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Chaptar I

SCATTERING OF LOW ENERGY X- OR GAMMA MONOENERGETIC RADIATION

SIOVANKT E. GIGAKTE

fentro per L'lngegneriu Biomedivy
Lyfversied di Rema "la Sapienza” e
Cipsrrimento di Seoivese Riomedizhue

sueoled di Hedicina e Chirurgia, B7100 L'aguile {Italyd

5.1 INTRCOUCTION

Muny zogcavchers sonccenm) 1n froansmission [echniques have wondered whether
scattesed photons, produced simultanecusly in the sacple, could be ueed ca abe
tain analytical informacian camplementary nr af better quzlily than thab ob:ei-
twd by che cranscitced photons.

They know that the Compton scettering iy directly releted to the elsctron
density and that the cohersant scartaring atrongly depends upan the atemic
number of the terget, However, they also know that the intenalty of the
scattared radistion 1g low comparved to tramsmittad radiation.

It is worthwhtile polnting out (swe ¥Fi§. 5.1} that tha valume from which
the scatteved photons emerge, is only a small portion of the tetal wolume
crosged by the primary photan beam. Horsovar, the flusnce of photons thraugh
an angle ig propettional to the diffeventlal scattering cross-section, which
i# only a small fracticn of tha total collisisn crosz-asction.

Hewaver, thiz Mkind of techniqua i3 met frequently used foe  several
Teazona, and mainly bacause of the sxtracrdinary analytical pawar of absorp-
tiomatric techniques that in many cases lead te satisfactory vasults with the
adjustmant of few physalcal pacamatacrs and the use af suitabhla metheds of
Geasuramant .

Hwvrertheless, aftar an early enthusiasm, the pormal attitude of most
Taswarch workers i3 of skepticism regarding the use of scattered tadiatien in

. walving analyrical problems. This atritude ix matnly due te the number of
_I?hhi'!itll and geomatrical parametacs to ba gtudiad and optimized in 4 tachnique

P uaing seatekred photons. Actually, the use of thess techniquea 1s hardly  ever
mduta. on aceount af a sariex of axpsrimantal obacacles.

Houever, during the last decade many analytical techolgques using the

t debaction of scattered photona have bean suggasted.. They have Eman p:op?sed



Fig. 5.1. Scaterring of & marrow primary pholon hesm from &  wonoelcssntal
targel. The scabtersd phatons tnto o zolid asgie (2] can be calewlaled
thtaugh tha dlfferential creoss-section fda/d2} Ear the cattering praosascen.

tar the "In vitre™  amdd " vlve" measerement  of physical parameters zuch ax
the rflective atemic mumbar {Ze), sags (p) (pr the electrasic (gr)} denaity of
the ssmjile and the gomple masx or thickness.

The mest inkereating medical applicatics of scattering techolgquees ix that
nf tisgue characlerization. Thix ix a Lypical analeticxl problem im which one
or more phynical paramaters have been considered Az eepresentative of the
tizsue siate. To glve am cmampla, If & patamcicr asoumes a velue Ln a2 gertein
targe 1A timaue 1= healthy, whlle LE It falls in another zanpe, the tigzue ia
affected by a particular disease. Unfortunately, ax already ohserved in  the
rase of bod dixcase the deflnition of the interval of valuves corcespoteding Lo
a rarticular state, is not sasy. ln fact, 2 large amount of accurate dats  Ls
nended to extablixh a gond gtatistical aignificance of the diffecent iInterval
Imits.

This topic was introduced in conpactlon with the computed  tomography
rRchmlques (CT); them it wag extenslvely studied by meant of othar imaging
Lechmiquea, wikh a4 special affnrt for vitrescunds. 1k should be skressed  that
in thssur shavacterization an  absclole scasurement ls tequitad. ThereFore,
only analytical teclminons having good parfoesance, cspeclelly "in viwa™, in
tevims of senzit{wlty, preclelsn, and Accuracy may be used.

(0o

The photen seatiering techmignem, teferred to below s F.5.T., can b
subdivided intn twa mein claeses accovdlng to the poergy vesplubtion of the
detactos uxed. Doe class incindex the techniques im which the teduwesd resolu—
tian of the detector {unually a seinkillatar} it mot suificignt to  sapaTate
the cohecent and Compton mcatberinp peaks. In these techmigues usuwally is used
the approximation to conalder the scattered photons enly dee to the Compton
scaltering. Thecafora, bhese are employed mainly in the decevmination af  Lhe
electron demaity of the Eissoes, using single- and dual-source conflpurariont
{ref=. 1=G].

The imaging techwimes using Comptom scatkering cam be  conzldeced ax
belonging to thia class. Attempta have been #made o produce sn image of
interrnl tilssue denmity by waing an evternml souees of gamme cays amd ecintil-
laler ot wimicouductor detectors placed at an angle ta  the incidemt  beam.
Tomopraphle ayabead, widlog poe or mere sciptllleter scaonlng detectars, semis
comjuctor detectors, and gamma camera, have been desccibed {rafs, 7-11). Thesze
ware fnitlally propesed in plarnisg the eadintion Cherapy and  latgc  for
cettain dlagnostlc purposez. Theae techiiques ace lews precise and accurate
than Ejrmd point syztems, but their capacity to peaducs dd  dmdge iz very
inportant for esany spplicationg. Dnly the analytical mapecte of these r.!:h.ni—
gue=s mre digrusssd in the present chaprer. .

Te the cther class belang those technlques thet wse  bath coberesl and
Compton zcattaring. These may be performed only with the use of high enerpy
repelutlon detecters, L.e. with 2 PEM of a few pdcad oV, such as  hyperpure
Cetmanlum detectore. The most  importast  teckalque af thix class usex Lha
cohecant Lo Comptom scebbering tatic, referred Lo here as the Rayleighf
Compton techoiqee (B/C.Y.). LL was propowed dbout 10 yowcs age to meassre  tha
effective ntomic nomber (refe. 12-14) and later o evaluate bhe Eeabecular
bone plneral concentratisn {refs. 15-17). Thias teelmdgue usen the Ascatrerisg
intanslty cabtlo te redece tim influsnce on the accuracy of the geometricel and
attenuation elfeclis.

Furthee, the scattecing theary wmnd the limiterione of che e al thesw
tachnlques "in viwo" 18 briefly dlscossed. Finally, in the laar two Sectiont
the main characteristiea af P.8.T. wnd theair analyricwl pecEormances are

dlscuzaed.

3.2 [HCOEERENT (COMPTOH) AND COHFRENT SCATTELTNG OF LOW FHERGY I- AND GAHHA
HOKOCHROHATIC BADTATTON ' '
In the enargr tange of photoma of blomedicsl interest (L.e., Ln the M ro
100 kwV conge}, Ebe enly scekbering processay bo b beken into accomt ste



114

[i] the inculierent (Cowpton}? scattering and (L1} Lhe vohepent scatteriog,
Llwily L Lhis eonrpy range i5 almest entirely due to Raylcigh scattering.

A hetier  nuderatading of ke behiavieor of  kesfttering diffeceokial
cress-smmelions, as a Funccien of enecgy I,Eﬂl:il the zcatbering angle ([ and the
ainmbe numbet (%), voables us ko nextablish kbe rapacity aF PO5.T. Ee salve
malylival problems . Matnower, the sleple study of tha croge-seckionza  hehev-
i amd the kaxowledpe wi Lhe delecticon efficiency and the souress  okrength,
rahle a first evaluation to te made regarding the poazlbility of carrying oat

. mesuroment.

5.2.]1 Compton acattering -
heeotding to the clespic theory of lrwlastic scattaring of m.phaton with
u free vlectron fosing the conservalien al errrgy and sosedlse). the energy of
. the grattered photon L1z related to the ecatterleg angle By the followlng
relacion:
el

by
£ f.-‘r-(l | [mr:u_ wﬁc;}) t

Tt Is wall knewn that the energy distritucion of the peattered phebonx jx
hrroulemrd arcoed 1 he F:l:‘ waluc because al the gleclron mation in the Larget
[eef, 18). This brosdeniog effect pgives Tiee to the characteristic Gompton
vroflle: an example of thiz Is oshown in Flgure 5.2, vhere scatterlng spectrs
prondoced by a mnnochromaric radiation (G0 ke¥ )} In a low T Larget deterked at

P e _ ] .
™ Rayloigh Cotgton
L
i
J‘ J\‘ JLA Iﬁarlemd
a0 L1y i W L} e

Flg. 5.2, Scattered spactrum produces in 4 low atomic nombar target by mono-
chromatiec cadiatlon LE = 60 ke¥) detecked at Jiffecemt scatterinog anglas.

Fi

differwnt scattering amgles, are represented. Thia figure shows twoe  imporbtant
facra: tha shiFt  towards lower enecgles oF the mexjmo  of the Cecpron  band
chatk inereases with tha scebtering angle ael Ehe sindsae of the Compron
intensity at nioety degeees.

it La worth notimg that, in & conflguration wvith finlte size of thm
gource and detector, the shaps af the Comptou band ic packlally dus to  peroma-
trical sffects. Figure 5.3 shous a change of the scattering angle in & sample
of Finika #ize. ke lmsping techalque wsing the consnquent energy shift of the
Compton band maxiorm hae  ‘wewn propoted by Farmer mnd Colline (ref, 9). This
¥ind of mffect ookt be taken rcarefully iote scoounk, sxpecially when workiog
with a low energy rewolobion detector, much as a scintlllator.

Fig. 5-1. Ttanga of the ccattering amgle swithin a finite geometry. When tha-
sample xize le not nepliglble the scaltering angle iz not wnivecally defined.

An 1llustyation of what sight occur im given in Flgure 5.4 showing »
scaltering =spectrum from an ancient painting, sbtained uning & woll collimited
assebly af twr ﬁurLcim-ZAI polnt sources and a hyperpure germemium  detec-
tor. The double peak of the Compton sostieriag is dum ko the wood  support
behind the canvas.

Multiple scatterlng ewmts siso contribate te the enlargement ef the
Gompton profile, sometimes produciag characterintle small hosps at bhe left,
i.e. &t Lower enarpies of the Cospbon band.

Tha Compban scallering dLiferontial cross-mection, that represents  Ehe
scatterlog for unlt sglid apgle (42} In & goTiain dizectlon (mee Fip. 5.1),

can be axpressed by

doy _ dagnm
= an S A 2)
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whrre: duma’dﬂ is the Eleln-Hishina croge-ssctlon far § gingle Fres electron
that, waing Lhe daFinition cof E_ given In Bq. (1), can be writlem ax

b _.g{g:}’(g?{: cin’ §) @

720
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Fig. 5.5 A seattering specteun Ecom an old painting. The woody support beblmd
the canvag bas produced kbe doohiing of the Conpton peak.

ulmra r is  the rlassic electrom radius {e?'fm:'zf. S{®, ) is the 1inccharent
scallering Function whose deviatlon Eeow 2 13 & meaxora of the effect of
elrciron hinding,. amwdl

- - - AT -
oy T Ea™™s {4)

is the momentum trancfer variable. im Eq. (4}, the wavelength (1}, and the
MErgY ([ul are expressed In Angstrem and he¥, mespectively.

T hinding affects are importest for smsll x values, i.n., w=mall oeet-
tetdng dngle nd low enargy, and they are strosger lor bigh % elesscks.  Fec
example for vty Jow I elemenbxs  theoe effects are megligible For enecgy Eﬂ
preater than 50 keV while in calcium Binding sffects are ot negligible even
for crecgles op to 30 keV. Hawever, the fuact Lon dlx. £} assuwnas the asymp-
tothle valoe of 7 Far high x walues. & good tabulation of the Six, Z| Funotion
has bean veported by Hebbell ef al. Ccel. 10).

the angelat disttibwtden oF the Compton scatbering photous 13 of patki-
culat Interest for some P.5.T."z. Figure 5.5 <hows the characteristic Iahaw-

211

ipur af the Compton croaz-asctiom ax g function of the scatbterlng mogle =t
diffetent anetRien E,. It can be ween thaet the characteristic minimm nesc
ulnety degreen i Lexs pronconced st lower ararpiaes, dus ta the &lactesm
bindiog, efFects. At higher energles sowd wikth lacge ecattering mogles, the
abdpt of Lhi curvas 15 simllar to that of the Klein-Mizhine fwnction. &t mall
scattering angles, tlw sisciron bindlog offects ave evident. &t thess aagles,
the radoced intenalty of the Compion scabfecipg ie charactericed by a corre-
sponding Increave in the coherent ecattering [wew gext awction).

] 200 KeV
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Fig. 3.5. Compron diffecantial cross-mection as foactlon of photon seattecing
anple and erwergy. The strong rveduction at very soall aagles { € 4% degrens)
ix doc to the slectron binding effscre.

The Compton scatiering linteneity decreasas with epargy;: an szmmple aof
this behavisr is shown in Figure 5.5 for poft tivem. This Figure shows the
characteciatlc decrease of the intarsction cross-sectiom with wnergy: s
avident tha more rapld reduwction of tha colerent scatteriog aod phetesleckric
orosz-srckions.

