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CHAPTER 2
Balal) e plady) COle L

INTERACTIONS OF RADIATION WITH MATTER

daaid) 1.2

<l 5 dll Jelii Lavie occur ek 3 physics of events cilaa¥) el yé daadll 138 J sy

dagall Slelely) & 032 photons and electrons interact with matter salall ae <l g i<y

sl ) g5 ) el ol qe i Jaleill o35 cdiagnostic radiology sasuidl 4«55

el Jia (sl colelalll scattering s)WaiuYl s absorption (<=b<ieY) s attenuation

et A8Uhll Led 0585 il g laddl i caaas s Ln Jlie V) 8 WdaT oy Y cnuclei s Lo s sind
Apapa il AasY) 8 Leaiiisa) Gl (e

few tens of (LeSll gl (e Gl jbe amr ge X- rays energy Al 4xY) 4l
&1 oY 15k nanometres ie sl daay e x50 Jsh Leds @ld s kiloelectronvolts
O interactions @eld &igas ¢l &8 5h catomic dimensions 43 S alal )
il Jsll 8 13a 5 electromagnetic radiation and atoms <A odalina 5 5eSI & LaiY)
pm o5 ASIN SedSl kill caal) Electron dimensions oS sl correspond Gl st
Lpanall daud) 2239 energy range s 3ai e higher end e¥) <okl . (2.8
Gaai s general region dslal) dikiall sa 13 o5& o s el s diagnostic X- ray
<y S5 electromagnetic radiation (owshlize s 5SI) el o interactions <Slelal)
.constituents of atoms < 3 Lgie 45 &l

Jsaall e ele I anadall dady) s paxiudl energy range aadall sl &
"l fane =iy 5 cclassical and quantum physics 4 seSll s 4SS ¢4 56l ¢ boundary
<Slelall numerical details 4d ) Jualdlll ae Jaladll sl <‘complementarity principle’
@l lieYhy oL@yl e classical reasoning SewSSN shidl @k e interactions
superior 4 s miE 138 asy Cus quantum mechanical considerations 4! ASulSull
.results

salall L sl <Ll photons and electrons <l s s3SIyl s <l sidll behavior & she alis,

s &k cilelis Ll photons in general oo JSiy clisisll )5S WDEs) traverse  matter
exponentially _aS JS& L 55 &35 zero, one or a few interactions 4L i sasly ddelis
saal 48 yifall 3l direct computation il s o) sl difficult wal) oo .attenuated
onte Carlo techniques IS cuise i axaind L sile 5 «several interactions <elss
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Celds e el o4 bulk media 3,xS) Ll il e photon transport o5l Jis Al al
individual interactions 43 &l <ileldll cross-sections 4wiajall abaliall Cus (e (i odl
lach b5 SV 4a) 55 3 0Sl Wil ol e 5 5l attenuation coefficients cu sill < llxa s
general gradually L3 sle US4 lose energy 48all siss y 5leladll e large numbers 5 .S
3 sall sl <l 5085 electron range Oy ASTY) Bl dus e @) e el AL LA o5 Ss

.material stopping powers

Balal) ga il gi i) cdelEs 2.2
INTERACTIONS OF PHOTONS WITH MATTER

stochastic 4l sie electrons <L iSY)s photons <lisisdll Jie Cleledyl COlels

& «photon radiation sisdll a2 Zails Jaws of chance ddxall (il 8 obey awdai

o Sy directly. 3404 cprobability Jlis YL 48, «cross-section oaall ahiall o geda

single 12al; Ggié oL considering Jkie¥) )k e explained rather simply sbus <l

contains a5 caw e g siad Al (A) dikidl 3l (e 7 5) e incident Wsdls ¢ sSes photon

photon el ae Osisdll Jelsi JWial S (0) axdl phiall dalue (0 One target
.(a/A) :ratio of the two areas cxiikiall 4 s interacting with the target

randomly il sée U< 4ga 50 Wl 5 photons lisiss (@) @lia of Jsii Les celld any

JSs ctargets (n) <l Gle (A) dihidl o3 g siad @l e 350k 5 ((A) dikid) ) directed

gl o (AD) kel expected number gsiall sl o s i o el (e (07) Ailaie Leia
:0s8w photons and targets —alaa¥) s

Ad=dn(o/A) (2.1)

48 o8 probability Jwisl of &y b muagl another way oAl 44k i
dau) 5 3 hasall dadaiall (4 fraction s> 33 85N (0 / A) s 4 Jens projectile
. blocked off by the targets <&l Y)

0S5 il g x5 S geometrical description il Caasll s Wil Y (o il
Liaje ki agr =l cross-section =all akiall oS targets be atoms <3
- Ylad Yisa o sSan 405 5,3 gctual area Gled Yiss 138 o5 o) .atomic cross-section G
&l Aulall a8 photon and the atom 3,5 o 5isall o effective area — effective Jelall
DA crand aliae Bn 5 (8 Gl e punl o5 () Sl 5 sSie IS ol (il i

sl 8 unit is commonly used sale sas gl s3a axais (1 barn = 1028 m?):of éua
oas ) pacae e (oS5 (ST) < ) nuclear and radiation physics dueledy) s 453
Al Al I8 (10 A 53
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zlss four fundamental X- ray interactions sl asBU dpuluf Cle s day )i @llia
associated siise dpiase dakiy Leie JS Loy 5 (Sas tneed to consider JkieY) cpe 8 Wil )
&b crepresent them leliad ddlise jsa ) aladiul adall (e .with a specific cross-section
O 33 e Jeliill cross-section for a photon o sisdl e jall ahidl e AVall (7) alasial
kil represent Jiail (opgp) liiul &b cphotoelectric effect s el il JSa
coherent astiidl s Uaiu¥) J3& e cross-section for interaction delall oua j2ll
.incoherent scattering 4¢Slidall e 3 ,Usiu (gjncoh) et &b s cscattering

COle i) a2 (ga NV A3 pair and triplet production S 5 LS £ (k) 5

150 keV ! J=: W important in the diagnostic energy dsaaiall 8l Jlas 3 daga

important at much higher 155 el cldlall 3 Jaid age Gl 5 cpm s 31 218 of cpa B
. only treated here for completeness 4| Jal (e aié 4xe Jalaill &3 5 energies

Photoelectric effect (Agag g i (1.2.2

left in ,UY) e Al & @i Al 6,0 ge Ll 5 gdl) Je iy ¢ Jgain g oS il &

b ejection zl1,a) Giobk o= excess energy sl A8kl a3 S5 an excited state

ol s Y 13 i electrons bound to the nucleus 35l ddas jall <y y<IY)
:kinetic energy &S a1l 43l xe 3 Al cphotoelectron 2 sall o5 STy

T=hv—E, 2.2)

%

s

¢0s Y L el ) electron shell from ¢ 5S1Y) <3ad binding energy ksl 2dls a E
.photon frequency ¢sisll 2 58 4 v 5 ¢Planck’s constant <3k <l h

