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CHAPTER 3
ale jall (bl clubad

FUNDAMENTALS OF DOSIMETRY

4adial) 1.3

giYL imparted to matter salll 4 5iill determination of the energy 48Uall aass
Jeléyy Laie energy deposited 4ea gall 48Uall dosimetry <le all (ulé ¢ s 00 94 radiation
Juadll 8 mnse g4 WS catoms of the material 32l &l )3 s radiation interacts gledy)
gl Lo ) @, e imparted energy is responsible 4 s swe 4 il &) gl
a 3ol allds py B eld ) (JUdl Juw e ceffects that radiation causes in matter saldl 8
* chemical or physical changes &bl ol Lsbesll <l S crise in temperature
glxiY) 4 changes produced 4adll &l yusill e na=ll material properties sl (ailas
&) J giving rise 25 L cabsorbed dose Awicd) de jall ae proportional it
JBY) L sensitive part of a dosimeter Gle all Gulia e b ¢ 528 salall aladiia
de gana oy i oy dualeall de jall e aaiad biological effects of radiation gled3U 4us 4l gl
e all Gl Glas 8 Ll radiation field g3y Jisy quantities related 4alial)l cilueSl) ¢ye
cunder special conditions dals syl Jl 8 45l Juadll 138 & jedans scope of dosimetry
e pall Gl ) (Ul Jlaall Caa g cile pall Guld Caia g GilaeS (g Aoy ClBle 2 58
set of physical and 4lsiilly 45058l LSl 4e sane 8 framework of dosimetry
Jeadll 138 8 L)y s Sl operational quantities

Balall g Adygal) cilelady) Jolii pant Jal (e deddicial) cilaa gl g cilpasl] 2.3

QUANTITIES AND UNITS USED FOR DESCRIBING THE
INTERACTION OF IONIZING RADIATION WITH MATTER

Jall s jonization produced by radiation glaiy! e @lill cplall (uld S (Lay s

cindeed a3l 5l & radiation through matter satall A & leil) S Gul) aadial 30 J Y
LS « exposure dose =il de ya ¢ SI 48y i cthe quantity exposure sl (a il
(ICRU) International Commission on <luldlly gledy) Glaagl doleall alll Ghaas
photon beamg st sdll gladi 3 38 ki 5 1957 ole & Radiation Units and Measurements
ckerma Lo pSs 4aSl o3 alasind Jladind o3 8,881 <l sadl & jonize the air o/sell oul e
recommended for dosimeter <le jall 5 s (al 2V Lo (ase dpasec ST A4S a0
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48l oa absorbed dose 4aiedll 4= jall 8 cnevertheless <l a5 .calibration purposes
materialsor &l Jte ol ol sall e glady) @i ils ) better indicates duadl JSa yuis )
Ao pall il aladiul lgle aaied dleally Ao jall GLaS ea 8 ¢ UL 5 con human beings
application of gledy) Gakad il sa (10 2321l & dosimetric quantities is important ae«
staff cnib sall radiation protection glady) (e dleall sl duadiill 45 i radiation
il andll 138 a35 dosimetric quantities 4w sisall el suli aal patients el s
Jlae Caual il sl el (Sal LS crelating them ledar s «cle jad) Galdl G )l sl

.describe the radiation field gl=&Y)

Radiation fields: Fluence and energy fluence 43uall 5 gt g3 4ldl) :plady) c¥las . 1.2.3
physical 4l sdall e 4 5l sl i Aol 5y (P) Akl die g ladY) Jlae (ol (S

shais em? 5l m?) s g sale Lgie el &3 )5 cnon-stochastic quantity fluence
A8l

oIV G.1)
da

sl differential of the expectation value a3 siall 4edll u 341 8 (dN) Cus

(photons or massive particles 4aall il all 5f < 5 dll) number of particles lesal)

great 3_uS 33 sl striking an infinitesimal sphere suall alite Jaa pabaiai Al
«(P) surrounding point axsall 2hasill ¢(da) «circle area