From an analytical paint of view, it i3 wore intereskbing tbe decrease of
the Compron scattaring lotensity with £Z. In partirular, to atudy this behav-
lout il a sultialesantal target 1t is meceseary te intmeduce the differential
maps abeorption coafficient for Compioan Aacabtbering

oy _ . da H(x, Z)
'F = ﬂ.{( d;“ {Ez{uz ;4_:_]]] {5
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whera ﬁ.z v v, BTE the atomic weipht and the wveight feaction respectively, of

cach ¢lement {Z} nf the sammic, iz the mage denslby, gl B L= the Ahvogadro
a

megher. The zam must be calculsted ppon all bhe eletents contaioed in the

sample.,

¢ T - TOTAL

= PHOTOELECTRTC
| - COMPTON
[ = CUOHERENT

7
rtH

plotonlectric and  coberent coefficients decreame ax B and E

Fig, 5.b. Attemuation coefficiants  we photon enargy _Eafssnft t_ia“e. The
raspack lvely. '

Az Blx, £) 13 always lower than %, the Comptan scattering lnl‘.l;l;nsit‘jf
darreases with % more rapidly, than che {%fa) aclo. In [ack, fer high akomic
mmbers, the fonctlon Six, %) appronches xlowly its Asymplatic value. This
bahavionr ie eleacly shown io Flgurme 5.7 and 5.8, where the Coopton  scattes-
ing cress-apction over 2 wx atomlc sumboy ig teporbed for tws epergles.

Bowevar, wa can expect Lhat for hlgh = values [l.e. emergies higher than
ma hmdred ke¥ and not very small angles), tha commonly uzed axswumption of &
direct proportistaliky between Lowplon seattering and the electron density i
true. In fact, the electron density Lt defioed as follows

Z
e -—Pzz’”z]; 16}

wherz the sum |5 parformed upeoo Lha elements compounsding the waterial.
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Fig. 5.7. Compkon and Bayleigh scattsring crogs-gectlon aver Z, gz & function
of % for 60 eV photons and sl an angle of 515 depress.

5.2.7 Coharent scatterlng

faherant scattering, i.e. the emisaion ip all directions of scablered
Photons with emergy ewqual to that oF the incident phebens, iz a esufequencs of
some processes taking p].nl:.q In L phnl‘.un intevaction with bound elections
[krwws az Baylelgh acattering}, and the nuclei [Thowpson scattering). Howewer,
in the piwiton onergy Tange coneidered bhwere, coberent acatimcing I alwosh
entiraly dus to Rayleaixh scatteriag.

Caherent zcattering is of increasing Interest Eor wedical physice, as
rocently poioted ewk by  wewsral sothors (vefs. 20-23). Moch effort had  been
davotad, in recent  ymars, Ea obbain & betbter theoretical svalustion of the
coherent ecaktterlng croas-mecticns {refe. 2Z-24).

Caherent scattecing, st ficst appromimation; can = well explained 1in
tatms of tha eclaxsic thwocy of the electron. When an electromagreetic wave 1
ineident on an elaciesn, o parlodis force s pzerted which seta the electron
inte wibration at the foreipg fraquerwy. The elactron bhen codiates wlectrco-
HAgnetic energy, the incenaity and eogular distributlbon of it being deter-
mined by ita behaviour asa an electcic dipole. This vadistion sppaars as
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azaltered photons of the same emmrpy of the incident rhotons,

Il{

»:':' Lungion B
e L
E
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[ e, 122 Ker
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i ] I 0

ATOMIC NUMEER z

Ftg. 3.8, Comptan awl Fastalgh scatirring cross-seclions ower 2, ax a
functinm of 2, fur 120 ke photon: and at an angle of 135 degreed.

Thiz thenty seams ta ie im contrast wikh that propossd In the  previone
section for the Compton scatbering- This k3 indeed true, but part of the alec-
truns inyolved Lo the scattering procospes may be comsidepsd toaxely boured ta
their paremt atoms, which in tuen are bound to the cryscal lacrice. Tha theoey
stakas that the somantum of the incident ohotos i baken ap by the parent
atcm, or the latblce, or the molesdie. Rowever, Ehe coborant acattering in  in
competition with the incoharent scatbering.

From the clasmie theory of the mlectron, it is praaible to deduce the

Thowsom diffmrential crott-ceckion, piven hmete by

dog r? o
o = gl et (7

This clasric approach claarly shows how the cabernnk mcatterlng  SEruongly
depends upan the primary photan polarization. In partlculers. Lhe cress-sectlon
given in Eq. {7} (commonly known a3 Tlwosen crogs-section] i that far nmpa-

larized phetons. herordlng ko the classie thweers For palarized radlablon, Ehe

i)

cobarent mcatterlng crass-section 1s mull At ninety degreesZ The sbvang depen-
dance of cohecent scabbering om polavization hea besn receotly ohservad in the
enperiments with synehratven radisbion, which is ldoearly polavized id  the
orblt plane of the ﬂl‘.‘-l’.‘ﬂlﬂl’ll‘-‘d wlreckrons (ref. 253,

The dependence vpon the =scattering angle of  the cobscent acatteving a3
strongly peaksd In the [orward directicon, ax » consequance of tho  process
heerds @8 Hayledgh scattering. Therefare, oore accavate bbeccetleal deductioms
havae led In the demcriptlon oaE the cobarent acattering b0 tha Integdoction of
7 npw formalism, i.m. bthe form facktor formalism . The lebbter is beljevsd to ba
accurate For small moeentus tcamafer, l.e., for = valurs wp to abowt 10 ﬂ..l
when the photos energy Ls lerga compared ta the binding eneegy oF all the
atomic alactrona {ref. I3},

In the form factor formalisw, the coberent seattaplng cross-sectiom  is
given by
'i% = %*"[z, ) ' (n
wheere rz[x, Z) ix tie arcmic form fartar which acepunts for the wava inrerfer-
e of fcattering From difFferent electrons. It le waeful bo recembar that the
two scatterlng functicns Fix, 2} and 5lx, Z) ava ralated to the skomic rmsber
by tha foljowing equation

X = Pz, 2} 4 Fin X} (0

Several tabulations of the F{x, Z} factcr have been reported in Lhe
Literature; the most recent being that of Shaupe et al. (ref. 2al).

An mhown in Fipure 5.6, the decrwaesm of cohscenmt acatbering cross-sectian
with enecgy 15 moore xapld thes that of the Coopton scattering. Teking dimto
conslderation the mhlibisn babwesn the somentus tranefar vaciable and the
engTEy, wa may obaerrs rhat, far a given mlament, the [wnction S(x, T) in-
ceeaxes far  Increasing enetrgies: Comsequintly, far Compion acatbterisg the
reducticn of eross-sackiom wibh the epergy ia dor antiraly to the flein-
Nishlne croxt-xecbiof. Camurlni]r in the case of coharent scattering the rapid
decreaze af F{x, 2) function with soexpy detecmimes the behavieor of coherant
acattering crees-saction.

To MTMd the behaviour of the coberent scatbtering crass-azsction with
the scattmrcing anglw. anelogeas cansidecsat lons sheuld be sade. Adthouwgbh, in
thin cana wa sast take Into sccooat: (i) bhe Thospson croxs=saction depends on
ascattering angle and 118} btbe relationship betveen x and & in pot lioear. da a
copsequeence, the reductlon of the coberent scattering croxs=ysctlon with  bthe
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seavtmring angle ix wercy gteong, Ae  =hown in Flpure 5.9 where the cohareat
AcstbeTlng crasm-section i mhown an a Finctlon of the acattecing angla.

The moat atrikipg characterlstic of coherent 2eatlecing 15 that 1t s
strongly dependent upom the £ of the target. This supgesred pome  analytical

tremiquee te determine a higher 2 mlement {for svample calciom} i1 o matrlx
uf lrwgr £ elewents.
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Elg. 5.0. Coherent scabtaring croaz-smection as a Euwction of HECAtteritg angle
at dliferent encrgy waluwes.

In n flest thaaretical approach to the cohecent scatterlng, using a
Thomasz:Farml approzismation for the electron digtrlbotion, it can be deducmd
that Lhe coherent ecatieting §8 propotbional ko aboak 23.

bater edperimantal and theareticsl resulbs hove shown that the  sjtuatlon
s more conplex. Huwever, the power law dopendence al the coberent scatbaring
crass-snctlon on £ 1a well eslab!ished.

o
- = fET t10])
nit
even 1T the salue of Lbe pewer  index {n] changes wmarkedly ia tie  diFlarent
atomic mumber Intervals. The probles has been ceviswst cocantly {refs. 23, 2E)
showing that the power imdex may adxuwws wnlves in the 1.5-7 range; in parcie-
ular, it has hagn  damonstrated Ehat tha power lnder becomes  higher with

imcresaing vilues of momentws treesFer earlabls |x].

7

To have an ides of the behawiour of the roherest sosttering cross=-swectiop
+8 the atomlc nombar, the coheceot  scatiwcing cross-zection over Z, as o
funpcklon of 2, i vepscted in Fipures 5.7 and 5.8, far tuo energles of Lnei-
dent photona  at’ 1157 scattaring angle. For comparison, the same mwlation for
the Compton scattecing iz given. it can ba ymen bthat, ip the low £ range, LChe
cohurent acattecing Le wery strongly (n- 4} dependent upon Z.

It 1z worth noting that for iocreasing x value {1.s.. when the dmperudsnce
on 2 bocomes  stronger), the cohecant scatterding cress-section wnforbwnately
quickly fxlls-aff. This octurs Hdn 4 dedre sctantustid ey for lew I alessabs
that ave of prevalest bislagleal intersar. Therefare Ehe probles af fimding
the bext working comditions wlth a techniqua ueing coherent scatieclng turms
out tc be compllcated. At emall englas. i.e. small = valuwes, tbe Intenzity of
alaztic peak is goesk, but 1k depaodecs upey the atemie nusber 1t wealer and
Lt owerlapping of the Compten  band with the alastirc peak s satronger. At &
large angle the intensity goickly decreases, tat bthe dopandence upon § 1z more
marhed, and Ehe overlapplng probles is reduced. The questlon is hew to £ind
the optimal worklng coodltives. Huch efforts have beon made to Elnd crltecia
of genaral apreewont (refs, 15-17, 27, E2). In the next swction bhiz problem
will be discowsed in relation Lo the @jC.T..

. Finally, the incresging intevear In the ocoherent mcactecing s folly
justified deapite thm Eact that the correct evaluatlon oF the wlaskbic peak
intenaity I= not eazy due te the marked overiap of the coberent peak with Lhe
fompton broad band. This Ls mere avident for low scattecing angles andfor Tow
energien of incident photons |ses Fig. 5.2). Bete authars have pointed out
marked discrepancles bebwemn Lthe theavetical and experisontal valoes. Thess
pcour im all cepas i which w Findte peomerry suat be ugod. Hamninen et al.
(ref. 29) have discessnd the precantions that shoeid be takan bo aveid errors
in tie determlination of the elastic peak intemzity.

5.2.3 Tho coherant to Compben seatteeing rutio and the effective atomic
number

The sisultanegux detactiem of the cahersnt #nd Compten scatbtering inten-
xities, which ls poaslble wlth n solid =state detector, has led io the last
decade to the mensurement of the oohecent to Compton scattering  intemsity
ratia (R/C1. 11 one attvees that the decectlon mEficiemcy and the aftenuakion
wffecta ace e same for the two scatterad radiations {hente, they zan be
naglected]l. the R/C ratlo for & given mla can be writhben as

ARG =222 (113
P
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Wierr -.l':.-"r- iz the differential mazs abzorption cocafficieny [or tho eoherent
scattering in che sample, gelined in 8 zimilac maomer asm ul,l'r. im Rg. (5).

At can be deduced From the two provigus £ettinng, For energles graster
than fifte kaV and with = quite Latge scatterlng angle ({.g., far = galees mot
vary lowl the dependence of RiC upsn £ iz almost complelaly doa to the cohep-
el wartering f(see Flgs. 5.7 and 5.8). In Figure 5.10 the R/C cmklo 68 &
function of £ iz reported, for the s values of the incident pheton smarglas
al of the scartering sngtie as In Flguras 5.7 and 5.0, From a direct cémpar-
imen of these Lvn curves, {.c. that of the coherant  scattse and Ehat of the

BfC catdo, it can be seen bhat thele shape 15 wery gimilar.
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Fig- 3.10. Coherent ko Gompton =catbecing catic RIC va atomic mmber, Ear 60
end LIl keV photons and at 135 degrees angle.

Howewer, for low values of Lhe momentum trarcfer  variable the Complon
gratterlng alao shows 8 atronger depordenee upon £, Ia Lhesn gazea the Appro-
eimation of the behawioer of BfC a2 a fuoction of Z 18 complicated. Fortunate-
Ir. Ier "in riwo" mesgurements (ad alpa for field applicatlons), viere the
advantages of BAC.T. are movre evident. the best experimenlz) conditlons  ace
obtalned at valwes aof x for which the Cotpton scattering depsndenca upen 2 1s
negligible compared  wlth the very strang  deperdesce of  bhe coherent  ocat-
tering.

hiza tha behavigur of the KfC Tatia g m Functiom of tha  grattoring

angle, 1s Fully dominated by the coherent scattesing, Thi.; im atwwn in Pigurae
5.9, where the cohdrenkt scattaring cross-sectlon as a Fonckfon of acattecing
angle, for varisus snirgies of the lacident photona are reparted. IE sheold be
nobed that the fall=off at {pereszing anglea iz more capid at higher onetgy
values .