OSass Iaa 3 ysa recoiling atom sl ;Y1353 ) energy  transferred Al saial) 43Ual)

43 ulS 1) Yiphotoelectric effect o seas el il Gy o (Sa Y neglected Lelbea)

e I shell wdall i & o, 3 I binding energy ol 48s s (Ay) (osisdl)

Slel Wad 440l 5 satisfies this constraint ) 13 o g3 sa G5 ySIY) i Jaina 55 <)
shighest binding energy k., ik

Ol Y ke aa ) simple process dass dddee 4S5 seems like s 138 of (e a2 e

very 4all Ji=a calculation of the probability of the interaction Jelall Jlial Glus
s e Jaidy 43 1 quantum mechanics is required 8 SslSw calliy s complicated
Ladd dalic caills 5l 238 5 atomic electron cloud 2 oY Al JSI wave function s sl

19



el aa sV sb i

sy oSl iy (150 KeV) &) deai dpadddl) &)l G0 G dawadl ol Al
L8 aad (7)y 3,0 JSI cross-section el adaiall clae) o4 photoelectric effect

(. 7) = k-2 (2.3)
(hv )™

LATES

senli k

tatomic number ¢ A8 & Z

Lmidiall 4,00 2ac S Aty ST 45 S ¢(5.3-3.6) exponent in the range Glaill 3 (Y1 58 n
¢low atomic numbers

largest for low 4adasdl 4, Al Aacd S a0 5 ¢(3.5-2.5) @daill 3 oYl sam s
.atomic numbers

: s diagnostic photon energy range (el 5 55 dll A8Ua (SUai (8 (7) (a3 saill alaieY)

zt (2.4)

T~
(hv)?

atomic Y 22 e very strong dependence 4Ll s @ slaic) ) a1l
strong inverse dependence on osisll 48l o ouSe 5@ sl Sy pumber
.photon energy

43 s 5 58l Alaall atomic cross-section N (o all adadall il 12088
esunl sl s jrradiating tungsten Gieasll £33 S photoelectric  process < sall
= against photon energy ¢sisdll 48 s sl o3 copper wsadls molybdenum
Gl @ 5 (300 keV) ) (1 keV) o« Al 3Uai aasi s log—log scale akdll (ubia
33L ) ae A8l e 2 35 (Al 5 ¢ Adlisall 3 sall absorption edges uabaial) il s aal s s 33l
Jiay eginaill ) dandlly ¢ JAd Jue e shell binding energy <) Ly 5 d8a 5 (g )3 saall
(k) represents the effect Gl Jia (69.5 keV) = yeday 3 discontinuity seen —ad 5
OsSs dildal) oda (e e Lty ¢(6.4x10% barn/atom) s al) adaidl ¢ 5 clda e J8 dilds e
.(3.3x10% barn/atom) Jatxal!

factor of e dale M say oo jall adaiall & sudden increase 4aalie 33l s e
Launri )1 Aaabisal) G (Jully (K ddla) ol (K) <) dlda e el o 5sall 48l 3 35 Ladie fjve
& interactions <Olelil) o A6 (kK 4ladl) el el akiall 8 major contribution
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tungsten  Cfiwaiill o el adaiall & discontinuities <lelas) Jic (K) e oSy 5l
Iaias JSY) aY1 a5 ¢(L) 38N Ll (10 keV) oe i & 5 3 il s cross-section
(M) sl L3l jelay three subshells due i dile) &3 e Jaily 45Y more complicated
copper il 4wy more complex structure '@ JS§ i ae (2.5 keV) de
= (20.00 keV) 5 (8.98 keV) 2ie (K) abaia¥) il s 585 cmolybdenum s sl sall 5

S
108
-------- W
= 108 e~ e, T Mo
3] R
it o~ “.\\\‘"-.‘ . - C u
© R
B 104 B N
c N R .
b ~d RN .
© RN
o
e 102} T
1 0 0 o o " | 2 2 " |
1 10 100

Photon Energy (keV)

(W). il g (M) psiiad sall ¢ (Cu) (ubadll 45,3 44i gun g 48 dpa o pdalia 1.2, JSi)

.photoelectric interaction s sa 5 Sl Jelall i incident photon kbl ¢ 5358l 855y
vacancy is left in the atomic shell structure 4,30 5 &l Ay & el & iy &8 (Jeldl) ay
daul gy o) @l e w3l 48l Ca3BA) aa chigher shell el e o s i<l Ao s 138 e e Al
Ll Al 3a8Y) aul Wad 4y ,edl) characteristic X- ray sweell diwdl dxiY)
O35S anly 48 j2all 5 chigher shell Gef Jlae oo T 055 ddasd 5 f (fluorescent X- ray
£l el s cinitial vacancy is filled J1s¥) el eda 22y Auger electron il
cascade Of il (e dlules pa dlend) 82 aiusins s new vacancy waall Jelill s vacancies
highly ionized e cu As 3 finally leave the atom 4l 8 3,3 & 55 8 3 events
. state
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Thomson scattering ¢y i 8 tain 2.2.2

b 535l 3 Uiy b i sl il first treatment g3 Jsl J.J. Thomson ¢ swesi bl

Al e very early years sY) il a g sSIY) Al s (scattering of photons

7)Y L Jelii ) ad il (e ) Ak 8 Gaiaill 3 S A glase <l 20th century (s »ial

interact with the newly discovered Uins Caii€all ¢y 5 58IV aa Jy guSle ¥ alae Lgita 5 i)

Lo =iy classical physics 4SuwdS sl yd o adiay 45Y dudy U el 41 4335 | electron

low energy limit daisiall 28all 250a 3 Y] 41 Jixe ¥ (52l photon scattering o8 sl <l
Jelall 13

Incident photon

dV

photon  ¢sisdl) Jaghu 5 Uiind _solid angle dsall 4351305 scattering angles 3 Uaie¥) Wigj 2.2 :Jsdll
LdQ AL g 3 paie B PLYN e dV e paa paie e incident

abidl towards the treatment ze s first step (sl 5 5hadS Lia () goua g s aas

(e 3k coherent and incoherent cross-sections dSwlaiall e 5 ASulaiall duia jall

GLalil) o jall adaiall o seda introduce ms Y Yl zlisas scattering from atoms <l

Juialy total cross-section (Jleay! ajall ahidl Las 5 L differential cross-section

(do | Lal&ll o =l il i <probability that the photon will interact ¢ i sal) Jelas

(dQ) bl 455 30 A scattered o Lisil s photon will interact ¢ sisdl Jels Adlaialy «dQ)
;&= probability is proportional cwlis Juia¥) 1 2.2 JSA)

do

dQ 2.5
dQ (2.5)
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e Gle JaSall A e total cross-section (AU o pall abaiall e J gpaall ol
- integrating over all solid angles d:lall L 5 3!

do
= dQ2 2.6
7 f dQ (2:6)

differential cross-section (Laléill oyl ahaiall (KA1 () 5S) ¢ Apadaiill L3y 3
amount of scattered (Jtaiwall) 3_ilial gLyl 48 e important influence aee
. image receptor 5 sall <3liiue Ledaws Al radiation