SPHERE 5

GREAT CIRCLE
AREA o OR do

VOLUME v OR dV
MASS m OR dm

CROSSING
RAYS

(S) oA phadl g 1) plady) dua (e (P ) Akl die pladY) Jlaw chua i 1.3 1 JSA
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particles 4iaaiall Clawal) of N worthwhile noting soLEY! saas 1.3 JSEl) 8 Gae 2 LS
gl (e 2als ¢ 53 ae 38155 LUy cany direction eladl sl W 05 3 (D) 8 included
Jaadia JOIy iy SV il 8 8l Gl o3 sy ccorrespond to one type of radiation
Csisdll 3,48 8 contributing salw L <photons and electrons are counted separately

S5l Je celectron fluence o531 5 54 5 photon fluence

summing  Aeliy) ABUall aea IS (10 A sen energy fluence 3all 5 ) 518 & seéa aiy
strikes the infinitesimal 45301 3 SI cway each particle s Sl the radiant energy
: sphere

_dR (3.2)

U=—
da

i< ) &8l (R) radiant energy dxial 8Uall o 30 8 (dR) (2.3 dalaall) o
energy of photons < s 8l 48Ua <kinetic energy of massive particles desazall Sy jall
o) alaill cas A8 5488 sas 5 infinitesimal sphere dled 3,80 e i A -
(A7 m?) e sie IS Jsa o (SI) a5l

composed of e I Gl i (e oS5 radiation field glady) Jaw 5l Jis IS 1)
related to the _slL Las 55 energy fluence 48all 5,58 (lé (E) 48Uall udiparticles each
P =F @ hwsdl 5l JMA e (o particle fluence claseall s 555 i) fluence

da glaall A8l (ddlal) A gaial) A8l (A giial) A8l 2 2.3
Energy transferred, net energy transferred, energy imparted

ddliall 41 ghial) dBUaY) (AJghial) ALY 1.2.2.3
Energy transferred, net energy transferred

for daadl 4239 ys5ié Jie -uncharged particle Ossie ye apen deldy Laie

part of its energy 48a ;e ¢ > Ji &4 cwith matter 33l a< -instance an X- ray photon
b alall e (V) aaa 3 Lvarious interaction events 4itise Jelds &laal i s transferred
sum 4 s¥) A8 all L ses ¢ seae SIS e (By) energy transferred 4 siiall d8Ual) olac |
charged ionizing particles 4l 439all S 3l of all the initial kinetic energies
S ALl (V) axall 8 uncharged particles ssiall e Glawall (e liberated sl
* photons in the diagnostic energy range iuasaiall 28Ul 3uai 8 g bl Lgd (53
¢ saxe ae 3854 (ey) uncharged interacting particles ssidl ype Aleliidl Clawal
& Cus moment sl cd gl 8 by S sum of the Kinetic energies A4S all culéall
Ssas xS Jdeli Sl incoherent scattering 4Sliie e dlaiul (& Wi ) LS
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& for photon energiesabove e ¢ 5igdll il (V) axall & photoelectric interaction
Jis Wyl (Say ¢7.2.2 sl kil (1,022 MeV) i pair production threshold z s 3 ) dge
. positrons <y i 5 sl ) Kinetic energy A4S sl 48Ual transferred

&= liberated charged s aall 4issdall particles interact <l jall Jeléts Lavie
.55 S nitial Kinetic energy Ads¥) S sl LB e ¢ 3a irradiated @i (Se )
emission of CligeEl Slal (e two main  processes Gl ssae Gt ) Olidee cllia
: photons

<l <Y e emission of bremsstrahlung radiation m=SI) gledl Sl (§)
. interacting with nuclei ¢ ge Jelisi Sl electrons and positrons <l b sl

48 ,all 48l ¢in-flight annihilation of positrons «soell L&l <y i 55l 3300 (i)

Aleayly saly) Aasd 8 (Typn) Ossisd) dissd ol (e the remaining kinetic energy il

rest mass energies of the annihilated particles s_exell il jall 3 jiual) AL il )
Ol ddl ) (1.02 MeV )

clisighs (Mvprem) bremsstrahlung photons Sl gladl b5 il 7 Hh o laxie
net & siiall 48Ul ila - 5 AT 40aS Ciy pa3 2 ¢(g;) 0= (Tann) annihilation photons 2Ly
g i““ — : energy transferred
)