A vary interasting charsctaristic of tha B/L ratie ls it» indapandence oa
the warlables baving the smem valva in both the ratdo ferns. In particulac,
thlz im true Eor (i) the dewsity, (41} the incident phabon bess imbensity and
(11§] tha dnkector efficieacy and In bime flyctoatione of the eleetronie
chain. The complete indépendoncs of the RC ratia oo bthe dansits, Justifias
thm assmmpiion that there is a dirsct ralaticoship between effscrive  atomic
mmbar {Ze) and R/C, Ll.e. it 15 possidle ko deterwine Ze directly from the R/C
meneEU nemenk .

Tha ose of the effertive dtauic mosber is usumlly acceated. This  pae-
mxtar hax o physical mesniog and allowe osery charactscistics of o materisl fec
a tizste) ko bo visusaliced with a number. Unfortunatmly, its value depends
strictly upon the rechnique dked For jts measure, 1.r. Foxr the zame tiwoue the
Zs valuny cbtained by the use of shencptiowetric and scattering teebnigoss are
rol aqual. Obricwely, for analogaus technigues an axpression that relates the
different Ze& values for the seme sample may be abtained. This problem has been
well studied for dual ewevgy A-ray transmission sethods (eefs. 30-32).

For transmisalon techndgoes the definition of Zo is mot easy duer to Lhe
different I depandence of abeceptlon procexses such gy photoelectrie, coherant
i Comptan. 1o RFC.T. this definition is not ewes meve difficult. In  thls
casa the compler srerpy st Lbw % dependenca of the SCELTEring processss  must
be teken Lnto account. As ghavn in Lhe previous section, the power lase depan-
dernce of the coherent scatter uporn Z  le quite coapler since bhe valwe of  the
powee inder dapsmds vpon the energy and tha angla, wnd alan upon Z. In Fact,
in many cacss, the powsy 1pu dépangcence For tha low Z elesent range diffevs
roneldersbly Erom that for the high 2 raege.

Howoyer, many wttempts have beon made to Elnd B ruls ko calculate Te.
Sooe Formulss empirically deduced, have bren reported in the litessture (ref.
14] but thedir wvalidity Lt lisltad Eo the avpecimantal conditions used in  that
particular work. Other authora refer to o Bypotrheblcal affsctive atomic nisbmy
without giving the rule for it calculatlon. Hore recently, Hanninen ard
Foikkalainen (ref. 11} attampied t5  solus Ehe probiem for a snmergy of 40 keV
arul large anglex, by asmmmling the coherent scatberlng intensity proportional

T Z'i arv] the Compron intensity ta Z. The proposad formuls in the followlng

4
z, = Zogwz2? (L2}
Sopwma X
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They bava chown that this equatien gives pood results for Low 2 matmrials
ad Ligh acattecing angley, L.e- & > 120°. & mare genaral approach gould be te
aphstitute Ile Eg. (12} the correcl n value gisen by the power functian  appre-
¥imillon fur the anergy, sngle amd Z cange vnder study. Moceover, Ehe cocrect
dependence of Complbon dcattering uwpon T which La ot alwayzs Linear could e
cansidered. The Compton scattering dependencs upon £ 1t weak comparad tp the
very streng depondencs Ear coherert gcattering, eopeclally st hiphes * walows.
Wow, IE we conzlder tha dependance of Compton =mcattering upoa 2 as megligible,
n pozsalble spprozlmated Focmula for bhe calculation of the effective atomir
munbar could be (refs. 28, 31)

z= (E; mzZ‘) (an

where n can be detersined expurimmnbailly or calculated Erom the pover Function
spproslmation of the theoretical RS valmes,

Finally, it mmsk e wndorlioed that the use of the eFfectiva atcoaic
mumber yEquire® great cata- In particular, £or techniques wsing coherent
scatteriog, a definition ntefel for a particular exparimentsl zitnation cam
mat be [mmediately gereralized Ea orher casesn. In additian, It sheild be
renembeced that 2 Za definitlon good for all 2 valuew doss not exist becsuse
of the different powar law depemdence of lipht and beavy glemants, These
limitationz conzldecably restrigt the use of 2a.

Apart the ues of the affectivn stomlc nombor, one can coangided Ehe dinpis
under study as a two- or three-phase syctem. This mathod in extpaninely  used
in conpectlen with the dusl-phoaton  abxorptiometric, !n which the bare Cizsue
is ropsidered aa 8 mizture of bore pineral and soft tlasue [refs. 34).

In the assessment oF bone mlnecal with §/C.T., tha booe 1 taken es & two
phage aystes {eel. 150 The minerel Fraction Lz usually roferced to sy Bone
Kinerel Denglty {MI*. The moaning ofF this term may e miswwiscstood bacoess
the R'C.T. 1o ureble to weasure diceckly Agnaity changs.

A two-phase medel may slmplifs the relation  between waipht Fraction of
ane of the two phasis snd the sessured R/C ratio. 'Wnder the bhypothesiz of
amall waflatlent of the Coopton  seattercing ooefficlents, Ey. [I0)] can be
vpproximabed with a linear relation

H;f"'-'.-l n B
Rl = Hrg gy RrE L wr Npury + Kanry
T 4 r wa

{14}

where w'a are the weight fru{:t!.q;una aF the wo coaponwents wnd uci‘d': and pl..l':l"s

* in the case of the krabegrular bome mapsurements only, it becomez TEMD.

2Lt

are the differentlal swhsorpbien coefficients for cohacent and Compton  acak-
tering, Teapectively. In the lineat approwisallon RA nod !B .are the cohpeant
to Gompbon scatterlng ratiog For the twe components. Dhvlously, the =um of tha
two wnight fractions is one in Eq. L14).

Thee adwantage of hawing & linesr relationship bacwean Che megwured
quantity and the parameter ba detarmlne 18 evideat, In this case, in fact, it
ip ragler to define aows importent figncas, aucl s Far eameple swnsitivity
and precision. Az can e dedoced from Bq. {12), Benaitivity 1s glven by Lhe
diffeTenca hetvesn the BIC ratio Eur tha two compononta, 1.8, Rﬂ. - Ry-

Aleq the statistical precisiom, j.a. the preciwion undes the agmumption
of only statistical uncertainty, may be expreased in a very almple way

AR R/C

Ayr= - = e =
Fa+Re e (Aad Ra) (5

ubece [R e the tobal coonts dotected in tha clustic peak.

Morwowar, using the above-mentioned spprocimatlon, it 1e casler Lo answer
the question concecairg the ctoicy of the best warklng conditions. By spres-
xing the nat slgnal as the product of the sensitivity and the walght Eractiem,
ad by masming & rwiam due oaly to statistical Fluctustions, it can  be
deducsd Ehat the aignal te noise tatic can be wrltten

S e

Mid | by
N {'—r ]_-&_ = (fog N3 G, 24, Zp) (16)

(P en 1 2 )k
ubmre ID iz the Inteusity of the primary beam, q 18 rbe toral wfficioncy of
the whayuriog oystem amd f is & correctisg factor thet accomnts of abtennation
and multipla xcattering effssts. IF we conalder a bwo-elessnt mixture Z‘, ZB,
for example carbon. and calcium, At 42 possible to atudy the bwbadiouwr of the
#/F ratio. To do thix, let s inteoducs they Symction G, ‘.Z_". zn}, AnF Loed
abawe, 29 & figure of mectt. Iy Figors 5.11, a plar e Gix, Z.’_, ZB-] AR &
fongtion of the scattering angle at several enarglee, L= shown. IE is posalhle
1o sow that for & glven smergy the 5/0 eatle is high at small {4 < 4% degreas]
ecatteciog angles (wheee the cyerimpping of the bwa  scatitering pesks is
mreatec), but it derrespes rcapldly resching a fairly comstant valug, This
tatle slzo decreasas, ot & giwsn angle, with the wnergy. Aowever, Far & given
enorgy the varistions of thic Elgusve fuor an sogla grester than sewenty degree,
oTe small. This explaing the comtroverzlal casults obtained experimtsxlly by
Various authoca. In the ragion of @ scartering angle of sbout nimety degraes
ad ot an  emargy of the prisary beam below one hundred k¥, tha afficlency
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and pecnspe the sttensation effects play a4 more Lwportant tole than any alher
wariakbieos. Tn [act, lecking for am angle that allows a redoctien of ¢he paths
insile the sanple or requires & lesa tight collisctiom, cos may obtaln  betfer

SiF ratlas &t larger Tather than at mmaller angles.

o
1
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Fig. 5.1l. The Figute of merit Rie, Z,\" ZHJ. as defined In Fq. {W6), as n
Feactlon of €le srattering amgle for seversl wcherpies. The calrulation bas
bepn doue Aztoming 2 mixture of 257 Ga and 752 UL

5.3 THE IMHEEEMT SCURCER OF ERRDA M FHOTON SCATTERING TECHNIQUES

In this section, preblems concerning the photem scattering technigues
{F.5.T.} and thelr oxe expacially "in vieo", will be discussed.

One of the wost attraclivm charecteristic af the F.5.T. ix the poasibil-
1Ly bo parform measurements on islemmal sanples, 1.e. samples turrounded by
materials not iovolved in the measuresent. This can be done by ucing editabls
collimatert for the source and the decector {8). As  pointed out by seweral
aothora, thlz pogaibility ix limikted by problems affecting the accuracy of
mazsurgments {refs. 5, 15, 15, 38). Mwerefore, oo of thpa'luj-ur deawbachs Ln
vdevaloping new spplications of E.5.T., ia the evaluakion of wsefol correction
factars Le radurs  the main sources of error. Thede msy be regrouped §n tho

(*) In the £ollowing one source amd one detector gembetey will ba comsidered.
Frtentica t3 nultisources {or detectora) asseswbly cio o nasily dono.

Fik

follewing catagaorles:

a) finite prommtry gEFacta;

b} abmarption amd delfabsorption effects in surreuwding saterisls and in
the xample, respactivelyg

cl mltlple scattecing effacta;

d} nonhomogeneity of the ssepls and variabllity of jitm mmErix.

The otudy of thesn effects fannct ba made mepacatly because of bhe wmtual
influence of one  Eirul of error upon Ebe othars. Hawernr, to understand the
pecullarities of sach source of erroce  the inElwenpa of pach vill be  atudied
separately. The interconnections wlll be opderiined in each paragraph.

3.7.1 Prohlews arising with n Finikg goomrtry

The common atatesent thet the oessurswnts sre always infloenced by the
peomecrical dcvangement used, la oorm mevere for P.%.T., In thiz case, it 1s
nAcREFATY L0 use & source-detector set-op charscterleed by = finite gaometry
(ref. 7). Enorer efficimncy of the meatoring system mual bw carefully avoided
egpacially for RfC.TI., In which the counting rata in the coherent pesk 1= thm
limiring factor. Tharefore, the meed to inprove the moasuring aystes respoose
Tequires the use of 8 finite germakry.

In # finito pacmetry, the otdsurm]l parameter Ls evaluated within a wolise
dofined by the foorce and detector collinators. Thls volume ix refarred to  an
the gcattering voluxe {x.v.). JTrs sise and shape nre defined oniy by geome-
trical factors snch ax Lhw xcacterlng sngle and the diztmaces of detectar and
source from the sample. Further, the 5.v. depends alse wpen the colllmabar
chartacterigtlea. & good knowledge of 5.4, i3 pesded In oeder bto potition Lhis
imaginecy volume withio the sawple (i.e., in the case of “in vive" Sesducn-
ment, wilhin the mtudied tissuse).

The s.v. may bo sasily wiswalized a4 bhe iotersectlon. valume of the twe
canex, the primsyy phatows basw come ol the flatd of viwd of tha detector. [t
bax bogn pointed out (ref. 173 that xhape and Bice are strecgly dependent on
the acattering asgle. Tiguce 5.1Z shows how a niwety degroas scatiecing mngle
produces a mmaller s.v. comparwd with the largey (and mloagated)] ones &t
largar and emaller muglea. Marenwar, at winety dagress the §.v, seems to be
characterired by & waré rigular shaps. Eoweras:, the total sice of tha a.v.
alenk, 13 net encugh to ewalusts ite ossfulneas for the eessure. The =yntom
reapanae i3, in fact {mem Fig. 5.13} dwpendent on the path leaght of Locomding
and gutceelng photons in the cample {(a asd b} and in the materlals secrounding
the =ample (c and b). ¥or sxseple 4n Figure 5.13, if can bg soen baw in an
ellipacids] abject contaiming ia the ownter 2 clrcular sesple, small (For-
Hl.l.'d—ﬂcltl:-ﬂrl.l‘] and vucy high (kack-scattering) scatbering smgle minimies thw
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atnve mantioned dlstances. Qbvlowsly, in a mample ot placed in the center, &

back-scattacing gromatty in, Le principle, the oost convenlest.