Ol Osmasi zuaasl single free electron asls s ¢S ddaul g 53l cndl douilly
leas ) da ety Jaad o) cdall 4y ) ) ie cdifferential cross-section (laléill adaddll

dop, _ 15 )
W:?(l —+COS 9) (27)

‘classical radius of the "Os AU SudS pladll Caai & (rg) il a8

rddaul g el s electron’
f\’ [’2 ) C v—15
To= >=2.81794x 10~ " m (2.8)
mgc*
RUITEN

. proportionality constant from Coulomb’s law as!sS () s8 (e canliill culi o ik
the charge on the electron s iSY) Jle aill s e

. the rest mass of the electron ;s3SI 5 il ALY & mg

. the speed of light ¢ sall de & :C

energy will be 3 Usivud) 28Ul 4uaS i 0S5 Of Aadsial) 7.2 Aabad) o 5 o oS
energy scattered 5 Uaiwall 48Ul o Ul 5 «forward as backward <l LS 2L\ scattered
<l 4 Y half this amount Sl s3a caai ) Siu right angles asssall W50 &
sl observation 4kas3Wl ae result does not agree s Y 4xiidll s3 dJow energies 4aisiall
. quantum mechanics 8 SilSw e predictions made 3_ball &l 5l ae
probability of scattering (gledll s Uainl) glady) cids Jdial 7.2 Aaleall Coal
scattering 3 UsiwY) 440 ) e 3 3S yaie unit solid angle dsba 435) ) 32 3 JMA (e radiation
differential Lol 3 )Uaindl o jall adaall e paill Ay 48 )l e () angle
Ay A 3wy describing the probability Jwial s s scattering cross-section
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,(dB) &35 o= annular ring 4dls ds ddal s solid angle described 4 sea 5o 4la
<unpolarized incident photons 4daiivall e Adadludl il 65 8l dailly (6) A5l e S
azimuthal (el 3 Uiy 450 5 e scattering probability 3 Usiu¥) Jlasy slaie) o g Y

: two solid angles osislaall ¢y sl 31 G A8l alasial @lld 2ay Wiay 5 ¢SCattering angle

dQ=2msinf dé (2.9)

O3 58 5 Uil total cross-section  (Mea¥) o jadl ahaiadl o J seaall oy Ul

8 i (o jall ahaiall ad s () A (dQ) Jesadl . 9.2 Aslas plaaiuliThomson scattering

L) s e 2.7 Ailxa integrating the differential scattering cross-section (=l
ten g Al s JalSill (77) ) (0) e 3oUawY)

=2

=~

TTh=

-

) &)

T 24Y 8""""[)2 o 30 .2
j 27.*(]+cos‘6‘)sm€d€:—:(1(1,:}2><]l}“ m” (2.10)
(

[\)l

Jiiue classical scattering probability oSS 5 Uaind) Juis) of &8 sie (s s

2 electromagnetic radiation energy (suhbizas oSl #laiy) 48k e independent

clhadl g 10.2 Aabaall & JalSi o) 422 asdll (A 55 Cigm (S5 cmna e (Jlad) dagday

for the compton (isesS L) oK1 SlS alasinls Ldle J geanl) o3 3 48s JSY) daiill 59

ASU S8 Lt Al Aamill 8 4SS oy 5l Lpde ilias ) Asgmill QAT e (effect
. photon energy approaches zero aall (e ¢ 5 8l Zdla oy Ladie

Coherent (Rayleigh) scattering 4stéiall ), 8 Uaial 3.2.2

O 5 ol sl e (IS cthomson scattering ¢ swe si & aiul e pell (SlELSI 8
sl i a8l gl A alone and at rest & s alla i 5 02a 5 celectron was free 1o~ oS
«atomic electrons 4, &g ySIY) daud 50 collectively =les J< photon is scattered
i) Cilisy Y to one another wasdl s e proximity is ot free s s o ()
coherent Ll sl il 8 wavelength of the radiation gleiy) ds g Jsh e 1708
&) transfers momentum a3 0 Jai 4 bl JSa A8l (56l ey Y cscattering
scattering by 4dbisall <l g ySIY) Ao 5 8 Ui il O 65 () 4s) 30 e i s atom 33
daul » =W angular distribution s 3 a8l st g skl A the different electrons
sl o el adaiall elac) o4 &5 characteristic of the atom )M e Jals ki
-4l 5 differential cross-section
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(larCoh dopy, -2
Y e 4 2.11
dQ dQ ( ) ( )

e photon energy osisdll 48a (8 juad Gigas aae Al et ALKH G eadly))
) 4Lyl 5,0 total momentum SV a3 50 48 oSy o) inertial frame ol jUaY)
((atom plus photon is zero !ia il

7.2 Aalaa (o Lal@ill () gusa 585 Ul Jalaa ga d;:h

il aladiuls Wbua Sy coherent form factor elulaidl JA dale o (F) 4l
number of the 3,3 Al 3,1 4lla a5 quantum mechanical models 4 w81 ASuladll
Ao o lgle J ganldl 2 Al 5 ¢(X) parameter 4alzall 5 ¢(Z ) atom

~_sin(6/2)
= (2.12)

Jele i incident photon Ldludl 536l wavelength o sall Jshall 8 (A) Cus
o8l sl G transfer of momentum 2 3 Jsi x« parameter proportional (x) sl
. initial and scattered photon directions 3 _jdaiwall 5 34 5Y!

-
o
o

o
~
o

0.50

0.25

0.00
0.01 0.1 1 10

x (A1

Normalized form factor (F/Z)

(X) 33N J&i juss Jale aa coherent scattering ubaiall 3 Uil (F / Z) oulall JSad) Jale ol (3,2 1Jsid)
J1.2] @Al (e ity (Fe) waally (C) Ggeitsll Aaldl) aidl) i e a3 momentum transfer parameter

e Jexi cscattering in the forward direction sele¥! olad¥l & cadll ) Ll
atomic oY 2l sl (F)s «atomic electrons act together e 4 3 <iliy yi<ly)
5ol A5l @l WS (Z2) Jle Ll cross-section sl akiiall saixss number
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3 el 4 g a3 il I Y (F) decreases o<l <scattering angle increases
Ay dume dadl ) aas without any energy transfer aUall g ) Jai (50 Hshll 3
normalized skl 4Sliidl JSil Jdle 3 3 cvalue of the scattering angle s Uaiwy!
z=s2 .increasing atomic number A 2+l 3345 e «(F / Z) coherent form factor

Adlide jualic W apdall JS&I Jale 3.2 JA)

Scattered photon hv’

