wixed with & Ag eraio {an the nuddle) The seannzd surlsee is abouk 6 # 6 ma”
|0 XHF doumogranhy of & plesigles ubject comtaining Co #ites diposed vevtically. 102 suatmed seciion is shout 4 2 4mm®.
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Fig. 55. XRF lunograply of oickel graios i ao oxganic polymer matriz.
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Fig. 54, {ub Diftusion of Ag jous tusegh w Lak orystal. A Agl salution wus pul into a evlindrical hole drilled ju O center of the crvseal, which was
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the geilled elindier, Ty means of e Ouoresornce X-ray tomngraphy. (L) Ay cunient dang  dingrnal fise of the seclion desribed in a), derermined
walh i X-ray whe {7 and with spnchrutron radiatian (4).

mainiy in the high photon flux. Very small sumples were scanned (<500 pit} with a spatiul resolution
down 1o 3 pin. An image of nickel pains in 4 polymer matrix is shown in fig. 5. Also Jones et al, [122]
and Gohshi et al. [123] emploved synchrotron radiation for mupping trace elomonls in microscopic
situples. Jones et al. have used both a collimated X-ray beam with sizes down 10 sround 20 wm, and a . i L . picture is @ plootomicrograph shéwing the
focussed 10keV Xoray heam. They emploved a standuard reference sample produced by adding a Tig. 5. Distribainn of gallium in foatak ran bome taken with the colimated Xetay microsoupe. The Juwest pictue is 3 photomicrograp!

. - i . i " Ja-distribution i ot [twph uml o densily plot (eenterd. The pixel et the map
al ; F WL , ” . Teginn scanned. The tep o difplaye show the Ca-distribution in terma of 8 contout pl
oumber of elements t pelatin at 4 concentration level of 10 ppm. by wet weight, for measuring the i 40 ¢ 40 (afeer Jomes, [ 172])
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minimom detection limits for fluorescent X-ray peaks. Minimum detection limits about 10{g have been
obtained. A map made of the gallium distribution in 2 20 wm section of fetal rat bone is shown in fg.
56, Gohshi et al. employed a focussed beam of photons with energies up to 10 keV. with a spatial
resolution better than 10 pm for analyzing low atomic-number elements like Zn, Mn and Ca absorbed
in chelate resing.

4, Conclusions

The last two decades have seen a greal increase in the studies, both theoretical and experimental,
directly or indirectly related to the general subject of interaction of radiation with matter. This
phenomenon, which is continuing or intensifying at present, is due to the following main reasons. The
development of the computed tomography (CT) scanner by Ilounsfield in 1971, CT-tomography is
based on a large number of transmission measurements and its characteristics depend on the type of
interaction between the X-rays and the sample. In addition to transmission tomogtaphy, more recently
also Compton-scattered radiation at about 30" and back-scatter radiation were employed for imaging a
sample, and in the last few years also smail-angle Rayleigh-seattered radiation. Finally, flunrescent
X-rays emwitted by medium and heavy elements of the sample have been employed for selectively
mappityg the distribution of the element itself. All of the methads described above take advantage of
careful stadies of the interaction of X-rays with matter, aceurate knowledge of inferaction cross scetions
versus angles and atomic number and semicmpirical formulac of attcouation cocllicicnts.

ln geneeal, different CT-scaoncrs arc uwsed for transmission measurements, for Compton to-
mography, [or Rayleigh small-angle wmography and [or X-ray microscopy. In this review article, we
propuse lo realize a scanner using al the same time various detecrors for collecting all different types of
information (see fig. 15).

— The introduction of research in synchrotron radiation. Many synchrotron-radiation facilities have
been constructed and a large number of new facilities are being built throughout the world. $ynchrotron
tadiation bas stimulated thearetical and experimental work in many fields, ke material sclence X-ray
imaging, analytical techniques like X-ray fluorescence, X-ray diffraction studics, X-ray absorption
finc=structure speetra, Compten-profile methods and others. )

= The large availability of new deteetors characterized by high cnergy resolution and intrinsic
stability, like semiconductor detectors (cooled at nitrogen temperatore like Ge and Si, or at room
temperature like IIgl.) led to a great increase of basic and applied research.

- The increasing interest in the field called “nuclear analytical techniques” including enerpy-
dispersive photon or proton induced X.ray fluorescence, Rayleigh to Compton ratio and others. The
first methods are largely employed in many fizlds for major and trace element analysis, the second
typicaliy for densitometric determinations.

Fxperiméntal studics of the Ravleigh to Compton ratio showed, in particular, that the thwry of the
Rayleigh cifecl and detailed Raylcigh-scattcring caleulations bascd on the “atomic [orm [actor” arc nol

satisfaclory. Also studics on Complon profils are very interesting [or the possibility they offer to.

distinguish and differentiate between different materials, In the future we play to start a very systematic
study on the correlation between Compton profile and composition of the scattered material.

All the equipment, methods and techniques discussed are based on the various types of interaction of
radiation with matter. For example X-ray microscopy, which is a field that has developed rapidly in
recent vears, implies foeusing and collimation of radiation, monochromatizing of the incident X-ray

17k R Crewren ot al., Intsrackion of kel” pHOofi it IaRer aid oW applicetivn

huam, study of the photoelectric ettect in the sample, and so on. We plan. in (he fulure to improve on
these studies, both from a lheorctical and from an experimental point of view. In conclusion, we are
convinced that there is still a large area to be explored in the inlersction of X-ravs with matter, from a
thewretical and, more important, from an experimental point of view. In the coming voars we will see a
further improvement in this arca and the development of more sophisticated instrumentation for

imaging and for analytical applications.
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