ﬁ{a\

T
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Soattering volume =hare ot
rli?ﬁerer'nt moatbterino snales -

Flg. 5.12. Variariomp of the slze afl the glffrgrive scattesing vofooa (5.}
as a fumctfmm of the angle. The sice of the a.v. 1% smallar wt an wmgle of
olncty dagreen than ab Largec and smaller anglea.

foruwar-d=-

back-scatk.
incident
radiatyon

S

Fig. 5.11. Scheamatic drawing showing that with an =llipsoidal nbject con-
tafdlng in the remtre a ciccular zampla, the foruard- and back-wcattering
gecockTinzn ineresse the performances of the seasuring cystem.

In sddition, 1k should mot ba forgobten that the a.v. pressnta an inketo-
=sle Internal oo-wniformiby of the petpopsy. In Fack, tha scattered phaton

s

floences coming from sach ylesentsl volume UIn the 5.%., nre ook wqual. Far
svampla the flew from the pemmbra ceglons st tha bocder of the e.v. La dary
Gmall in comparison Lo the ome coming from the ontral part of the d.w. .
Tharefare, = study af the internal struckura of the &.v, mosk be done, i.e.
the knowledpe af the contrituticn ta the detected spectrun coming fros each
part ofF #.v. bacause it ls wexy csaful in the evalustion of systen performance
arel mecivary.

The eaperimentul detwrminatics of the internsl stcoucturs of the a.v.  is
not sary; ovna way 1a to expleve 1t by uslog wo obect of =wal) cicw, in
couparizon ko that of the s.v.. In theas l-uura-n'nt.;. A long measuring tima
ia peeded in grdex to obtmin gocd sounting statistics, This procedure la  tlme
consuaing and tnpectical. In many  Levesbigaticn, the svalustion of s.v. b
been carrled out oding different sire objects (rafs. 5, 35, 17), This method
allewe one ta evaluats the inflvance con tha messuring system vesponse of &
group of affecte, much an aslfabsarption, multiple scattaring, and fimite
ot vy Bffecks. '

In wmaay cases, tha atudy of ayxiwm cesponee using abjects of incressing
xiew, ix wpefvl to valldete a mesuring tysbwm bok in omable to glve suEficient
Infarmatian on tha fnternal structure of the a.v..

Hecently, WolE and Munze (caf. JB) atudied how in & finlte (hachacat-
tering) gecestry sample pesitioniag le ceitleal, saod thete i a atrong dntar-
action betwmen akksmaation and multlple scatteriey affects. They hom  shown
that the results of tiet smasursmentz cao alsco be lnfluenced by the presence of
objects outside the a.v..

The best way to gtudy the internal strucbure of the 5.v. i3 b0 celculake
by maane of mmerical spprorimabions b contrlbutions to the detected apec-
trum coming from each point of the a.v.. This can be doom by svalvatiog for
each point the solid mngle embbended by the source and the deluctor Tespac-
tively, Laking inte account the presence of bie collimatsr ae shewn in Plgocs
5.1, Raferting ta thie Figure, the product of these two galid wngles (Ul%, 7,
k}} 1e proportisasl te the finence from an inElnitesimal volume identified by
the point P. The results of thess calouleticons are profiles of the O{x. ¥, h)
functjon Ln one direction or more precizaly, iotegrabx of thiz fonction along
particolar axes aor planss s sbown 1o Figurea 35,15 and 516, This oeikod
dllcws immedinta vlasmelication of tha interndl stroebture of the s.v.. Obel-
susly, the intagral ef 0ix, ¥, h)} on  the whele s.v. giwas the geometrical
wificiancy of the sasutlng syscem. A preliminary almulation of the s.v.
atructure by seanz of 4 compober, 1x vary useful) 1t allows both the cheica of
the post faveurablea source-detecter collimatrion amd oprimization of the
perinomamees of the syetom. The Last polnt iz extremely important Eor B/C.T.'e
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vhare, as  geen lm secklon 5.7.3, the afficleney nf the mmasering aystem
simetimes plays A Tundanen:al talr. In addiLZan, in evatuaring the accurany ef
magurenatis vm ohjecta ot warlauvie shape  and =ize {(for  inxlascae “din  vhva"
nrAasuremants], knwledpe of the Lofcornal structuee of kthe =.w. Isx neceszary.

[n th's eage the anatomy wi rhe clwsem sfte must he tzken Ints accennt,

T

Fig. " .14, Sehnmatjc deawing af 8 EWo-Seuwrce-detectoc gevm:l Ty, The reontel-
bulinn *n the Selevtied spectrum fzom  mach palnt of Lk scadbering veolome  can

ha crlouiaced by soesidarlog Lhe =nlid angles sullmmded by the sourceis! and
detactos.

¥3.2 Alirmuation efFects

There are |we kinds cf atremual ion efFects -

al absorptlor of primary gnd scatlecnd photoms ia tle material euttuarding bha
LR
bl melfabsacplion of the same radialirn i “he 2.u..

The rtwos effects  bekave differenllv. The £lrst giwves always tlee to  an
altenuaticn of the signal whereas thmr sanond mey determino cirher an ipcresse
or s drcreagse of the signal. Te amlersiand the patuce ef Lheso bwe efEacts.
let us consider the simpie model depicted  in Tlguee 5.:7. Lo Luis model, a
seatteclng layer of thickiess T 1s swerounded by an ahsorbing  laver H. lIn

wther uords the [iesk layer tepresents the s.v. whercas tha second  reprecents
the surroimding matecials.

i

Taking at first m acattering angle nof more chan nhesty uegrees, tha
Compteon scatrering inlensity can be caleulated integrating the absorpblua
factors for Incaming - aod wolcoming  radletion over —he Laver “hickmess (T],

Afrer the dntegratien, regrouping Lhe homogarvoum ter=mg, 1t Is pagsible tu
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Fig. 5.13. Camputer aimulatlon of the szcalteciny volure shape fer the

geometry of Figure 3.14. The orvfiies along the prircipal azes (x aad h} arn
sheosn,

wrile Lbhe Lomplom 2cabbering intmnslty as follaws

b= (REY (1 U D g ) . b

ahere ko= pllEc}' e l.lEF!“IJ'cos (9, k= u'{Ec} + (u'(E“].‘ccs Y aml
ulEl's arwl 2'(E}'s arn the mass abaorption coefficients for tme ecatterlrp a-nl
atwcorhisg laverx, ctespectivaly. [n the above ecuation the eificlencry la
azsumed equal o one.

The tetm in the second pair of bracketsz Ln Eg. (17) representc Ehe
sgltaksarpticn conbtribution weseas rthat in tha thicd pair, ttw  absorpkiaon

zunttibatlon. For & backacattersd geometry bne coghiae §a alwayd  aegative,
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Fig. 5.16. Calcolated profile aleag tie h axis that gives Ln depth the aystes
mspenge, Fay  cowparison mome  euperimental points, e, Gompron scaliering
Telatlve Inkemsity, are cepartesd. The meaauressents ware performed with

a thin shast of abearhing materisl.

bhack-scatt. ~

Fig. 5.17. Schmmatic drawing of & scallering somple oveposed of three sheots,
e internal sheet (T] represents the scattecing volwse, whoress the othsr tum
i4] ropremant the zuctsuddicg materisia.
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therefora, tha s=elfsbmarption Feem i aluwayz positive. For this kind af
pemmtity, the aelfabsorption alwess prodeces an  incommmnk ol the deteckog
2ignal. This incroment bacomes Seitier "and swalier with Incrsasing T vwlues.
Im particular, ame cas define 8 thick sample approximation, f.e. Che valees of
T For which the increment of saifatacrption Evmotion §s lexs Lhan ode percent.
Yalues of thiok somple approdication Ear bene tizene ax 8 funetlon of snermy.
acw reportesd du Flgure 5.18.

12 =

THICK SAMPLE APFROX.

CPTIMAL THICKNESS

T T ]
87 125 200
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Fig. 5.18. Lower curve: optimel thickness valumc {Eq. (18)}, for hone somple
and 8n sngle of &5 degrass, as a function of smergy; upper cuorve: thick ssmple
approximation in & backecattering (135 degress)} peomstry (sea text}.

Anothetr intecesting asperk of the gelfsbaorptian fooetion is its  behag-
ivur at idersesting £ valuesa of the cample. In weakly sbyocking asmples mach am
bfologicel ssmples, this function apmumes walues greatsr thean one vhile in
steargly absorbing samples 1t cen e euch lower thin abe. Thiz seplalnes the
drastlc eeducticn ofF the hackgcartevsd radiarion istenaicty when e  primary
vediation fmpinges o an bighly abeorbimg object {see Fig. 5.L%). Purther, 1t
wusl be sbresssd CRAt in @ Two component mixtore whar tte weighe fraction of
the highesr ¥ s=ampla cospoosmt inoressen the detected algnel becomss  higher,
reducing the correapareling decreasa dus to selisbsgrpticom.

In the camm of a scatbering sngle smaller than ninety degress [ [ewvard
scattexing), the selEabscorptlon fvnction behavicowr 1z sore complicated bocenae
the incomdng photons have the sema direction of the debected ae=t. However,
alxz In thiz case it is possible to atudy the selfebmarption according to a



marel analogous to that weed in backacattnred Loty a8 shown in Flguca 5.17
wra anather absarblug  layer of the paoe Lhickness is pleced wn the other
Blde ol rhe ccatlaring bayer. With an integratles over ik, it is possible La
sbtain a refation simllar te Eq. {14} with & multiplylng factor. Then Ehe

[ 25C 12= chazrmnels z2S5Q

Flg. 5.19. Scatter spectra of 4 bonwe mample lupper cutwe} and a bronze ohinct
Ilowrr curealibetectnd with Ehe sama megsuring syotem dod with equal meaguring
times, Ihe mirkmd redoction of the Coeptan acatterlng intensity in Lhe high Z
obect i almast estlreiy due to selfabsarption.

selfahpotption trrm beoomes o

L ewpl &T) J-!l:En] y
t= - — . R
o p:p[ T J {58}
where - has 2 waximum ats
b | #4E1oen8)
. !‘_T_H_E_E:...i ) et

— B}

This beharlour can e eazily opderstood coneidering that the scakbored
interaity im & particular directdon incresses with T until ite marginal
increment (doe ta gelfabsorpblon) 18 grestar than ibs marglnel reduction  (doe
to the sbsorpiion). Thecefore, § (8 sweetrical acousd the mawdmm  which
asames the oaaning of 48 optimal pample thichkmese. In fact, arownd thiz
thickneas the Function i smooth, 1.n. the flest derivative ix near zero  and
the detncted eignal ix  maximus. Thos, working wHikb. a sample having thix
optisal thickness, better precision and senzitivity will ba obtained. Te glve
an  exaiple. the optimal T wvalues for bote tispmue are reported ia Plguce 5.18,

nn

az a function of the ewergy. Tt cso a cbaerved that these valuex are of a
few pramsa per squaxe  centimeter {l.&., 3 ¢ 4 centlmebers) For vigpmms while
for highar 2 materdal (for sxawple metal allova) are lass than one millisseber.
The risk of working with thickressts grmaker then the optinal valum iz grestly
reduced In "3 vive" oessproments. Bowaver, Lf the thickness of the asmple  ia
knodm, it dx pomuible te use an energy  for whirh this valoe iz near bta tha
npt tmal.

Whilst the selEabsorprion eEFecta cannnt he immediareiy vnderstond, the ab-
sorplion efFfects in the surrosndings materiale cam be more easity explained, They
glve rite Eo an sktenustion of bath the incoming snd the cutetming  hoams
propartional to the absorption roefficiantx of the croseed matseislx. Thia
telatlonship Lz clearly shonn in the third teew of Bq. {17). The alwmorpticos
effacts connot be neglected. I one conslders, for exampla, a bone nample
lecallzed thres comtimeters iomide the toedy, tim decteass In che debeciod
eignal dua to the presssce of the surrcunding soft bissuss ix of slyty-nine
pErcent wb 50 be¥ awl of alxty-theea percant ok one humdred ke¥.

Fortunately, using the ratis of two Intensities the wbsorption effects ‘In
the material cotatde the £.v. cam ba waslly corrected. Obwieusly, the Fremence
of abmocption cammot be completely neglacted. To do this, it wonld ke daces-
ATy L0 uge two beskes of the same enecgy croavitg the same place of material.

Gavaral pracedures to gorrect sbsorptiom Ln surremding waterlals have
bosn proposed far warisus Complon scattering techniques. Thess Lachnigwes and
the mathods vsed to correct the absorption of primacy and scattered cadiation
ulll be detreibmd in pecticm 5.4.