E?rcl =& _Zhybrcm _ZTann (3 3)

(energy transferred and net 4 sill a8Uall Jilia 5 41 gaiall d8Uall) clpaSl) (o JST dpully

aes Gpaad aly Yl (V) e 17 salie 4 gaiiall Claguadl (Gl IS 13) 3alall @l iaay ol

A s bremsstrahlung emissions Sl <l 5 SN i) aan 5 ¢(gy) 8 30 5Y1 A8 al) Leilila

Gl b gl (200 ) ge annihilation photons 33y <lisisé (ye 3250 31 28l dlaiad

(2) oV 2l Aamidie olge e LEL cdiagnostic energy range Amasudl ddkl
net

C.)S]\ &Luia\ Salani) & gan unlikely CAJAM e (g ‘G}j Cl:u\ A Y Slla LS Er =€
. released electrons 3_ball il 5 i<V Adauil &2 bremsstrahlung

Energy imparted 4sgieadl &8l 2223

(= deposition of energy 4l i regarding Glah Led LGU age o seie
energy 4ssiwedll &l 58 jonizing radiation to matter sl ) Absell Slelaly)
(charged or unchargediissia ,e i 4 saiie) cilelad) (Y 40l 028 iy i &4 imparted
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produce <l il daass o Sy ) delady) 48 e related to the part s s b sis
irradiated @bl aaall & (V) <ilS 1Y irradiated volume gie aas Jaly effects
radiant energy that enters the asall Jaxi Al 42l 2l oa (Rj) o4 <volume
<y a3 24 5 cenergy that leaves the volume aaall & yi Al 48l & (Roy) 5 volume
el e 4 i) sl

changes in energy 48Uall & <l yaill & (Eg 1) 5 (Em  r) <SS (4.3) Aaladll 3
WS ) ol dBla Jysad aly 5l (M — R) ddie A8la ) aceall 4800 A1 Jysa 25 Ledie
L8V 4 energies encountered lieals Gila (V) axall Jals (R — m) Slewal)
Sl il e LS sale ) (S (4.3) Aaleall s S3 ol Y cilalliadll ods (e JS cdpaniill

E‘:‘F“}in_unl (3-3)

Kerma and collision kerma 4asll asbaigda &1 3.2.3
energy Al A8l (K) 48 gdall e A0b 5l LSl 48 related b
s kerma LSl 33l ) uncharged particles 45 gadall e clasall o transferred
i Kinetic energy released per unit mass. 4L sas 5 <03 jobiall 48 jal) A3 jLaial
k- 9 (3.6)
dm
energy  Alssidl Z8lll expectation value 4sdsidl dasll o (dgy) Al Cua
S indirectly il e JS& jonizing radiation dusedl Glelady) (e transferred
L S (s (SI) 32a 5 (dm) 4LSU (dV) elemental volume  1sY) aaall & 45 saiiall Cilaseall
. (Gy) special name @bl palall aul) Jaad 5 (3 / Kg) o)t sbS IS U s oo kerma
gray
1o kerma Jss Aegal) llaadSlall (e
i ie 3alall 28 e Y Ak o agal) (e Gl ale sl 3 Kerma e oS (i)
kerma dad
indirectly ionizing radiation sélse e IS4 (el g lad3U Kerma —aas (i)
photons <l s yi el 5 i 53 &l Jie uncharged particles 4issial e il jall -
transfer salal 1) Cilagall oda (e 28U J& 1581 5 shaally Lasi 5 5 -and neutrons
o Glewaall Jai &us of energy from these particles to matter
450 A adie Clapes I A8 )all 48l uncharged particles transmitas sl
. secondary charged particles
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) Kkinetic energy transferred il 48 all ddlall a5 Y (i)

Lo ad &5 dua (dV) anall 855 »all secondary particles AUl Gl sl

moment of _nsill ddaad 8 4, Bl Sl jal) Leldius ) A8Uall ade kerma < s
. liberation

Components of kerma 48l cligsa 1.3.2.3

J<y Ausall clelaiY) e energy  transferred A siwll 4l spent ellgins of oSa

;0 ylacharged particles 4sadiadl by sl ) indirectly ionizing radiation ssbe e

il ) dissdll (2) 5 collisions resulting in ionizations o) ) 255 Glealas (1)
‘Opend ) Kerma s (Sa &l & 5 conversion to photons