Incident photon Av e

Recoil electron

.Geometry for Compton scattering ¢S ciids duaia 4,2 :Joill

Compton scattering by free electrons 3 sl <l g SN dawl g3 ¢ g o8 3 il ,4.2.2

& <Thomson scattering ¢.sw i 3 Uaiul Jis <Compton scattering ¢ siesS 6 i)
free electron _all o551 5 electromagnetic radiation oeualizs 5 Sl & iy G Jelal)
28 ,iiad (a3 energy transfer to the electron ¢ ASTY) ) A8Uall Jas cllia Al oda & (Sl
GUai 3,3 daul o treating incoherent scattering dad yidl e 3 UainY) dallae Jd AW
quantum mechanics »SIl SuilSue g relativity ) aladiu) sy Cusy energy range 4dall
photon O3l e JS Jliel cany o all adaddl derive expressions <ol jusl (adaiuy
e 05t A Gun 42 A b eigl) i) ey particles <l s electron o xSy
&= billiard-ball-like collision s2,LL 3 S 4l aabai 43} (hy / €) a3V (Av) A8all e sl
electron s Y aal i (hy' [ €) aa s (Av') AUl ae ¢(0) L) A e adaien s o5 K1Y
ladiul momentum (pe) #33Y skinetic energy (Te) &S all Zdall as (g) 4250 Y 4 recoils
el At WS cenergy and momentum a3 35 a8all e conservation daleall
scattered photon 3 jUsiwall ¢ 5 58l 48U dus Jie cseveral useful relations suéal ciESial)
:(hv) incident photon energy 4Ll ¢y 53 5dll 48a ) <(hv') energy

hv' 1
hv  14+a(l-cosé)

(2.13)
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0555l &5l 3 om A8l (v / moc?) dimensionless ratio stal Sb dssll a (o) Cas
:s» scattered electron angle s_Usiwdl o5 581 4351 5 5 scattered photon angle s st

cotq.r';:[l—i—a)tan[g] (2.14)

Aol 0 asd Kinetic energy A4S s Adlk apal Uil oy yiSIY

a(1—cosd)hw

- — J 215
1+a(1—cosh) ( )

Te = hv—h'=

describe the kinematics <\S » ( s4as Compton relations ¢fiw S ClESle a4 238
a2l akidl i probability of interaction Jelill Jlaia) e Ul (sl sty ¥ agiSly Jelidl
s Jaladl) il JWll o S5 cdiagnostic energy range dsasaiall 8all gUas & cross-section
energy 4kl Ju b «@s a consequence <l dsgiiy & pa (o) parameter (U<l
Y otV ke Jiey Cas Uyl s recoil electron sl oY) L) transfer
Osisll 3 lkin) sase Laxie Jargest value SY) 4ied e i forward direction
B e Jy be 5.2 JRAI A demonstrated 13 s .photon is backscattered
Y 4wl scattered photon energies 3 aiudl (538l Clila s Lilall o relationship
312 Y) ¢y ) A8 Ja el adY) aa) il ¢ o558 (L00KEV 5 50keV 5 20keV )
sl e (28.1keV 58.2keV 5 1.5keV)

(hv) 48kl & cscattering of a photon ¢sisdll 5 UaiuY cross-section (a2l alaidll

Klein and Ladss oS ddaul 3 1928 ale 8 3 0 JsY LBEEN &5 ¢(f) L dus) ) DA (1
Klein Lwiss o8 Dirac theory of the electron ¢ xS & s 45,k alasiuly Nishina
shalddll o el akiall oo following expression Sl juadll e J sasll &5 and Nishina

aly s ol daud 5 scattering of photons < 5358l 3 Uiy differential cross-section
: single free electron

2
Dxn_To 1+cos?6 2.16
) KN
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Where

2
I N a?(1—cos8)’
fKN_{1+a(1—COSG)} [1+[1+a(1c059)”1+‘30529] (2.17)

Thomson cross- ¢ s sil (i sall adaiall ) cross-section reduces (s-a 2l adaiall 124 Jl,
a— 0 (thatis, hv/hy —1) OS5 Ladie section

Lisdii 5 IS 2l 53 Compton effect ¢ sisesS 5l Jelidl claial claa S a3l Wle
first successful tests of quantum S SuslSual Aaalill ol Laa¥) Jsf asf Klein and Nishina
.mechanics

differential scattering cross- (Lalill 3 aind oo gl ahaddl 6.2 JSA mua s

photon scattering angle ¢sisdll (i) s,Uainl 455030 function 1S a5 <l section
Jaleall Sl any 54 lower curve il sl plotted in two ways o yhy da g pal)
bl Jaleall by avy 568 Upper curve skl il Wi steradian o) i IS Laalal)
differential scattering L=a\all 5 Usiny)  per unit scattering angle s 53 Uaiul 43 5 J<I
okl asall g5k (sin ) oY 1k (WY slai) (1 Sia g (do/ dO) (o) el

9.2 Aalad)
0°
45°
90°
135°

100 - /130"
> ]
@ A
2
.}"
=
10 N .
10 hv, kevy 100

Wis3s compton interactions ¢ siwass cSelal fp 4 31 ¢ 58 sl Aia Jilia frp" &y 310 (3 55 5 4B 5,2 ;IS
. various scattering angles 4dtidal) jUaiy)
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Juial) total Compton cross-section (i sSI S o jall ahadall e J goaal) oy
JYA e o(hy) Al o564l (probability of interaction per electron ¢y Sl JSI Je )
(ot 4l 5 (0) A (r G 0) 530 el 59.2 Anlas alasinly 16.2 Alslas zad

o (’I”):z?"”oz{[l;a][zl(gz)ln(l;_za) +1n(1222a)(11j21c;2} 2.18)
0.3 0.3
5
§ """ do/dQ) g:
— Q
2ol doido |, &
i g
5
8 @
0.1F 401 o
e S
3 |/ T\ o
b |/ Tt )
©
0.0 1 L 1 0.0
0 50 100 150

Scattering angle (degrees)

O cligigdl) 3 Uiyl Compton differential cross-sections ¢risesst dulaliil) dua ) akliall | 6.2 :JS&
(70 keV)

Scattering and energy transfer coefficients 42uall Jiig 5 i) clalaa 5.2.2

incoherent free Ll siall xe yall o5 IY) scattering process (<) & Uil ke (b

scattered _Uaiwall o535l ¢y initial photon energy 4 Y1 ¢ sisdll 48l A 23 celectron

hatal) Al Ja Jalaa Ao J paall (Say recoiling electron aal el o5 <Y1 5 photon
AR PPN IAREGE

2
do,, _Ty

dow 15 a(l—cosf) ] 2.19)

(1 + cos? g)fKN [1—|—ag(1—c059)
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energy transfer A8l Jis Jeles ¢(oy) slaeY all angles Wl s o 138 med (Say
3 UainY pm yal) adaall Mas) G (B8 cAdy ai oS ¢ g JLaY) Jalaa o5& Bixie | coefficient
energy transfer 48l Jis Jal=s s total cross-section for Compton scattering (sissS

. coefficient

T, =0gN—0 (2.20)