5.3.1 The problem sf Hultiple Scattering
In a finite size s.v. the propabilicy that & detected photen eones from a

secomdary or bertincy lotersction li.a. rvesults from two or three Euecceaxiva
scabbeting svental,. is ot segligihle. Obviously, the probebillty of = sult)-
ple scatteving wueat decreases rapldly with the order of the interactian.
Horeover. the fnobabllity of a secondary acattering process Juw to twg succes-
aiwg coherent scatterlng intexdcbios im much lsaa than that of twn succexslve
Compton acattering ewants or of mized swants, i.ea. 3 roherent scAttaring dvamt
fellowed by & Compltom  scatiering event. From thess zfople cooslderstions it
may ho deduced that the iaflisice of moltiple erattering on the cobecent peak
Intensity iz vary  little (with the sxcaption of the Interactlons at small
anglea). Therefors, tihm Following coneideratioms will e cestricted to Ehe
mitiple Compten scatteriag, which le by far the wost probable event.

The spictrsl distribution of sultiple zeakbprud photony is diffarent fros
that of the single seattwrod ghotens. This can be understaad obtarving that
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firat order swatteved pbatons are produced in the ssample by celliclons from o

well-hnown diractimn, while the zcattersd pbotoms of m higher ordsr are

produced in processes invelving photons with compler angnlar disbrlbutien.
Thla problem ia wa? saxy to oolwa, and mirce iE Lz highly pecsetsy

dapardent, it cen be treated only osing ccude spproximations. Iodeed, Kenner

and MWebber Lrel. 35] hawve shewn that the Form oF the relatiom between the
fraption of the n-order to Ehe firxt-prdor scattored photons which falls
Withism & particolar spectrel windsw, and the ovder of multiple intorscklon  is
gatzslan Lo nature. Far the calcolatinns they use the Elain-Hishine Eocmcla
and a siople deranvolution method. They abow Lhat it iz possible ko fing a
Llek batwees Ehe fiext order and the higher order speckra.

To obtain the =zpecteal dixkribotion of the msultipla mcattered plotoas
undrr morh tRAllstic approximatioox the aniy way lx 3 simulerion by meosna of &
Honte Cavla wetbsd [ref. 39), The experimentml and thecocebical tesults ce-
perted by wariouz auttwice on smlbiple scattering spectra shew that Ehete  are
brth an enlargerent of the Complon profile and the appearspoce of & continum
spectnm towards Jowar eeergles. Picthar, the cpmctral distribution of tha
miltiple scattering phwtons de characteristic of tha patticular geowetiry onder
ctudy. In fact, 1t can e easlly demanatrabed that many offects =urch  as
ettemmtion and the pocwwtry nwsgd, contrlbute ta the spectesl Adsteibabion  af
multinple scatterinog photona {aee sections 5.3.1 and 5.3.2).

Ax painted cut by Battisats =t al. {ref. 19), mlitlple scatteriog pleys =
posk importent role in imaging techniques thas In single peint technlquesn. For
imeglng tochrigues, careful LEpeoretical studies aF the problesw have  bwen
performed (refz. L0, al-42); the presence of the multiple scattering steongly
teduces ke rontrast that can be shtsived. HMoltipla seattering Lo still a
nejar problem for those techmloues uslng low enarpgy raxalution  detectora
(rvefe. 15, 16) while bacowes a minor  problem in the RFC.E.'%, dn whick salid
state detectsrs amm pyed.

It iz wall Ecwn Ehat the probablility of & colllslon ulthin & packbicular
objact i proportlonal to Ethe mass per anil syrfsce s =d 1, where 1 iz a
tharacteristic Jength of the oblect multdplicd by Ehe Ins.u absception coeffl-
cletit. If oo vants to conelder only the ecllislon that produces a cohersat ox
Compton acabteriog phobon, it 18 necessary ta mmitlpls the skove-mentionad
probability by the ratin (k) of the peattering to the tobal abaocpiion cowffi-
cignt. 4t a matkter of fact, Lf the phateelectric contribution to the total
exefficlent id regligibla the value % is equal o about one. This happenn fox
low £ materlslz and Eor phaton energies higher than ome hondred ke¥W. In
comclusian, the probebility (P} of a photor being gcattered in = singlea evandk
is propartisdal bo

243
P = kg Bola 120)

Therefore. the probabllity of a piwton being Compron scactered in =
sacondnry svent. 4t 3 fimwd apgle i3 proportiomal to

pa -‘-si.-p:[En]%a] (21}

whare (u‘.ll'p) im ithe diffevential saax attamustjon cosfElclent of Compton
pcattering. The probabillties of tertlary mnd highar order evesrts can be
almilarly dedeced. Howsver, Lhey vapidly fali-off dwe to the presence of a
higher arder pauer of Ehe atespuption eosfficiamt.

Fram the ahave twa equabians, iF can ;-nl]r be deiuced that the impor-
tance af tha multipls scattering is graster For big objects awd for Large
salid sngles. Morecrer, 1f the otber sechaniem of fsteraction can be heglected
e rakis of double to single scetteriog is dirvectly related to the sbsorptios
coeffictent {ref. 35].

Tha multiple scattering glvas rise to sn enhsacessnt of bha  zedkbgrwd
vadiakion and =0 it behaves am en antagponiat of the nselfshsarptlon. Foro
orampla, from I3. {11) it can b deduced that in strongly sabkeorbent medis the
:lult:lpi.e scdbberivg conktribution ix more eoldent; however, this is ok com
pletely true. In fact, the sloultaneous presecws ol selfsbsovption sbcomgly
refgoen the eFfective a.v, size., asod consequentls the probability of the
multiple scabturing swants,

”.Mll:.‘. it Iz warth nobing thatb -u“‘.ipl: scuktgring ls reasponsible for
gome cuylows effects described by varlows sethees, wockitg with objects af
increaslng sica. They obserwed that the scattersd radisation intenelcy contin-
wmx bto inceeass, ales using objacts of preater size than the #.v. size. Thiz
phenoamewut can be explained Lo teems of 8 sultiple scattering effect due to
the object parte auremmding the s.v..

5.3.4 Honhomagenoity of the sawple and warlability of itz satrlx

The na¢ af finire airze s.v. imtroduces in the presence of & nonbomcge-
telky of the sample, an additlonel wrter. The datectsd scatbersd radimtion ia
the smm of Lhe scatlered phaton Elvences from ssch elessntel voluss in the
E.9.. Therefora, the nonhomoganeity of the eampls under stody direcely in-
flognces tha medsored qontiby{-iga}. Br Fallews thot Ehe debdrmined parammtar
{e.g., the alactromic deneity, the weight fractien of a particular sasple
crmparmnt . ebe,} i3 & welghbed mean on the 5.v..

[t is fecestary to distinguish betwean the gresence of a nommiformicy in
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the sample, i.e. B chanpe In Eha Ganpla deazity and the waristion of the
™Lcis conposliion, for example of the smounl of fab In kone tifsue. These two
Fouries of error  affect the detectad eignal In g dlffersmt way. Tha first
affects considerably the messuremssl= of aleckssn deneity, tha second affects
the BSC.T. meapuremants of Tﬂﬁ, 2l rogrse, Lbbwese  two changas mAY nEouT
simlrapecusly.

The pregenre of & nonumiformiby in Ehe sample, know: baFore the wmmasuce-
metl, can be mimimized by placisg bthe 3.v. 1n xuch a way 35 to pesduca  the
anoimt of fluence coming  [rom the neounlformity ragion. Tie nse of atandard
mamples and phantswsz, can make the study of Lhe correct{om procedure eaniar.

The mituaticn ia more compley  1n caaes of nonhemogereities that oecur
caznally, ag shown by Coates For fractional content of mir in the lung (reE,
181, Tho anly way to treat Lhis ecrar ix to conaider it as a change of matrix
compoaltion. For examplem, f It jis possible to messnrg the atnk oF air In
Lhe lung, thiz errar can be correcterd takirg inka account the decteasa in  the
seattered cadiation with idcreasing s#ic comtent. Genarally, bthe correccion of
the measured intensily both scakbered and transmitled, con b= oaprecsed as @
Hrrar function of the change of matrix Composition.

Tha vaclability of the rample mattixm 12 & sowrce af error almsal  wver
present kn the F.5.T."%. The method to carrock this kind of error bl Ee
ranaider the smmple ax a ternacy mictuee. lo particular, one covponent  repra-
senks the parameter under study whila the other  twe Zimmlate the matrix. Ao
example of Lhiz model is bome tissue (ref=. 17, 43), shich can be considared
a% a miztuse ol bone mineral {hydrewiapatitel, snft tissue, and fat fthe last
Ivo romponents  cam simotate Ehe non minetalized matrin  af the boma). The
probtlem L3 te forepee Ehe ampunt of fak Ln the bone; actueally, thiz cadoot be
“dtily done. Me study af bthe behavioar of the scaktered eadiation intencity
with Incrazsing fab comtent —an provide only &n estimation of the sccuracy
arrar.

The intenmlty ratic mt  twc diFferent mmArgies s aften used tn gorrect
abrorptlan in meterials surrcunding the 2.v.. Thizs methuord ia gléo userd to
cotront warlaticns of sasple matrix, Dhviouely, the best corraction 13 when
the tus intensities are simultppesuzly recordsd with the game drtactor. This
iz aldays true for R/G.F. while for Complon scattering technlques Lhe situa-
tion muat be considerrd For emch indiwidual casa.

The sample matrix variability chamgos Ehe effective valun oF the atomle
number andior electten  densiby of the =xample slmilating 2 wariation af the
compoienl under gtudy. Thin Peveal= ancther smbiguity im the: ose of &FFectiva

psramelers sl Ag zaff"

I3

5.4 COMPFTOM SCATTERING TEGUNI(HIES

feweral Compton acatiering methady have bean prapoand uaing Compton
seattered radiation {or scatieved and transmitted raljntion), to maasure Lhe
rlpchtron densiby within a particolar Inteemal part of the objeck. Medical
applicatlons oF these methods  have bean caported in  two main greas: a)  bone
and lung  dessitometcy {refs. 1-6, 44, 45), and k! whole wendy  tomographis
imoping {re€x. 7-11). Theae teckmiquas ean b gubdlvided inta three iTtmips )
dusl awl Bingle energy Compten soattersisg deneitometry (zrpEs. 1-23; b) doal
enetgy Compton écattecing deneifometry, uzlng only scattered radistlon Accord -
Ing to 2 oathod proapossd by Hoddlestew amd Wemvar (roE. 6); o) Compton  scak-
tecing imaging (refs. 7=1l),

Theze methods will ke doscribed in tha neat thieg sactions and  the

principal results obtmined wikl glzo be reporied.

Amather analytical use of the Compton ecattored radlation concernsz Ehm
meacnredent oF zample sesx.  Thie spalicetion 1s based upon che raintlonahip
arigting babdesn the ILntessity of the Cowpiton scattecwd radliation amd the
safple moxg involved in the ecatbaring processss {(ref. 46). dbvionsly, Che
Gompton scabtered intersily 1s nlas & fonction of the sawple compoeibion. Thia
Ix a very streny limltation for sanples of varlabie composltion at amall
valuet of momentum teanafar (eee par. 5.2.1], especinlly for high ¢ materiala.
So far, thls measuresent s used only For correcting sample wasd wariations im

energy dixpmraive X-ray flucceacence techoniques (XRF),

54,1 Techriques using the transmirtesd amd Compton_scakbered photona

[n the sarly seventies two different Canadian gesups deseribed the basic
mathed for Compton denslcomstry snd ueed Fransymitted eadlation to correct  the
attemuatica effecks {refs. 1-2). In thlz method a single o cual sgurce

teofignration cda be used secerding to the primacy phwton energiex and acat-
tering angla.

The simple fdes on which theee metbedy sre  based, 1x that of Deagur ing
the attenuatisn of the prisary wnd scebtessd beams, through tranenis=ion
hedfuranant s saing soocces of appropriate energy laee Fig, D). In packicular,
the Comptes scattered photens In n given direction hawe Ao enwcgy disteibution
around the walua given in Eq. {1) {wes par. 5.2.1). Therefore, by using a
Becond ecitcw having thif lower emergy. ek can corract for the attenmatlon of
the Compten scattecad boam. A 2ok of metched pairs of low enecgy winpeneIget ic
EAmmia sources may be proposed for this kivd of measurement .

The baxic fdea la ts petfecm twn peattecing measurements by rotating Lihe
sanpla of an angle of 180 degrees and xisgltanecusly o tcangmiszion messurg-
ments, uping & second dotector. The paths in the transmisslon avd scettered
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mnasarements are the same. In bEhis wethod, the sample thopld e of vexry mmall
gire, T Feur sqoatdiona for atlemuatiom and scattered procestws are giten an

fullova:

& J'.f:%nfi-expf_nlEu}E)rx]:lf.rlth},i’-:l
S 1! pCacnp(atEule) vep{at£.)r)
- fmf-'nﬂll{ﬂfﬂnlle + 9]}

15 = fap, cxp{;l{f!:._-ll‘.r | M]

{22)

where !‘.‘.ﬂ, Eb ara the detector efficienciex ak the bwo enecglas Eﬂ and !.c.
reapectively,

Mra, dividing the product of the two scattered  Lotsnnit les (31, 51] ta
that. of 1he bwe tranomd tted (Tl. ‘l‘zl one=s, wa ahbtain

(23}
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first slep secaond skep

Fig. %.20. Schemetic drowlng of the aourees (5, 5.} and daterctors {Dl, 2]
Inr glectron denzlty messuvcmtobs uxing both bramsmifted snd acatterad pho-
tansz.