K= Kml +Krad (3T)

secondary 4Gl 45 gadiall iy all 48 jall A8l (e ¢ aldl 13gn (Kop) LeS pabial Jasi
ionization ol ) 23 e cspent in collisions el i i ) charged particles
Jeaall ohy (i e sa0aall LSl 4oy 30l & excitation of atoms <l 35Ul
net energy transferred 4l 48Uall dlal 428 il dadll (0 alalaa¥) (0 (kerma) Sle
:3.3 dalxa

_depe (39)
col dm

initial kinetic &d5Y) &S all &l e portion s 3ad) 13e: (Kpag) &elbedy) LSl Lo 53
el 0o 0558 4l converted into ) Lelisad i ) & i) & aiiall il 3all energy
two components ¢(pisSall (pda A (kerma) sl Kpgg = K - Keop A (kerma) — s
O Al agd e aclay more didactic than conceptual @osai (e dsadeill JSI s
(Sl anadl) 8 Letiallas st Al 5 cabsorbed dose 4aiad 4c jall 5 (kerma)

Kerma for photons «iligigill 4a 8l 4.2.3
Kerma and fluence 5,510l gda s .1.4.2.3
osisdl gladl simple case Aasl) Allall Zo <! dagall ClBMall iy Lo Jgemall (Sa
b 4fida Jedlly Leaal 038 J 5l . monoenergetic photon beam irradiating matter 48Uall (gl
Sy () Al Cligid G (D) Bl g dus sladll & (P) i 2ic 432 andll
mass A<l 48l Ja5 Jalaa s product of the energy fluence 3 5lall 48Uall ~iieS kerma bes
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3kl (uen, p) energy transfer coefficient
K=%hv [%): (%) o (3.9)

fluence 3_14lL Lasi % collision kerma for photons < i sall asbeaill L S old ¢ Jially g
 (Hen ! p ) ALK A8 aliaial Jalaa aladin) JIA (e

K _ =0hv

col —

%J:q; (ﬁT) (3.10)

Al (alaid o relationship was derived 4dle (Wil &5 432 audll & Uy
aladinl 31.2 Aalas energy transfer coefficients 48all Jis <u3llea 5 energy absorption
(o WS oo U (kerma) s plakaal) o A83all old cdalaall 38

Ka=K(1-g) 3.11)

&) energy transferred 4 8l a8l average fraction s busia s (g) <us

shls b Ledie |ost to photons < i 58l all szt Al charged particles 4 sadiall Clasual)

Y same medium b sl Lass 8 charged particles are slowed down 4 ssudiall Cilapal)
released 4 i)

cSa espectrum of energies <lall (e —ada photon beam ¢sisll daal oS 1)

il 520 e integration WS Sl summation aeall JMA e 10.3 ¢ 9.3 &¥alas aesd

e «discrete or continuous spectrum _eiwall S Juadidl cakall range of energies
sl

150 >) diagnostic energy range dsaiiill a8Uall glai A 83 g gall <l 63 gall Al
energy AAdall Jalaial G B8l ol «(2) oA 2l Aaddia 30l A Jelays S (keV
S5 negligible 4l i energy transfer coefficients 48Uall Jis <Slas 5 absorption
Y fraction of the electron energy converted Jssall &5 5y 48 ¢ a o)) Cua (Jags
(Yl o3¢d uailly bremsstrahlung X- rays is very small las sua 4w 228Y w2l 4o
Uaae (5 5kus collision kerma alabaasa¥! L S5 cnegligible Sy 2 Y« il kerma LS ol
.kerma L_sl)

Kerma and exposure uasillgla s 2.4.2.3

gamma ray WS dadl cligsd o duull 22590 special situation 4walal) Al b
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simple expression s s I3 e (kerma) adbais Wadl L 55 cexposure sl s
Al il e (X)) Gl Gy e oy ¢« (ICRU) -

d

[l

X= (3.12)