Incoherent scattering 4slida sl 3 Usiud) ,6.2.2

Thomson (swesh <odi ae Jisll 8 WS «Compton effect (i S codil dualy

3 ain 4ol electron is free and at rest Jiiwes o5 S o (= yidall (e cscattering

<bound atomic electrons ada s: yll 43 A &l 5 3SY) ddasid 52 incoherent scattering 4SLidall e

ebidl 33bs individual electrons 4Ll by Sy contributions Cleslue d8l) o5
:Jsal differential cross-section (sl

dginccn ‘:‘2 2ol F . 1
T:%(H—LOS 0) [inS(1.2) (2.21)
a 1.00

o

56 |

© = 075}

S S

£5 |

—_—

- 2 050

2o

=

E S 0.25[

o® I

<%

0.00 .
0.01 10

x (A1

dLaldl) i) aali oy (X) a3 J& Jale g (S / Z) dewllall dday) jiall joe 3 UaSa) Adla b 7.2 1Sl
[2.2] g e liln (PY) platinum ¢ty (Fe) iron &aslly (C) carbon ¢y

incoherent scattering (aSlitie yall) Jad jie il 5 daind) Al auly (S) Al o b
dalle Ay &8 ccoherent form factor Ll il JS&ll dde ae Jsll 58 WS function
atomic Y #8015 (X) momentum transfer quantity 33 J& 41 universal function
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a3 50 JE a3 sl 355 forward direction sl olai¥l & 1 5ia s sl (S) 4ed .number
30 JSI i yiSIY) ave ¢(Z) 4ad ) Juadl cincreases with increasing momentum transfer
33 ) ae increase becomes slower Uail wasi 33l 3 228 number of electrons per atom
Slo dy e 7.2 JE G jllustrated g0 WS atomic number increases s M) 2l

ralic 33 (S/Z) dmplall dday) jiall ye 5 Uain¥) Ak

total cross-section for adad jiall e 5 et KN o el abiall e Jpasl) o3

e waall & 212 Aaleall numerical integration (22l JalSall J3A (e incoherent scattering

45 e Single electron cross-section el s S i jall adaall Uy 5 45 glose (5 555 ) 5all
: number of electrons in the atom ) & <l 5 3SIY) aae & multiplied

Tincoh =L OKN (2.22)

Pair and triplet production (& gl s z 9 g& ,7.2.2

«atomic nucleus %, 31 ¢ ¢ w8 high energy photon 4l e §5id e Ladie

) oansd Alee Aol 52 nuclear coulomb field 553 o 55 Jlss e photon ¢sidll Jelds; 3

«electron—positron pair ¢ % )s - s =55 A o588 disad &% pair production z s
. s» energy balance 43Uall o)) % .own Kinetic energy aalall 4.8 jall 4l Logia J<

h=T, +T_+2myc? (2.23)

energy threshold for the interaction Jelall 4ilh dge o gisll dla jolami off Ja i
Giany Ledie 138 (e Ji il pe i gill = 530 20 Chany of e Y (2moc? (1022 keV))
C(Z2)S i Jelall 13g] el adaiall Calisy «field of the nucleus 3 s Jlae 8 7 550 z U
.nuclear charge 45l 4adll a (Z) s

zlY) ale Gl & field of an electron ¢s ySY! Jiae & Wl dleall Cuaas o (S
ejected with 35S 558 3,k target electron is itself 4wdi o Cargiwall o5 5 (Y D)
two electrons and one s Oy OB A pued S Ul considerable energy
z530s z 5334l z8Y) thresholds ilse a3, (4moc?) & SN £l &8l A5 positron
Apaail) 22390 relevant 4lall <l3 photon energies ¢ sisdll it ge 5 el

PHOTON ATTENUATION COEFFICIENTS Csisdll (b i wdlalaa 3.2

4l @Al e interaction of photons <l gall Jeldty dslatia ol bl cuils
Macroscopic oeaall bl i il Uaj 50l ge oS5 cindividual atoms
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plasiul o4 g 2l 131 photons traversing matter salall s Al &L 63 8 behaviour
Ly Al linear and mass attenuation coefficients LSl s sl cpa gl S lilas
il 53 8l aadd M8 il A S ga LS total cross-section (Jeay) o jall anidlly ddabi
pass through bulk 3.8 <L W )5 5 <L more than one interaction Jeld ¢ iSY
Ll initial scatter interaction Js¥) Jsiadl Jelill b 8 (JUd) Jus e material
sl third scatter call 3 jUsin) et 3 a3 Al 5 csecond scattering process 4wt s jUaiul
no further oAl COelé sns s ol photoelectric absorption s xS sabaicl
O i) Olebae 385 bulk material (Aawsbud) salll) 4l sald) o 58l & 5 e cinteractions
information about the _s Js> Sleslas linear and mass attenuation LSV sl
radiation field glxdy) Jae dadisws 33U e primary photons 4 s¥) <lisi sl passage
dals de jall b Ua)l aalus )5 cscattered photons 3 aiee <ibisish Wayl o gll 8 Gasiall
L bulk material 4l salall (e 5 3 4 a pesiin  dose Within the medium sl
sda s JumdV) (e il U S3 WS primary and scattered photons 5 i s 34 ) < i 58

. Monte Carlo techniques siIS < se il alasinly <l )

Linear attenuation coefficient (ad ¢ ¢l Jalea |1.3.2

material of 4Sleudl 33 e thin uniform slab &, Rase Wl &l b an

beam of photons Akl <l 5 ll (e 4 3 e irradiated 4 &5 52l 5 cthickness (dx)

cwithout interacting Jel& (52 z sl e Zp0 8l i sisall i 38 slab ¢ sl e Sale incident
2.2 i) & A8 (g SCattered 3isne o585 8 i absorbed leabaisl oy 38 f

individual photon will 2 &l o5l Jeliiy of probability Juial @l e i sy
A (e il andll 138 fnteract

N, o dx (2.24)

Js (atoms) (<L) number of interaction centers Jelall 381 e aae 58 (Ng) S

total interaction cross- 53 JSI Jeliil) adaidl sl 58 (o) s per unit volume asa sas
. section per atom

Ll JLids linear attenuation coefficient hall ¢ sl Jalaas (No) GaeSll o yad

i g (Ng) Sles (Say «scattering by atoms <l 3 ddasd 5 5 jUaind Lol () = 3ale

gy AN () 485K 5 ¢(A)) atomic weight oY ¢3sY «(Na) avogadro constant s_alsé sl
ad
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1000 N
p=N, UZTAPJ

T

(2.25)

(M) b () dad 0 5S8 Camy ¢ (SI) lan g b el 13

Exponential attenuation ¥ ¢ 5311 2.3.2

B fluence 3o Jia @(X) material 2 sal) 0« thick slab <l 8 (Y uias

e Dsoall amy z ol 8 Jelim ol Al Clgi ) e (fluence 351l (e o jeill 1.2.3 il

e el 2 fluence s_51l) 028 3 ((d@) expected change adsiall suadll (x) ASLew)
rida o e (dX) 4eélal thickness 4Slew

dd=—Pu dx (2.26)

Asbadll el & 3aT () of Gle AVl negative sign 4l dedle aladiul ol Cus
Al ddaleall gLuj 26.2 idolza =242 lalea dluasile) 262