From Fox. (G} amd 22} it can be deduced that  the electron dansity 1=
propattlanal Lo the ratio of the scattered to the tranamlited Intedaibles.
Therefore, this setbod can Le used to detrrmioe the slectcan  denslty of the
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sampla but oot Lts demsity. The lafter eam be daduced knewing the value of the
effeclive (ZiA} Tacin (tes bolow) of the sssple wisr study.

it is worth natitg that at tha enecgy and scattering angle used in these
techniques anly g propoebliotaliky selstion betuecn the alectron deonity and
Coapton seatterding intensity cam be cbisinod, The proportionalikby constant s
derermined by performing the spme met of measdrements on u water sample. This
stap onl® partly resclves the problem. In fact, Ethe inFlusace due to  Lhe
diffarent alertatsl composition af the standard sample, L.e. water, and the
unknnwn spmpie, for swemple bopa aseple, zeill Temeins.

Anatter wavera limitation of tha Jdascribed wmethod §u the ssmmpbion Chat
the effectiva path lengthe of » tranamitted and 2 scatincod beam in the ammple
arx tha same. Ax clearly ehoun in Figure 5.2L, the dlmension of the tranamit-
ted phaton beam ia only determined by the collinetor of the detschtor used
while the shape of the Zcabberwd photon besm 1t dafined by the combiratlen of
both source and .l!hl:i:t.m colllmabors.

Flg. 5.2l. Flan view af the ssagocing syetem showing the geomeiry of  scat-
tered and tranmmitted besss. The averege wtteruabion for the scattwred baam is
lege than that for the Eransmitted boam.

The asxswnption that the sample wice & very emall implies that the
sel{atworption wffecta can be rmglectgd. Gocd cexults are thes abtained only
for zsall warlatiems of the sample size. Heldleston sad dtoadori [xef. 5} have
shiom that measureseats with this photon fcattering technigua are strongly
deparient on the sample size. They heawe sttributed Ehe obzerwed bias Len  Ehe
electron deneity detersination to Lha concomitant aetion of the melbiple
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scarlaring and the sellabsorption eflecis.

Hany changea in the ociginal methed have been proposed by warlous  am-
thors. in paclicular, Olkkonen and Bar{jalalmen [ref. 4) described 4 singlm-
ggurce Iew enetrgy, sAsll scattering angle, mcthod; this sethod has later been
extengively usmd by Hoddlexton Lrafa. 5, 37). Wwekber and Coates {ref. 45)
monstTucted 4 tatec source densiteseter For measurement of lung density. This
syalem avoids thwe rotation of the object wnder studw.

In their pelglnal work Garmett et al. (ref. 2) demoosttated how the wuse
of an énwtgy cloze Lo ninety ka¥ improves the overall periociances of A
Comptan fraltaripg techoique far the measncemont of hone density. To  reanh
thiz conclusion ther stwdlad the energy babaviner of: 8} the Compton  scat-
Lering differential maxxs absorption coefficient; b) the katal mass ebeorptisa
coelficient of spft tizse and bone; ol the detertor efficlescy and 4}  the
time reguiced In grdec to attain a piven dose from a fized scocce strengthe

It i3 well known bthat Compton acattersd tatialion dacreases with incress-
ing rnergy, Juat as the abxorption coefficient and the doteckar efficlencw;
the anatler akttamuation of the beams with incressing energy, 1m fully compen-
sated by tle simultaneous reductisna of detecloc gfficiemcy amd Gompton ecab-
tering intensity. Them, the optimum anetgy can bs found looking at tha enecgy
depewdence of the Compton scatemring Intenalty Eor unib dose; Ehis curwe ham a
marimm al. abput ninety heW.

Apart from the firet syatem propoamd by Clarke (ref. 1) uclog & padc af
high energy smoorces. almcat all bthe siogle point Compton mcattering zyabems
WoEk lth radicisotepic sourcea with an eaergy io the $0-130 ke¥Y ranga. Freuss
at al. (ref. 47} siudied the problem of the wmochrematic seurces available
for these peasuremcents. They pive & 1ist of possibin palrs oF sources and  the
corregponding acatterlng amgle La be gped. Teble 5.1 zhewd Lhe monk  intereat-

ing sources avallable far glagle arsl dual sececa techniquea.

TARLE 5.1

Sources avdilable for single and dual source Lechriguas,

Isotepa energy [he¥) hall tifa second Bource angie {Uegree=}
Ba-131 £0 (167) 3.9

Te-170 Ea (3,3%) 139 4 Bz-111 &4

G- 153 93 (54Z) 230 d Tu- 170 a6

En-153 BY( 323,105 105} 1.8 ¥

Co-57 112 (BFZ) 26% 4 Gd- 153 a6

Se-7% 134 [57X) 122 d Co-57 51

T - %k 134 {117) B2 d Co-37 51

9

The analyt!ical perforomnces of P.5.T."x botkh in Labocatory snd Min wivo!
meaturametts are wnll eatabllished. Im the assesament of booe density, Wehbme
end Feonett (cel. 3) fownt that wlith 3-mitule stasiocisg time it ik podsible to
opbtain a etacintlcal pracizien of 1% Horeower, assesalng the owerzll preci-
aienn they foond waloms of 1.5X. Fioally, btbey studied tha accurasey of he
technique in ralatlen to the majer sourcea of error, Ll.e. flnite geemetry.
non-jdentical geometry, and waltiple scattwriog. After & caceful atdy, they
found that the blas in the westorscents 13 ustoslly po=ltiwe and that the
accuracy e of 10K,

Huddleston ot al. (refs. 5, 37), using the Compton scatbering denslte-
mokry studlod how the eslatiee alactron density is strongly influsnced by bath
tha dwneity and the alae of the sample. They used cylindeical samples with a
digmater in the cange 4-5 cm filled with crepourds baving a density raoge of
or.89-1.8 lh-g.- Thay foomd that the poaitlve bias im particularly evidaot in
the larger mamples [illed with cowpounds of higher dansity. Furthesmocs, they
Jednd variatlons in the meawsred elertreon densitiea in the cange bstween 2Z-%%
and ghsarved thet bhe deosity kiss inemnd for wigher demaity and  Fex
granter saaples, Thes= anthors shawed that correctignid van be introduced maing
4 linear approximariom {ref. 37).

Shrimpton (ref. 48] studled the analytical parformances of thess metbods
In the detorolratics of the electron denaity oF JifFerent law 2 lignids.
Porformipg "in vitra™ messuresents on thirteen diffecemt liquids, be demon-
ckruted that a very good linear cormmlation can be arhiewvsd batwern measured
and theoretical electron density waluex |see Fig, 5.21). Thia result clearly
reveals the anslyticel capabilitiss of thiz methed. 5inilar coaclosions can be
attained From thet results reperted by Hoddlastonm et al. {refe. 5, 17).

Shrimpbon {ref. 58] evalusted the periormacds of thesa mathods In
meatnrements on the eslectrom  Jeneily ef bhesen rlespes. The resulis  obteined
(zes Table 5.21) oxe sery snecuzagiag ae far ag the tisswe characterieation ix
econcerned. The precisiom excasded 1.5X for Laboratory meassurements, while fov
"I giwe™ sesAsurements the situation 13 mors cribieal, [or the ressens alveady
ek saed.

It i3 particuiarly interesting to determine of the effectiwe ratic (kAT ]
af materials a3 discussed by warlous mathors (refs. 5. 48}, From tha deEini-
tion of the electron density (wes Bq. (E)} it iz possible to deduce the
danxity af & given material knowing only the effective (IfA) ratic defined as
b Law

(%).”= Ez w;% (24}



Infartmately, the walue of fz"“et’f canoot be mezaured lndepondently it
nnty deduced frea tha compotition of the semple. The (ESR) £ must b  detoy-
A [

mined beFore the moaspremonts if the fgoal of them im to determine the sgmple
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Fig. 5.71. Conparatlve plat of weasursd vs caleulated slectron dengity for
the bnlloving liqoid xanpleas L) n-heptane, 2} Diethyl ether, 3) Leopropyl
aleebol, &) kylenm, 51 Ethyl agetate, &) Weker, 7] Glacial acetic acid, A)
Formle acid, @) Chloreform, 100 Carben totrachlorlde, 11] Fumlng nitvic acid,

12) Perchloric ackd, 13) Gonc. sulphiric acid. [after Shrinpton, caf. AR).

denality.
e af the pses of the methode described in the Prerani pacagraph is the

Min v lve® d-tnr-inatiou_ of lung denmity. The wide tanga of waluea for lung
denalty, 0.26-1.06 sh:nj. encourages thiz spplication. These density varia-
tlon? aee enly ia part to be sttributed be the atate aof the lurg. Howsver,
Wehber and Comtey {refa. 36, 45 oping a theee sources dersitomocar ant lmized
fer thin spplication, hawve abtainmd pood resulbs in terwa of statlstical
precision 2,22}, tatal precisisn (= ST), and mccurasy. The accutacy of the

- 23h

wethod has beon extensively ztodied by those acthors using wood phantoms. They
conelude that b ralavant contributicn 12 @0 be sypectad from the effacts
diecusaed in section 3.3.1 with the oxception of the Inflwence on the meas-
urenemt of the valve of the Frectional sir content of the lung. The only way
to rwchwe Ehe influenck of thiz effect ix to  perform mesrumesents st Flasd
Jung wvolume. Im this cass the accoracy erear turns oot o be scceptable.

TAELE 5.2

Caleulated and measured slestron deasities of acoes selecked tinsoss.

Sanple denpity glom™ oluct .dwmsity Targed wlect  derki byt
{calculated) {men Tl )
Adipoxe tima. 0.92-0.91 3.08-3.13 1.1 + 0.02
BraAin 1.03-1.04 1.41-3.47 1,47 + 0.03
Breatl 0.07-1.05% 3.21-3.486 1,40 + 0.03
Kiinay 1.85 3. ei-3.48 143 + 005
Liver 1.5=1.07 3. 40-3.587 150 + 4.05
Lang 0., 26-1.06 0.HE-3. 4B 7.29 + 0.03
Muscla « §.04-1.06 J.41-3.50 3.51 + Q.04
Mancreas 1.02-1.05 3.318-31.51 1.4% + 0.032
Splesn 1.05-1.06 3. &7-3.53 .46 + 0.02
A.&5~1,55 1.6l + 0,04

Thyroid 1.04~L.07

LI 1% {!i'm3:.

5.4.7 Daal-snergy Compton spatiering method

Huddlearan ardd Weaver (eef. E) eecently lnteaduced a new Gomptom  scat-
tering method ualng a dlchromatic saurce. This methed has tha adwentage af
avoiding the rotation of detectors and scorces arcurwl the sample under suaai-

nation,

A srdwnabie dvawing descvibing the dosl -eneepy Compton scattering msathed,
iz ghown In Figure 5.23 which alac definex some aof the symbols uzed below.
Thie mathod etarts with the assumption that the messocing systom invalves &
#.v. small cospared ke the sawple mize. It lx toc be nobed that the Compton
scatbering intensity produced in sewples of incrmaszing size decreazes with the
increasing of the sample sies. This phencomanon is due to the shaorption of
both Lhe primacy and scattared ghotems by the taunle parte not inwolvisd in the
statteelog processes, In this came, AE theve iz Ffurther makerial sutvousding
thwe aample, the scattering intenalty decreases exponantially with the increas-
itg of the peth lengths of the two beams Ln the sample and in the surrcanding
material. 1f we pow inktradhese Ehe two babkal path lengthe for the sampls B, atwd
For the rrxiernal ssterinls ag and ceoreeapondingly define the effective atteou-
ation cosfflcieata ks and kE(E}, the Coppton scatteriog Inteaxicy for & piven
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Fig. 3.23. Schematic drawing of the geswebiry of the source=dotactor ayetea in
dual-emirrgy Compton densitotmtcy.

gy af Ehe primary bram, may be writben as

5 W e huﬁ:,ﬁ;]up( Fp[E)5 _ [zs)

.
LIE TN F,E.'.r Ia
"

Frovided that the total path lemgth 0 = 5Eb + 59 nay be astimeted and the
effective ditannation coefficleals may be independentiy drtarmined, a EvEtem

of three equationx and three unkeawns may be wvritton
LT H,,n(rax:-:-lc}-[.".'fh&'_u\frx_::ik Bl ]
9 Hz.l'ré‘xnlr 'k.'z[-"-':}sa'JHPL-h-;{f’.'zl-q.l;l (26]

- ey

where tha two spattering Lotendity relations concern twe diffnrant enarglos -
Tn thls mttied it s necesgary o simultanneusly detect the Luwao =calberting
intrnrities, valng the sn datector.