[=h
=

fi

total A4Sl 42l gahsolute value 4dlkadl Aadll o 12.3 Aaledl 4 (dQ) dxS

ai Lexic produced in air ) sedl 8 Lealiil &1 jons of one sign sasl s 5Ll <l Y charge

ddaul 5 liberated 3,a4l electrons and positrons <bis i )sll s by S asea aldy)

sl HUaill 8 unit of exposure ua il saay ol sl (& (dm) ALSY e ol gl A Dl

(roentgen - R) 4wl sas gl () (e a2 ) e ((C [ KQ) ol e shS S aslsS 2 (S]) Slas sl
28 (S1) I (R) sy e dagadll A3V a8 JI 55 Y 5 (S1) Dlas g e ol 8

1R=2580x%10"C/kg

produce the 4=l zlGY energy spent aSlgiual) &8l i odlef oy paill (ha
dal) e (381 g4 12.3 Aaladl (e included in the numerator bl 8 4s 52dl (dQ) charge
e Dy i J net energy transferred 4 sl 48all Jilal expectation value 48 siall
LS S e Caasll Gla G A3 e el (S (de™ ) #)sed) A charged particles
dry air <lall ¢ 5!l -4 mean energy spent dSlgiuall A8Uall o sia o( W, ) daaSIl bl
Al el W, ) elae) &b jon pair o z ) JiSal

W E kinetic energies of electrons spent in ionization and excitation

air

3.13)

E ion pairs produced by the secondary electrons in air

portion of Kinetic energy &S all 48all (e ¢ 3a o} e emphasize wSU aea) (1

i b Lo Al @il ol s photon energy osisil) 48a ) converted Lelisad oy

sl denominator aliall sl numerator bwd) 8 4 jae Caud bremsstrahlung =S g ledl
13.3

ihul s accepted nowadays el Csll & A gdd) (Wajp) 4ed wasd
Aondl) il (e de sane Jidad A (e 1987 ale 4 (Perroche-Roux) s (Boutillon)
Al 0361 3 ) p2iall published experimental values

W, =33.97 eV/ion pair = 33.97 I/C (3.14)

=il g air collision kerma sl sell asbas (8 LayS G A8l e Jpaal)l (Y (Sa
:(X)
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(Keor) = War X=3397X (SI)
or (3.135)
(K o), = 0876 x 102X (X inR, K in Gy)

Absorbed dose Aaiaal) 4 jal) 5.2.3

a physical i) sie e dale 2aS a5 (D) absorbed dose daied) de jall (ol
“Aaill Lol <non-stochastic quantity

p=de (3.16)
dm

energy imparted 4s siaall 28l expectation value =8 gl 4adll & (dg) Sus
. matter of mass =il 32l jonizing radiation 4use lelad) 5l ddas) 5

Jie cilas sl ads & absorbed dose is expressed daaiadd) de jall ge suadll o3 (dm)
(GyY) eV 7,5 5 (J/Kkg) o) e sk IS Jsa sf ¢(kerma)

«ionizing radiation 4l SleleiY) penetrating character @) is) sald
energy can be ll = (S« <large volume is irradiated 3 a8 S aanid o4 Lodie
3hlie (e Gl @A) gladyl ddaul 5 specific volume G ana & 33l 28 I imparted
oY 1555 volume of interest s ,BY1 lsie oo very far s am Ul s cother regions Al
i ) contributions <lealudl s absorbed dose includes deds daaiedl de all
daiadl de jall by ) (Sar Y ¢mipart energy in the volume of interest s_GY! Jlaia & daUal)
b adl ) 4 fluence of the incident radiation kil gliy) 5,5l 5 absorbed dose
scattered _taiwall ¢lady) i3 & Ly cvolume of interest 351 laia i gladyl 5548 jaa
calculation of 4aiedll 4e ) sl necessary condition s b xS s cradiation
3.3 il A U Jalii )W) 138 Jasy (31 (ol i gall e Jaladll aians the absorbed dose