S Aol _a o3 initial value of the fluence s, skll 40 Y 4adll & (@p) Can
5l o 58 G ey photon beam o5 sl 4 sl exponential attenuation oY) ¢ sill caas
<) describes the number of photons < si sill sxe Caay 43l ) 3 LEY) jaa3 Beer’s law
cElal) & primary photons 4 s¥) b s sl auls Wadl s a8 5 anot interacted Jelis o
present at  Gexll A 33sa50 g AY) gl o< 38 cdiagnostic energies dnasail
i gish Slagl Sl photon scattering interactions o sisdl 3 jain) <Oleli ge a3l «depth
photoelectric (Ssas6S Jeldd 20 emission of fluorescent photons i) il
. interaction

Mass attenuation coefficient i) ¢ il Jalaa 3.3.2

dependent 4 e (u) linear attenuation coefficient bl s 6l Jalaa aiay

«A 4a% physical state of the material 32tall 4plll AW e aaiay 5 )05 <On density
W(u / p) all @il el aladiil o5 cdata compilations bkl auead! dualic 43S Gl (L)
O sl Jalaey 43S 038 el @l e Yy cindependent of density 4US) ce Aliius o )
LY a3 (mP/Kg) o) shS S e sie Laladl s mass attenuation coefficient (i
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IS Ay el @l yiaginad) al las gy LIy gil) Bl elac) Aty bl Cile sans alana 8 4l
Jex provides numbers Wi i g 138 5 &8 pall o3¢y Uy )l Leie Laundl) &3 45Y (cmP/g) oS
. convenient to manipulate 4altxall

d3Ual) (alatia) ciblalaa g Auli<t) 48Ul 85 cMalaa 4.3,
Mass energy transfer coefficients and mass energy absorption coefficients

43kl 4 y2ae necessary sl e for dosimetric purposes <ile jall pbd Gl Y

¥l Jeliill 4xsi secondary electrons 4 sl <l xSy ) energy transferred 4 sl

mass energy transfer d.eleall a8l Ja5 &3las 5 (putr) the linear =310 initial interaction
aladinly bl e JS iy et 2 A8l o2 ey (utr/p) coefficients

== (2.28)
hv

Ll by ) energy converted A gaall Zdall dad giall dedll & <T> Cus
. secondary electrons

traversing a distance 4ilus =3 Al (hv) photons of energy d8Uall <l ¢ 5l Zanally
& transferred by interactions <Slelill ddaul s 41 il (d(Av)y) AUall axd ¢ 33l 3(dX)
o g U 5SI Kinetic energy A4S sl asal)
d(w) =@hvp, dx (2.29)
oe simply dividing dabuy saxsall 33l 3 kerma Lo S sl juatl) s aladiul Wiy
e Jsanll ((dm = p dX) W_se i ol Aabisall 3as 5 o ZUSH 2o 350
d(hv)

K=— ffzqnfw[ﬁ] (2.30)
dmn p

secondary i sadall 4y gl Sy el ) energy transferred A siiall AUall (yaey 388 S5
radiative processes in the material 33l 3 delaiy) clleall & charged particles
AL Galaie) Jalas aadi o daa i) i 22l premsstrahlung S glad Ua saas
:J8 (e hedl ((uen / p) mass energy absorption coefficient AlLal)
e
P p

radiative 4eldy) Slleadl 4 energy fraction lost 2sid) 48l ¢ 5a & (g) Cus
T i (g) lse) oSay dpaiill 425Y) A energies used dexiiuall clilall Ll processes
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A Jall) a6l Jalaa B 430 i) Cle L) dadlus 5,32
Contribution of individual interactions to the total mass attenuation coefficient

four distinctly different Baals WEa) dalinall a ¥ GV das oY) g
photons may interact with 3l ae Cligigdll Jelim LINA (e Al s mechanisms
beam of Clisisll (e deda ol A Loes OcCUr Coasd 3 Cum diges o sudlily matter
Jalil il Jalaa (4 cadle 5 individual probability 24l Allial cawa JS ¢photons
e drand ¢(25.2 Aalas) aladiubyg g2 8l elaadl (pa gll CBlalas pies £ gana a0 S
: We obtain

H T Hcoh Hinc i Ny

— ==+ H = | [T o on T T ine + 1) — 1000 2137

[P}[P][PHP}[P]( " )Ar (232)

sl . e size of each attenuation coefficient ¢ 58 Jelas JS ana adiag

J) a9 Cus atomic number of the material 33l M 2221l 5 photon energy

photon (s 8l <lUa 4 oLl mass attenuation coefficients Jalall (aa gl < ilas 8.2
(300 keV) S (1 keV) o= energies

— coherent
----- incoherent
- photoelectric
— total

10-1 e —
10"
10-3I RS
1 10 100
Photon energy (keV)

mass attenuation coefficient

alie e JBl A& Lagpa dih Jlof Lgidblie coai Al el (e JS obiall Jaldll il <Blalaa 8.2 1JSl)
([3.2] gl (e i) SN g 7 530 L)

dominant 4iugell dealuddl J2ay photoelectric interaction (2 sesll Jeldl
lowest <Ll (& . total interaction cross-section (slelid) akaidll Jlea) 8 contribution
lower photon el g6l clita 8 steep decrease 2wl L=WAN) yiay energies
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&y characteristic of the photoelectric effect (2 sas oS il Cilaw (10 daus energies
«dominant '3Ls (Compton (siw S 3 jUaiul) incoherent 4SLiidl ye 3 Uaiuy) muay Loie
ablEll o 9o aainy  diagnostic energy range dsasidill daall glas dad dually QX Jh,
o olaall nilly (S5 catomic number oA 2aall e e il (uda G crossover position

(30 keV)

2 sl comparison of interaction coefficients Jeldill <Blas 45 i 9.2 JS&N i s
3 sall e Jsaslls (100 keV) ) doay adldall (3lai 8 Apmpaidill 2aiY1 3 dpaal) culd daliadl)
the iUl clelasy) o <high atomic number materials Al @ A 2aall il
(M 5L s K) Gl die Sy Sl palaial) & il e discontinuities arising
praail daga 138 Lgie =i ) differences in absorption gebaic¥) A CUDEAY) sl
shape 4wl 48y Cildal QS dexiiudl jmportant for the design of filters cilad sl
(2580 laddl Gl ol se alasinly sl g (o2l celadll jeaill b dals) X- ray spectra
.(particularly in mammography and for imaging using iodinated contrast agents)
image sl Ol & dexiiudll 3 sall (edges lila sl) edge ddla g sal 055 of (S
. absorption efficiency u=bwic¥) 3.1 e important influence ae= 5l receptors

104
— adipose
10k SO TN | T iodine
= N T gadox
- N T - lead
5 ea

10°

mass attenuation coefficient

10- — .
1 10 100
Photon energy (keV)