Feselwing the sysiem =1 Foa.d ) for [ L findz the following Pquaticna
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B .
re= 5 en(RslE)Ss ) + (LD - 55))
duli—1n 5l
.'}l-:‘ - . L
- JE = ds
E R §rd]

S —kelBy)  kelk}
dz — ka{Ey) - ka{E1)

The sffective attenuation coafficients may be evaludbed uwsing samples of
increaxiog cize snd bnsdn compaition; during those Descurements e Surrdusd-
irg substancs ahould be uaed. The coefficients at each mnergy are  determined
by curce=fitting of logx vs. s, [ame Bq. (25)}) mecovding to Buddleabtsn  amd
Weaver (ref. B). From o direct comparizon of measored and theorerlcal atteaus-
tian coeEfleients concernlng substances of known compoaition, it was pasgible
to validate the eEficacy of the method.

From the Eew reeslis pobllished ma far, bthe chavsctacisties of thip method
anem vary promizing. Ia the Firxt paper by Huddleston asod Weawar (vef. &) &
table co-'pa.rius the thearetical and mwaxorad electron deosities of diFfarear
materials 1 reoported. Their &ppacatus wes eqoipped with a gadolinloe-153
sealed source and 4 xcloklilator, bath  tightly collimated in a 90 degres
ReometTy. The estimated precizlon sluways ecxcecded 1X and the mocuracy, evalu-
ated by direct comparizon of  thearetlcal sl eiperiwental values, sxsceades
1.5T.

In a later investigation, Hoeddleston and Sackler {ref. 49) wased deidi-
w192 pouece {emitbing 307 arul §58 keV  photens) in order to obtain 8 better
gopacation between Lhe [ua tcallered pagks. detecked pimultanecusly by =
scintilletor Jateckor. Alsa Ln Ehis cdse, & ninety degres ecattecing angle was
used. The cegulte ohtalned in borh the Lea works are very emooursging as shown
in Table 5.1. The precision excesds 2% amd the sococacy &%,

TABLE 5.3
Caleulated anl mensured electyor dorcities of fomw subctancax,

Subatance density g!cnj elact .deanlty* elect.dens ity® T AifE.
{calculated} {meacured )
HECI 1.0 3.344 1.233 RN ]
Hafil L.z 3.012 1.0 0. &d
KRy 1.133 3.188 . 1. 248 +1.91
Co50 1.1&3 3.6a7 1711 +1.75
I(.EH'I’&& 1. 458 4,388 4381 -0.11
I{ZHN'I 1. 699 5.110 501 -0.57

0ok J.tln le.'rl:m]}
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e use of higher energy photons reduces the influsnce of some majar
seurces of error, swch as multiple scattecing, linlte geomebry, and  atéamug-
Liem, acd gualifies thiz new metbed a8 4 valid altecnatfen to that descolbed
In gmetion 5.4.1. In  additdon, thie mothod Lo promizsieg Jor in '"in  wiwg!
megscutements In relation to radiothecapy treatwment planning and akeletal o
dansitemabry, prowided that a very amall =_w_ can by used.

5.4.1 Lmaging Tecimfques uaing Compton Scabteriog
The measueement of the photons Fluence which a gmall volune of & sample

scatinrs by Cowpton affect from 2 marrow incldent bogm of moncenargetic X- aoe
pamna:radiation, prowides a direct mathed for determining the alectron density
of a voluma jnside the sampie. Thit simple principle in  conjunction with
vavlows itaging techniqmms, has been used to image trancmrss and Joogltudinal
sectlons of the bady. In particolar, the imapging technlques ao fir  proposed
arn abla to reponstruct en  Leteenal seckion: (1) transweresl using polat-by-
podnt ilwaging (refs. i, 4, 10) or Jime-by-line Smaging (ref. 53, or (il}
Jongitwdinel using a plunar beas of gamma-radiation and & gamme-rasers (cgf.
111

Tn this zubsection the malen characteristics of these techniques arwe
briefiy sullined, the aim beimg te alliow the reader to make an initlal compar-
loon betuesn the analytizal capacity of zlngle podnt and iesging btechniguesa.

Compton temography wes deweloped Inicially by lLala {ref. }) oging a
rarroy phobon bean (3 mm digmater) which pasged theough Lhe patient. Im  this
system, the rays fcadllerwd From m small wolome of tisswe are accopted by =
latpe focusing colllmater behing the patient and reach a sciolillator. The
rivect heam and the eays scabierrd by the tlszues surrounding the omall volumss
At absorbed hy thls  collimater. By scanning both  the beam and the detector
along the patient, the Compton acattering inteoxitics =sn be wsed for coo-
structing ao electron densiby imaga.

Yalm dnltially used &n Lridium-192 source emitting photons in the wenecgy
cange: WO-600 =%, and later X-rays [com 2 }inear wccelermtar 5.6 HeW  X-
eayz). The vesulks abtzicsd by Lale were not completely satisfactory elther in
the s=patlal resclutions { 1 em) or ia tlzdur «cleckron denslty cesolution
(5%t Hedliicetions of the lale tomograph bave been described by Clarke mt al.
(mf. &) who psmd cobalt-F9 and caecium=§I17 soorces.

T technique wged by Lale | xee #ig. 5.24) crpsists in a large detectar
and a4 wulti-tele collimator for tecording posaibly oaly the =slngly =scatkared
radlaclon from & emall woluse. The £ize al <.v. limited the obtainable epatial
resnlacfon.

frmenrsely, Farmar and Golline fref, O0) uaed a completely Aiffarant
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Fig. 5.24. Basic principles of towography with Complun fcattered rtadistion
using a meltibele callimitar and & alngle acintillator detmckar. {afrer
Bartista mnd Bronskill, cef. &1).

stratesy. -rqwniing with a =mal]l detector the scatteced photamt farm all partse
of the primary beaw (ses Flg. 5.25). The eoergy 9 the Compton  scattered
photons dutersines the interaction peint alomg the primary besm. Ie this
tochnique & highly monoenergetic primacy besm ix nesdsd 21 well an a deLacter
wHER very poad energy reealution, 1.m. & solid state detertor. In other worda
In the Farmer and GCollins" ssbhad the spatis]l resolucdom alemg & lise ig
Timited by Ebe detactsr essslutian. The ralatlonship botwssn the saergy ahift
and bt scattering angle is oon lirmsc, za the length af che copmeat " usubully
recorded in 8 singld menyuressedr mivtt be negligibls. Sinee the enargy  shilt
Incresges with increaxing photon esergy, in this technique it 1s adwisable to
use high energy radiatirm leompatible with the. redwetleon of the detector
efficiency). Until oow, thix tecknique aven 1iE very intecesatlng has net
produced gosd quality snalytical ceselis.

Latar, Battists and al. Lrefs. L0, &l) developed swweral new wethods to
coreect for multlples acartsring wnd aftmnoatbion. They built a Compton ecanner
characterized by & caslts-117 sourra and 8 scintlllstoc detecker) Lhe systes
wps later wsed "ln viwe'" with satisfactocy resnibz. Battlsta and Brooskill
[ref. 50) employed the Compton towmgeaphy am an aid for planning redictherapy.
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Flg. 3.23. The tomographic aystem praposed by Faower and Collina [ref. o)
waing A germaniom detnckor,

T thia ale, (hey oede 2 tharough analyeia of the annlytleal porformances af
thelr devipe; rtesglts of a direct comparison of Compton-messured and trse
electren denmity ace reported in Flgure 5.26. Linesr regressaion asalyxis shows
that the maximmw dewiakion Feom linearity s 0038, in terms of cafative
rlectron densivy, Movscwar, Babtlsta and Brooszkill compared the tesults that
can he gbtained by using Compton and GT  peariers. They conclmded that tCha
Cutnplom mcattering technlgue 15 mbhle to imagr Lranverse sections with a
spacial resalotlan of 0.5 em and 3 relative electron density accuracy of 5%
at 3 parimm radlation dose for bhe patdent of 11 rad. They skressed that Lhis
standsrd of parformance approachex the theoretical optisnm for Compbon imaglng
but falls short of the capability of commereial i-ray LT reanneex. The only
Aatvanteges ol the Compten tachalgue ara the mare rapily lmaging of the patiant
unier radiotetapy breatmett  and measurowont  of the direct ciegtron density
distribution.

Tha imagiog techmique developed by Gurzardi st al. [refs. 1L, 5!) uoea a
colilmaied fan bemm of monnchromatic gamms rays provdoced by a limesr =ouce  of
merrusy-203 (379 keV gamma  tays) and 4 games  camers placed at W,  equipped
with a parallel bala collimator Ises Fig. 5.27), Thix troimique allows an
idesl temopraphy inaafac Lho image plane {(srlab] iz irradisted. The doge
nepengary for & single measuresent fx lower than Lhat required by analagous
technlques. Guazacdi et al. (zaf. 1) wead thiz technique to visualire demalty
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¥ig. 5.286. Calibratlon af the Compbon sfedener designed by Baktixta anmd
Bronskill (ref. 50) in bersx of mleckron density telative to water. The
agerage deviacicon Erom linearity {full line)] im 0.015, and Che soiraties déevia-
tion 1= 0038,

gradlants In the cheat; in lung pathslagy marked chinges in density [asa Table
5.2} hwwa been obsarved by the authore. They polnted out that due o the
#tlewation and suliiple scatbtering stfecte, Tesulis are limited. In  expecl-
mental evaluticn, a 14Y precision in thw debtermination of slectron demsity was
coacked witheat cavrecbing abbavatim.

In canclusion the imaginy techniques. deapite the fact that they offer a
tomogrephlc image, wre characterleed by llmited anelyvtlical performapras
compared to the single point bteclmigees. The use of more efflcirat corpection
methtds For atbamaktios avd sltiple seatiescing effects, would saly partlally
coapenante thia dlsadvantags. Purthermare, theve ia stren) competitlon between
thexg apnd the CT  techniques. HBeeently, a mized zystem that ueerd tiansmitegd
and Complhor backseatteewd cadiabion hiz men propossd by Bratesan at al. [ref.
42); rmoults  show thet cosplemsntery Informatlon catt ba obtelasd from the )
Lompton scattering and OT lmeges. Morveover, Harding ang Flachler {ref. 53]
bave developsd 4 pww Comogrephic 2yatem  in which n high intensiby X=ray tubg
(L60 k¥p, 3 KX} and two sultidetector arvays sixty-four BGO  detectors). The



Fig. 5.27. Schematic 11lustratien of %0 degrees Crvmpton todography of the
long with the techaique proposed by Cozzaedl er sl. (pof. 11},

analriical performarces oF thias syxtem, uzing & dual emarpr method, have ween
azgexzed with 2 phantom flading encouranging reaulbx. Probably, in the mear
future, following these mew proposals  we might sxpect to =ma T EFatomEs
endawed with additional Jdeteckors  im omber to record scatteced tadiation:
these now syatens cowld prodoce two complemsntary images.

5.5 THE ODHERENT [RAVLEIGH) TO COMPTOM SCATTERING RATIO TRCHRIGHE (R/C.T.).
Tha Elest proposal to oae the ratio of the two scatbered peak intensitins
was made by Vunzemdeef in 15972 {ref. L2). Thiz firat work imedlately showed
Iho pebontialitias of the sethod deaplte the primitive [uncollimated) ser-up
uxid. Xungendarf cexulte wera obteloed with a backscatterlng geowtcy, wsing a
S51(L1) detertor (FPWEM=250 aN} and plutoniwn-338 (emltbing §3.5, 17.2 and 20.7
eV photomna}l, cadniem-10% (22,0 and 24.0 ka¥] amd omericium-241 (5%.4  kaV)
redleisotople smourees. The reaulbts reported dewenmstrabed that the walies of thwe
pouer inder of the R'C tetio ve Z relation was greatar for higher enecgies of
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primacy phwtons.

Later, Puusslaines =t &l. {r=mf. 13) gtarted extenalve atwliea oo this
methedy they proapozed the uvae of the FYC  ratie in tha measureesnt of TBMD
calng am amerciclbve-241 =ourca amd a8 ninety depeeex acattecing magle. The
ooherent fo Cowpless ssateecing catis techpique became oote imteresting with
tha iptroduction of enlld steta detectora wand in particular of plawsr gerxa=
2lum datectore, which bave 3 wery good anergy resslutlon [FWHE 200-400 a¥) Al
n high countiog efficlercy alwo in the hoodred heV ranpes. With this typa of
detertar 1t i poagible to resoluvr  the slusbic prak from the Compbten  band.
Clearly the coumtere waed are solid atate detectors.