Kerma and absorbed dose 4<aieall ds alls LS .6.2.3

a3y Jasi pe LaaDIS 5 csamie units <las gl (udly daiaall de jall 5 (kerma) oo wdll &4

interaction of radiation with silall s3a aa gledy) Jelds related to the quantification
quantify a gl Jiae pasil le S a2t Al 4 )l 488al) e laill (s jeay  the matter
quantify g3y JU waail absorbed dose “wicdl de jall aladiul o4y 5 radiation field
Lalay y=3 & some important points el Ll y=ey dla cthe effects of radiation
Dl s s syl aal should be emphasized ale asbll a3 definitions
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energy is A8kl Ju 4@ o Al Gl s (kerma) ) Al (LSl sdey 5 )EY)
suncharged to charged particles & yadie Clasa ) 4 sadia pe Glasaa s transferred
A8l Akl W) o Cua 8 volume of interest s,EY) laie ¢ <) duaiaall 4o jall dually
«(kerma) ) Al (JUa Jww Je  charged particles 4 ssiall <l 2l Kinetic energy
DVgadall ye Glawall Clels ey Lié energy transfer due Al J& cpecad &b
de jall 4l ¢volume is included ~>=~ll Jala interactions of uncharged particles
Glasanll & ¢ Jills laial & energy deposited deasall 48Ul IS (pacal oy cdoatioal)
~3 volume of interest s &Y Jlaxis 4 charged particles entering Jax il 45 s dall

carrying away 2 » Jdasd ge Y laie b 53 5dll daul 52 charged particles liberated
Not pend ¥ LSl Lo S (8 A8l o2 (el o5 Kinetic energy A4S sl ila o part
. to the absorbed dose “aiedll e )all & contribute

Cilgal M 3 kerma LSl absorbed dose daaicall de jall o SYI CUEMRY) el

(utr/p)adiposee/(p'trjp)soft

ionization ¢l 48 3 differences «ldEa) aa s Cus ddiddl osd) o interfaces
.scattering properties of the materials 3l sall (i) 5 jain) jallad 45 density

1.2 7
1 671
o
? 5
08 g
—_
<4
0.6 é
' T
337
@
04 | “*
22y
02 1
0 0
] 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Photon energy (keV) Photon energy (keV)
(A) (B)

tissue 4w zla3l 2l mass energy transfer coefficients ALl s J&5 cidlalaa dsud 2.3 1JSal)
cortical bone Al cidliaall 4, 528l 2l (B) ¢ adipose to soft tissue 830 Al ) 4kasll (A) :pairs

. to skeletal muscle

ad s Leaaat) boundaries are stepwise Awss )X 5SS 2 gaal) die Lo S 8 <l il
oSy ¢(scaled by the values of the mass energy transfer coefficient 41l 4dla J85 Jalaa
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dahia ) extending iais cgradual s 5S35 absorbed dose daiadll e jall A <l juadll
secondary particle 4Gl Glawall clitad dimensions comparable dies sl <3
mass energy ALsll d8la J& SOllae ratio Awedl Apball agw il 2.3 JSAN =g ranges
Lol a5l it 05 <some biological tissues 4 o) sl Aaus) (el transfer coefficients
o il ()65 S dpani sl 4x3Y) Jlawe & photons with energies <iBUall <ild < g ll
boundary of different adisall Zau¥) a5as ve very pronounced sl dsaly LS
il & <l photon fluence ¢sisdl) 5,58 ol assumption o=l EY) ae s ctissues
boundaries changes Jalsall o3d G, i a5l & LS constant at the interface

. according to these factors

ranges of <l i<ly) clilas i 1.3 Jsaall mas WS cNonetheless <l aaj

(8 Bypa dpad il 48V 8 deadiual motion by photons < sisill S a3 ) electrons

853 1 Aail) aes B8l Jgaall 138 d oLl LAl a%) biological tissues dus ) sull dansY)

.most of the energies <liall alaaal (1 mm) g Jb Cus (simulate all the soft tissues

interface between two s Gp Jelilll vie datad) de i 8 < sl o Y ey 13
il small regions 3_seall shtial e [imited s awall A tissues

range of electrons in water and in bone alall g slall & Uiy i) e .1.3 :d g2l

Electron energy (keV) Range in water?@ Range in compact bone?
10 2.52 pm 1.49 um
20 8.57 pum 5.05 pum
50 43.2 ym 25.3 pm
80 97.7 pm 57.1 pum
100 0.143 mm 0.084 mm
150 0.282 mm 0.164 mm
1000 0.437 cm 0.255 cm