< adipose tissue 4xiadll dAaud¥l) Lnadiidl dadil Adall cid 3 gall A< Jaldd) Jeliil) cdlalaa 9,2 1JSal)
L) ¢p<s clily) lead wala M s (gadox) gadolinium oxysulphide assislssadl susi A cjodine s
L [3.2] 2 (e Jolinl) elalaa ¢ [4.2] a4l (e tissue composition data
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Coefficients for compounds and mixtures Jadliall § s jall @Maleall 6.3.2

Ji &Ollas s Mass attenuation coefficients LS cpa gill EOllas Ao J sl (Say

compounds and Al ladlaall y <l Ul mass energy transfer coefficients bl asUal)

b Sl Sl @ weighted summation os)s<ll geall JM& e intimate mixtures
: coefficients of the constituents

Gt ()

pl =lp

»aliall normalized weight fractions (xwbll o4l @y sl o (W) Cus
abaiall Slea 8335 sall (Or mixture components i) (i falall @il sSe sf) (i) elements
mass energy absorption Jalill 48l alaidl Jalee Jiay present in the absorber
secondary 4 Ul «liy 51U Josses radiative losses dwelxiyl yluall coefficient
On delad] Jiled e Uad b (A) 33 e (80 gl o xSV Y 15k electrons
simple weighted 4is)sall dasall 28LaY) (& cother constituents Y < Sal
mass energy 4l &kl jalaia Jalae approximate <& of ¥ Sa Y addition
radiative losses s duelady) jiluall of Wil cmixture g <l absorption coefficient
Ao g Ay day Lle J gmall 24 Al 5 care small

[‘”’—}:2 [*"’—} W, (2.34)

p) ~lp

Shill e duiall 050 o) el GBlELD 2 ¢ ClS el Al < weight fractions sl sl ua
[5.2] e el S5 3.1 pnsil) il (Ar) Ap ) jesliall 4,500 ) 55315 S pall ol S 5 3

Balally culi g i< e lds 4.2
INTERACTIONS OF ELECTRONS WITH MATTER

:energy loss by electrons <l s s3SI (3 sl (e A8l (lasal Gl ) U1 <llia

S daelesy) yileall s jonizational or collisional losses (selabua¥) sf sV olasdll
principal Zewd ) Aaleall emw radiative losses or bremsstrahlung <! &l
= when electrons pass <bis s3SI a3 Laxie energy loss 48kl lasél process
same ALl i ageal Y 15k s Al @ilis i<l ae wleslas through matter sall
b <yl (S5 o oSy 5 13a 50K energy losses may d8lall il ) S5 a8 cmass
Jmad oSy Y 43l L changes in direction can also be quite large 12 3 S oLV
alalaa¥l & iy A o5 S ol s sidall ohed ccannot be distinguished <L 5 Sy
original incident (La¥! LaLull o5 S 58 A8l o 38 S leaves the collision

37



el aa sV sb i

OsSew maximum energy exchange 48l Jalil a8Y) aall o iy 138 electron
3 el ALKY 15k elly ) 4Ly half the original energy dla¥) 4l Cacas
electric b Sl Jlaal) ae Wyl Jeliss a3 «small mass of the electron ¢S
Dby radiated away 1 Leila (ans aanids (S Cuas 3 S de e Wl 5 31530 field
i) zU) ge el A )l Llaall a5 bremsstrahlung Sl glad) anls &b )

. electron beam strikes a target sl (S5 5S]) glad aalaial Ladie 4yl

energy 4 ssdiall Slaswal) dasi 53 energy lost 52588l Z8Uall ol J<8 Caa g

=5 .(S) stopping power a8 sill 3,08 e 48 aladiuly 33kl e )5 el & Jost
kinetic energy of the amall 4.5 all d8all jlas ga dT Cus (S = dT / dx) 4l 12
G (e Al e el 23LEN (e (dX) travels a distance délus 4l <L particle
sy 3,38 ey Las ¢mass per unit area of the material salell 2aluia s2a 5 J<I A1)

{(S/p) A1)

dT (2.35)

5_1dT
I dx

_1
Il
mass density of the material satell ALl 483 Jiad (p) Cus

A5 i gl 5 6B g (AsalalauaYl) A o) cdlelinl) 142
lonizational (collisional) interactions and ionizational stopping power

Balall e Juin Al clig SV n Glesbad process involves dglesll sda faat
the electrons that salall (e 12 3a S5 Al il s S 5 electrons travelling through matter
dislodged from &3 ge g saS 8 cilis S of a A5 are part of the material
‘lonizing "iusell SleledYI" OB cuudl gl ‘jonized’ "iuse" ledass L ctheir atoms
o2 dlaul 5y energy lost 3258l 48kl Jaee (il cmall e lgan) Je Juasd radiation”
oY 15k relatively easy to calculate llbus Laws Jeudl (e oK1 interactions <lelél
LS all clilall 8 s dege relativistic effects Al <l ,3lil) (i (s 3 jpea il Iy
Quantum S KulSie aladiul Uayl cay quite low Kinetic energies s dcaisid)
Ol Jil gl 8 4l 535k e problem was first solved Yl AlKidl Ja &35 mechanics
algioiue e Sl ((Bethe-Bloch) Zasa 8 JUll uadll 20th century (ndiall
: ionizational mass stopping power 4 Y AL b ¢i 3 8 asi s «(Sternheimer)

Ha, T*T+2p,) | T718—(2T+py)ptgIn2

— +1- g% 5|, MeV-cm®.g™' (2.36)
g 2 l” (T+pg)

-5" -
=2 N,
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‘classical (s S SIS Hhasll Caad o (1) (8 (e e Al 138 (e (lams aladiul &
Ne = Na (Z / A;) cradius of the electron’

<Avogadro constant s S s 5 culi Ny 1) aladl as
atomic number Y 2=ll 54 ;7
.atomic weight of the material 32l (s )3 550 :A;
ol o puall Ao o 85 puine (o5 ST ABL ABSY A g = mMioc? Al
kinetic energy asS all &l & T

ratio of the speed of the electron to s sall 4c ju (Al 5y S Ao judows & 08
.that of light

GaY () density correction term AU maai plhiae dils)
L <15 ceffect is to reduce energy losses &ilall ol Julis sa o 45 (Sternheimer) i s
(20%) Jie 308 (585 ) (&a ¢ (100 MeV) 2= | high energies 4l il é

<‘mean excitation energy’"ddaw siall 5 jEY) 48" _aud Aoy 4l LS oo B )ke ]
dgxall J (e 3l sall (pa jaS 2aal (1) i slae) oy 3alall (630 daadl o) ) LalS ala yi g 3alall dpald o8
. national institute of standards and technology b ! 5Sil 5 julaall ikl

Ol ey i 4l (100 keV) oo J8 clow energy region daadaid) ddl dikie

dsle square brackets is the most important 4l JSY) s Zay yall (ol Y1 alal mllasadll

Al ae L 8 inversely proportional LwSe duliie stopping power s sill 5 )38 Jxas (1/57)

(1) oY) 3 o () b «(100 keV) oe 23 i) clilall 4l Kinetic energy 4 )