In 157% Schatzlec fref. 14) descrited the first anaiytical applications
of the RIC.T. using so swwricium-241 source and scattering engles of 48 and &8
degrees. Aralyaing twenty-six ocgaslc cosmpounds, e found = telationship
betwean the I/ ratioa and an empirlcally daflned effectlve phciasstac, the
aeffective atonic rember: his alm wes to deponatrete that It is poszible Eo
ddentify Ao compoured ooly by medaturisg  1ts B ratio. "Flgure 5.78 showe the
plot of the A/C ratios relacive to water as 4 [onckjon of Lhe of factive abomfe
mmbec. Schatcler npi:rucxiul:ed thesse valurs with a power fuartion ofF 2,
introducing an loedex oF 3.5 which aprees with the abtvong dependenre of caher-
#nt scattering copfficient oa I discussed in section 5.2.2. This suthor also
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Fip. 5.28. The coherent to Compton scettering catlos calative to water, fou
26 organlc compotnds. The primsry beam epecgy wes 50 keV ol the scatteriog
angle 53 deprees. {afler Schatilec, ref. 14),
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alsa gave ekanplna of the anaiyels ol binary mizlures; he attgmpted ta deter-
mine the percentage of fat comtent Un milk apd Lo meak usley BAG.T.. From Lhe
resilts erparted, it can be seen Lhat a precizian of 1.4 ¥ can e reached with
A measuring fime of 8 few wumdred soconds. Sisilar cesults have baan obtaine]d
by Fmmalainen ot al. {rel. 53) in the detsrmipationa of Lodine in  Eiggues.
Ihe rcosults veporied zhowsd a precizion of about onne mllligras per cobdc
vonklme:nr, It c4n ba observed bhat  Ehe typloal sensltivity of tha R/C.T. in
meauemmts of cancentration af a parcleniar slement is a sample, im ﬁ.-ry low
as oonpared with that of other analytical techniquas such sz X-ray fluore=-
ownee gnd newlyon accivatdion analysiz. These latber ewa technlgues can be alao
eopinyed 1o "in vive" messurcmmnta. The above-ment booed terults in the wery
<aely attepta already, characterized R/C.T. am an analyric tachniqus able to
periorm bolh  analysic rakher than the det=ppinabion of a single elesent
pregent §o a sample ab low goncenttalions.

Almoat simultanesusly  in the 1980's pome gtaups  proposed the usa of
RIC.T. b0 Lhe deterninalion ofF  [RMD, using & #mall scattering =zngle aed
enerigles areund ook homdred kov (cafe. 15, L16), In particelar, Stalp and
Mazexs [ref. 16} carried cut experimental studies an the behaviour of Lhe Ric
ratic uxing radloizotnplc oourees of americiom-241  and o] inlum-153 and &
scattering mmgle of Iless than slity degress, Their concluslons were that  wWikh
A 10} ke¥ evwrgy of the primary besm and at a ecalleTing angle ol thirty
degrees (i.e. at 8 palue of mowentws bransfer variahle ofF .15 AY  battar
results can be oheained than ar  ninety degress waing an amariciwn-241 sturce
tx = 3.6%). Stalp's conclusions can  he explaimed ronaldering that at 103  kay
vith & scaltering aogle of 30 degrecs theee iz bath & lower = value al a
lower attenoation of Lhe primsry and  scattered b, Rowevet, it should be
pointed cut that In this work the authors  did sot atkampt ko opbimisze the
gremetry ot diffecent angles Wt used the same collisttion conditlon ab W wnd
B0 depresa. Mo lacger scatbering angle was invesbigated_

Farr et a1. [raf. 15) using & very Eightly collimaked experlmmntal set-up
inlredured & procedura o optinise the perfrroance o the TMREEULing  systom
wilh regpact ko primecy beam encrgy and scatthring angle. Dsing this pmzuﬂum
they foond that the best conditions apa attaknad at an energy of 00 ke aod A
scattering angle of 5 degrees. The procedurs was ax follows. For & glven
energy and scattering angle, the FulM of the Comptan bend was deterwinad by
ammuming @ given spresd of the scetterlng angle wod Introducing the detectnc
cetolution, The caherenk pesk amd  the Compton hand  are congidered to  be
resalysd when the full-width gt tenth mixiemuy (FITM)  af the Compton  band
cefnciden with the lower limit of Lhe FWTH of the mlastic peak. Having det=r-
mined the minlmm accepkable coberenl-Compton separation in this way, the
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‘Fig. 5.30. The energy depadenca of the performancn ofF & system {Keer =t al.

iref. 151) for the moasucement of TEND based upon the BJC.T.. Fnmrgy depen-
decce of: A the number of cohsrantiy scartered phatens per mnlt dose: B the
detactor counting effledtdey; [ the mass abgocption gosfficiant for bews.

showed that the principal pavawerer to be optimized is the precizlen {sea Eg.
(15)} that simolbanecoely includes Che counking rate and the sensitivity.
Their conclugicns wers that tha optimising propsdora proposad by Kevr &b al.
wust ba completed by Eaking into mccount the changes in  eeosltiwity and
precisiom ohymrved at highe: Boltnton transfer values. Many ef the theoretical
rasults of these werks have boen reported in sectbon 5.2.3. Pinally, thess
authors clearly pointwd cot the importance of the geosetrical cownbiog =EEi-
ciency that changes considerably at diffevent scattering snglos. Sa far Ehis
Frrop 1z the only one tn have publiehed results op the clindcal ueae of the
BfC.T. in the measuressnt of TRMD. Using & 71 deprest angle god a 1.2 Ci
avariciuw-Z41 source they obiained an accurary of 5% and 3 precisicn of 3%
wilh a2 coonting tile.af 15 minctas. Tha dose ta the patiest iz about 300 mRad.
Flpure 5.11 shows & ceapariton etesem bona mineral denslty deterwinad by
R/C.T. and that measured dirmctly (zaf. 58).

Glgante and Sclutl (ref. 1} extanded the analysls of the ohove medliomad
group {refs. 28, 54) showing that o backecattering geossbry can optlmizs che
aystewm performance In téco of precision at s glven counting statiskic. Studles
an rhe a.v. chape and on the behaviour of the selfabscrptlon function in »
bacisrattarlng geosstry, were glac cacrled aut.

ho interesting dnvelopment from wn insbrmmntation polot of view im  that
illostratad by Pramainioess etk al.  [ref. 56} with tbhe use of a K-ray tube de
Fubstitutlon of the lase tntense v=diosotopic sources. The aim of thess
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correspewling Grepkon epacrgy shlft was thon caleoulated {see B, {113, With this
pracediee it li posglbbe bo find For m glven enscgy land knon salues of Lhe
vollimalien parmmbars] tha minimum Scattectng angle that can  he winfully
emploved. Flgure 5.28 shows kha specirum of phobons scobtored From o oot
using 3 primAts heam energy af 103 ke¥ and @ scatterlng angle of 2.5 degroes.
To flnd the optinal renge nof primary plotos crmrgies the authors studied the
emargy dependance of: L1} tho mmber of coberently scatlerad photons per  onic
dasa, (11} the debtector {an intrinefc plunar germanlum af A00 ot antive aren)
caunting efflcieney, (LL1] dilforantial coberent scatterlng mass abyorpticon
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Fig. 5.1%. Seatternd spactrum Eccw 4 cadaver Foot. (after Pere el al., raf.
iL}.

copfficlent. From Figoee 5,30 that shows Lhe plot of the functions scudiad by
Herr gt al., turna cub bhat an energy around % ke¥ iz the mozt Tavourable.

In 19BZ Greenfledd wr  al. (refs. 17, 22, 38, 54) publlched the results
chtdined in the mascorement ol TAMP using amerlelum-241 sources and 2 largec
srattering angle. The authors {rvef. 17) discussed the erperimantal chataclen
enceuntered in the developmant of a meascring system for clinical nea,  They
showed! the sdvantages of wsing a oo® EeomEErY im ardar to obtaim 8 3.v. of oore
tegular shape crepered to the elongaled Eorms obitaived ab amalier angles.
These authors, drpicked the methodalogy for =tudwing the different ssurces of
errar o an "in viva" =ystem. In two later reports (refs. %, 54), Ehey
printed qut  that the best sansikivities can be cbtained alther at  largsr
scalteriog amgle For a 60 ke¥ primary beam anorgy. or gereralliy at  higher
pomentus  trant{er valuey |map sectione 5.2.2 swd 5.2.3). In prebiculae, bElesy
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authores wasd to obtsln & mere Lntense primary hosm pos=ibly with a8 turakle
eoecpy. The monochromatlc bems wac gbtalaed using a Cx:l Ellter aml & tubs
repdion of 59 W . They thor obtalsoed 2 30.9 hoV energy buam varful anly for
"in vitre" atuwdles. Bocently, Timmas ot al. {ref. 57T] with & X-ray tubn and the
technlgue af halenced filkers obtalned g glsty a¥ heam. They used Lhlz to
detarmine the K/C ratice of ftaudard sumples ohtalnisg mry good resolte. The
avallability of wmore intenee X-tay sources as for edample bl S3wynchrotron
radlatisn tources {(chavactearized by u high degras of polarization, . chavactar—
istic that may be usefully mead), will ceetalnly give o new impulse to  LChess
Eachm i quag .

Besideas the wers interesting application dn  the determinatios of THHD,
EfC.T. can be used in other anslrtical applications for the ldentification of
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Fig. 5.31. Comparisom betwesn the booe minecs)l denalty debermined by R/C.T.
ead that messured ditectly. Ths regresslon 1ine 18 alsc shown. {hfrer
Geaenfinld et ai., ref. 55%.

unknpwy materials andfoar Lh khe charsctecization of tilssugs, The lattmr was
gtudied by Heolt et al. {rmf. SB) uxing a speciromster devobad to Compton
pmfile analysis (ref. 59). This speckromarer wtes a2 5 Cf amarictim-741
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spurce amd a2 |71 degresz  zeatlering angle. The rezults  demonstrated that
acrurale characterjzation of the tlasues theough the determinatlon af  thedr
BfU tacica, can e obtained. Table 5.4 ghows the BAC wvalues teparted in this
work, as measured in diEferent tissoes and low 7 samples.

TAALE 5.4

The R valuea messured in di¥fearent tissuss and low 2 samples.

Bampin Kt = 1077
De-ionlzed water 1.073 + 0_0I7
1.7 mallne solulicon 1.210 + 0.0017
Arenat eyal Fluidd 1AL 4+ 0,007
-k ey §1ee® 1.2346 + 0,007
In-thzage liver+ 1.877 + 0.017
Homigenised |§ver® 1.180 + §.031
flemogenised 11vect 1.197 + 0.031

% Taken from tats treeted with saline aclutlon
+ Taken from rete treated with phenobarbitol (M0 sg/kg solukion)

Other meazurements carried cut with aaline aolubions up to 207 have thown
that BfC.T. hea & good aenaditivwity, +in Fact a change of 0.2% In rconcentratlon
gieas 3 neamrabie 25T change in Lhe inteacity catio. Bolt et al. (ref. 58]
wndarlived that Ln ordar to shtaln duch good Teselbts, a carefol atudy oF the
Crambon prafiles ia nece=zcary bo minimize the ercors in the RSC ratie measu-
Temeoks.

Smeral investigations have been carzied ook un the mmalybizal powstr of
B/C.T. in the identificaticn of low 2 conpounds and In Ehe analgsiz of metal
alleya,

Cognren {ref. 60} demanstrated the pobentialities of this techoique in
the amalysls of binary sllver alloys. [ater, Gigante and Sciuti Lref. 27) used
simm]tameogaly beth the JoEormationz coming frew  the scattering and  fluere-
sconce cemponents, The XEF apectrum iz available only 1if =nee alosents in cha
sample emit MNuoresceocn photons of sufficlently bigh esergy. i.o. comparable
ta Llal sf Lhe sratiered photons. The two ComponEsts A& in many cases comples
meritacy. Thiz strategy ix particelarly useful in the amalyzis of eectiary and
quatetnary alloys, pazzible using scattering intensities from the same wate-
rial ar different primary bheam energieas (vef. B1]. Furttmrmors, some authars
hawa shoan that identificetion of low-2 materisl Iz  pottible wking only LEhe
MfC ratle {eaf. 27). The calculaled waluexs nf kbe scattaring Lotensity eatlo
are compared in Flpure 5.12 with thooe messueed with & tpeclrometer; wsding a
harkseattaring gormetry and two omericium-241 sources ag deplcted in  Figure

5

5.l4, The threoretical valuer wore calculated Erom Ehe data of Wubhball at al.
tref. 1%). Glgante ard Seciutd (cef. 27) havm  shown that identification of a
sample iz posxible using the theoretical RC ratio values far the  single
element and & specific compotar prograses. Correctlens [or the sttesoalion
affects can be introduced paing cha tabmlated walues of the  attenoatlon
conffiniants. ’

Mampnlnen &t al. (ref. 297 ficet, and later Mannioen gnd  Folkkalalmeos
(raf. 11) offered an albermdtive, pemaly the p-nsui'bl.l_‘.r_y'm dulinn an affec-
tive akemlc number. They cerefully sbwdisd kthe behavienr of the RB/C vatia as a
furction of Z, both for pure elessata and low=Z compounds. Using the Equatiou
(11] they found that & good agreemont  batween calceulabed and measured EBfC
valuoe can b obtained for mn enacgy of 60 ke¥ mnd larpe acatkarilog smgles.
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Fig. 5.32. Mospured vz caleulated BSC catlos for different compounds. {Aftar
Glgante & Seiuti, caf. 37).

These redulls show that for surk eneegy and large mglsa, there in 8 depen-
deace of the coherrent seabtering on 33 and af the OComptan scatbacing o I,
Figure 5.13 shows the resulta obtalned by these anthoars at differeut scatber-
ing angles. The measured Za valigs dHffer from the calculated snes (uslng
. {12)) by 1mzg than 0.5%.
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