[1.3] ESTA gl iy Lple Jpuanll g Al o ) g3 (b paonal) bl o8

(1.0 MeV) &S ,all 48l range of electrons <y i<l Glas Wayl 1.3 Jsaall ma sy
.external radiotherapy = sl oelad¥) z3all (8 darsinall <l 55 sdll A 5 Lo sl o3y A
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K sl il J) changes in absorbed dose daiadl de jall 8 < sl sias @llal) oda
3.3 a3 A8 (he Ty Je s @llia 5 138 ) jiaiin dxumy - much greater distance

Diagnostic dosimeters 4xadddl) cle all gunlia 7.2.3

e jall 8 CleS s absorbed dose daaiaall de jall o Lo S o jadl) Juadl) Caiagy
ol de o el 22 Jeadll b dnana sl 4x3Y) & dAlall <3 related dosimetric quantities
radiation protection purposes gliy! o Llaall Lal Y 24 Juaill 5 patient dosimetry
< sal #) determination 23 :measurements necessary include e 3 cilul@l) Jadi g
Al 23a3 JA (e s 5l patient dosimetry e sl (b ¢ X- ray tube output 4uisd) 229
(KAP) ) s¢l) LS dslaia Ul i ¢ incident or entrance air kerma L s ) sell daaa i ¢l sl
e skalls tinternal organ doses Adalll slael) e a5l Kerma-Area Product
area and sa_dll A8 yall 5 Ashidl aa ;) S e control of doses to staff cpldall Cle jall
. individual monitoring

ddlinall cile all Gunliae aladiu) (Sa caccording to the procedure sl Y 13l Wiy
i jall determine sl deadiudll 3 eaY) & le jall (Wl 3 eal various dosimeters
ali e 3l ctime rates 4t ) Wi¥ase ol cabsorbed dose or kerma LS s daicall
de nll e aqiad 5 cdetector physical property —adlSll sl 5l 4ualall evaluation
sensitive part of the 31Y¥ (e Cubuall e3all sa5 « il il L .dose dependent
3l Jsa3 Al s AY) &l dosimeter includes <ile sall Gubie iy cinstrument
Al LS dad sl daiadll de ) - Ll final result Al Aail) Y detector signal <<l
details of functioning /sl Jsaliis desired characteristics 4 sthdl (ailadll s Jaladl
21 Sl 8 dpan il dle jall unlia

e al) (ubd b 4 gadiall cilagal) 05158 3.3
CHARGED PARTICLE EQUILIBRIUM IN DOSIMETRY

uncharged ionizing particles 4issdall e sl Glassall e beam 4 adi Laie

ionizing sl gyl Jaw transformed Jssi <homogeneous material dwilsia 3al
daul 0 ¢ 5ill) mixture of the incident beam akdlull da jall (s = 3« I radiation field
o= scattered radiation produced _siwe glad] =i «(attenuated by the material 3!
Caa GEa3 oSay Y bremsstrahlung radiation S gladl 5 calall e ddadlul) dajal) Jels
2T Gua o Al 3as g 8 radiation field gledy) Jlaw &l Sal accurate description G-
Oiinasl) WIS aaad (Sar analytical methods “ebilaill okl aladiuls LS 5l daied) de jall
SO ise 38w Jie) using numerical methods 4wasll 3kl alasiuly both quantities
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ik 5 cexperimental means i a3l Jilu sl ok e ) ¢(e.g. Monte Carlo simulation
(CPE) 4isadiall clanaadl ¢ 3) 55 o). certain assumptions are fulfilled <lbaal j8Y) (azy elaginl
experimental USes omaill aaaill Jasy aaall 4 Charged Particle Equilibrium
external photon ¢s8sill )l edill o sedall 13 audll 138 J 5Lty determination possible