Jals 83 sa sl clallaadl 3 3 nearly constant Gus Gl term in front oY) aall muay s

aall through JM& stopping power passes < gill 3 338y jaig d8Uall pa edayy ao yall )
. (1 MeV ) minimum in the region 4k & a9

29 gall Jalall (5 5y L 8 Ll dependence on atomic number 3 2=l e dlaic )
L s per unit mass sas 5 4 JSY number of electrons <l s <11 sae e day yall (ul 83

Lid S8 =iy mass stopping power ALSH i 53 cexcept hydrogen o soxed)
95)5&\ =) 33l ) el o giall 3 HEY) A8a & 3 _Lﬁjh}\ 2=l 330 ) &= decreases only slightly
oA 222l 3l pall Al sl (Sjgn) Jaa (o8 Wad 2eluy Laa catomic number increases

. high atomic number materials A=)
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Z\*Gla.&\‘ﬂ u'éﬂt SJ.ﬁJ A,PMY\ oMeldll) 242
Radiative interactions and radiative stopping power

5158 358 4al s cclose to a nucleus &5l (e il electron passes O ASY e laxie

4l aii Lo e decelerated charge Uasdl 48l decelerated Wl 5 5528 coulomb force

oSl Sl Jall 5 <6 electromagnetic radiation owshliae s S glad) JK& e

approximations <l ¢) ja) a9 complicated 128 quantum mechanical solution
. energy range 4l gl e daill o) JSAN ey 5 « must be made

[ Al il 4y 5l e laiY) 4NN stopping power il 5 58

Saa N

—=ay

p i ZHT +pp) B,MeV-cm?.g™! (237

o= {1/!137)(32/4160)2: 0.580 barns/nucleus L

B = B(in/T) A

Ll e liall L giey (Z 5 T) o= slowly varying function shw dilie 4k,
dalla s Al cly & (B=16/3) o= « (T << moc?) «average for non-relativistic energies
Al oy 5 MY iUl

actual Adsdll Lold) Aa) 36,2 Aalaa o S Javad 52y el 38 o (e 02 ) e
48kl olas aaixy much more complicated LS I ST Lels (5 as Sl physical problem
(29 clhad) o i LS g aall e 1508 e ) dilaall 028 e 3l energy loss

Total stopping power il 3,38 taa) 342

ionizational and  AeladYls 465 Y) (B 5B SUM § sene oA gl 3,0 laa)
:37.2, 36.2 @Yl & mm 5e g4 LS ¢ radiative stopping powers

IS"t-::nl :Siun +Smd (238)

for water and for (siaiill s sball Lo lasY) 5 4 53Y) ALY i gil) (58 10.2 JSE) e
. tungsten
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2 102 RBETY

£ water £ tungsten
o o

>. 101\__’ >

0 [ T
= o - = q00f 0000 T

= 0 L. Radiative S e Radiative

g 10-1 — lonizational d;’ — lonizational

g- ..... Total 8_ 10-F+ - Total

g 10-2_ ) g’ .........................

B e ‘S L

a o

8 10- s a3l Ll PR 8 10-') 11l PR A | PR
on 10 100 1000 10000 7] 10 100 1000 10000

Energy (keV) Energy (keV)

(10 MeV) (N (10 keV) ¢ ¢g A8 clblal ¢iuiil) g slpall dlalsl g Ao lad) g ddypal) i gil) (5 68 .10.2 1084

radiative stopping power (selxsy! iyl 5 8 o dasdle (Say ¢(slall) 10.2 S (1
almost S ¥ oS (daw¥) ) oWl Jie low atomic number gaidie (553 2 &3 3 sl
LoV gl 5,08 dsg total stopping power AN Cw gl 58 el (Sars negligible
.ionizational stopping power

ladl 6l a0 gall dailly Jladl g ey &l 38 o e Jay (i) 10.2 JSal
5,8 5S5 ¢(100 keV) die «JEdl e Je sl Jia chigh atomic number materials
L) gl 558 e Jil i 8 3 yae e slightly more than duss ST deledy) Cab )
. approaching equality 3/ sbuall (10 5555 (10 MeV) 45 cionizational stopping power

a4 produced 4sill bremsstrahlung spectrum =S g el cala pailad (il
5 Jeail) & Jaaiily X- ray target duisd) sy

hlliall g s jal) & A8l Ciby 4.4.2
Stopping power in compounds and mixtures
diaall Ldladl S compounds <lS jall ASY Galay 3,38 approximated cus S
<l Sal mass stopping power ALl () 5 g8l daa je ddlia) A e intimate mixtures
assuming independent Aliwe ialus ol @ ae celemental constituents 4 sY!
: stopping power a8 5ill 5 8 & contribution

)
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«(i) elements <lsll normalized weight fractions xuhall G sl S & (W) Cus
influence of chemical binding is neglected (Abasl Jay ) Hils Jlaa) &i 3oLl b 32 g 5
ia

Linear energy transfer 4uhdl) 4ual) J&i 54,2

Ul oI energy loss Adall (ladé s elaall aslaill Cilay 3 8 characterizes s
danlll 400N @l Sy Jesd all collisions Slebaill s oo electron resulting
A8l (e 12 > (5 22af) hard collisions 48l cleslail) e secondary electrons resulting
escape the s_EY) aaa (e <l 38 5 track Jbuall o= some distance away sues ddlue a3 e
Lasloall (8 JUall o o) soeme Ui e alshall & kil 513 volume of interest
&) 2 ol o&a collision stopping powe adbaill Cid 5 3 8 alasiul (radiobiology 4elaSY)
Sy ¢ such situations <Ylall o3a Jis 3 overestimation of dose 4e jall s 3 dadlual)
S A energy lost 32 sidall A8Ually 5las ) g crestricted stopping el < gill d8Ua aladiul
not 4l as 553 Y absorber by secondary particles 4 5l Clawa ol 5 paliaial)
Slaiy 3)3Y) thus limiting the volume s> ( 2 L cexceeding an energy limit
Lol el Caigill 58 e il (Say (10 keV) 2 (A) d &l sine dad (A) Aol pa el 5 1Y)
Jsb san 5 IS aus g (1 Ua s oy A 28D i f B (§7p) 50 e len e HEIS
linear energy 4daall dUall J& aladiu) &L e ¢medium per unit track length bl
((keV/um) <las s A5 )8l ¢(Ly) ctransfer

_p|1dT (2.40)
2 10lp dx

(MeV - cm?2 - g 1) & Akl Calay) 5 508 i g (g / om?®) (8 ALK glac ] a3y G

DATA SOURCES <l jias 5.2

photon attenuation coefficients ¢35l (i 5 S ey dalall Clilall e ) fall (S

o Lal A s Lgale J ganldl & (815 A jaall iiSH (e 2=l d stopping powers < sill <l )38

[6.2] el 8 Jshaadl o ([5.2 ¢ 3.2] aadpall 58 siall sl ) i) i) jolias
[7.2 < 4.2] a1 4) i phantom materials dses sl 3l sall 5 aendl Al 408 33 55
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