. irradiation

CPE: Charged Particle Equilibrium 4 sadal) claswall 03155 .1.3.3

i Awain pelai (CPE) Charged Particle Equilibrium & ssédl Slaall 5l 5

radiation gliy) dae b (a) 3.3 JSaV & idealized irradiation geometry 4l

il ad ol gall A e normally incident g L sale 5 ¢(Ay) 48 <uld 5 (g (5S4l <field
. from vacuum /& (s« «from the left Jbed) 5 b ¢ under consideration

sl ah el Jala interactions of photons occur <l g gl <Bleld iaald Ladie
Clasall o8 IS o) csimplicity dabuall cassume o=l .electrons are liberated < s <1y
Al Luisg ald) 4 charged particles have the same direction elas¥) (uéi Led 43 a3l
¢ all A tracks are shown <l jluall oda jedaiy straight track asiiuall sludll s same energy
Ll eda ) gall JR13 ¢((dV) oa ana Cus ¢ (D) 3.3 JS&l e upper portion ¢s st

A av

(2777770

(@) (b)

Laal daja aladialy Jludl e Geometry of a material irradiated dsda 33 Lusia (a) 3.3 :Jsll

tracks of the charged 3 aall & gadial) Cilaguad) &) jlas (h) ¢ iligisih (e monoenergetic beam 4&uall

path lengths of the 4isadall Clasual) jlua J)ghi JS&I G Al £ 32 i g Balll A particles liberated
. charged particles
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dajall jlge ol A (dV) pasll pomse &k Ladie happens sy Lo & jliel (8 o
number of Y & bue 22 direction parallel to the incoming beam 33,/
small near the surface of the 33l o (e AL s (dV) s ) electron tracks
greater Sl Geac ) volume moves asall & i WK jncreases aj 4Sls «material
05558l COlelds dan) 5 liberated W a3 & more electrons < Sy e 34l (Y «depth
bottom il ¢ 3l & diagram bl au 1l 4 138 depicted L su5 .photon interactions
different —alisa 3ec & (dV) 2>~ each cell represents i JS Jia Cua ¢(b) 3.3 J<& (e
JIshl Wl electron paths ¢ aSIY) < jae oY 15k inside the material sslall Jals depth
i laall 22 Jeay ¢(given by their ranges leiitail ) sl & finite lengths 32
eventually 1 s fans ((dV) o Cxe a0 2 maximum =8¥) 2l ) number of tracks
Gleel e Jpasll heam is attenuated gl (s 53 &% Cus cdecrease u=lasy) 4 begins
.greater depths s

charged particles 4 ysiiall Sy 3all total path length ASU Jlaall Jsha jlie) oSay
occur in aaall 8 Gass ) <l oY) sxe representing e each volume ¢ as sas s JS
& ionization produced bl cplill 4a3 sial) dadll Calisin Gullid) AW o34 4 the volume
simplified 4awdl sl (3) 3.4 JSE) 4 mage s WS with depth Gead) e (dV) aaadl
. photon fluence does not vary with depth Gasll e (53 68l Lead st ¥ ) case

Glamaall o555 e iy (2) 4.3 JSall b Gadl constant ionization el ol dlla

8 L ad b S charged particles 4 saiall iy jall ¢ oS5 @llall s2a 8 43Y CPE 43 sauiall

Al y sl Cus (e <Jeave the volume are balanced ) sie anall & iy (dV) aaal)

&5 cliberated elsewhere JAT (lSa (& W ad o3 Glawss ddaud s cnumber and energy
(dV) paall b Jas

Jlea) ey ¥ Eus more realistic situation 4usdly JSY) (i sall () 4.3 JSAl maa o
Osisdll 3835 L8l 5 gttenuation of the photon beam cannot o558 gled (8 55 neglected
paall & U il expectation value 4s8 sidl desll (& cconsequence <Al s Geall as
Geadl 3305 ae decreases slowly shy (=éad S5 cncreases initially Waw a3 (dV)
depths beyond the o) bl 5 slasi Slec i 8 Allall oda ansis Jaw 1) & increasing depth
transient charged particle sl 4l Clewadl (35 ¢maximum of ionization
maximum =¥ il ) Jsadl ol «CPE Al Jsmasll 4 &1 53l Gead) equilibrium
* charged particle range 4isadall Clapall @ai a50a 4 (5 cjonization is reached
salall

ionization at i s sl mlan e cplill o iyl 430K & Ailadl el (e DS
O ey zhandl e ia dumdly ST Al 8 cadl S i the surface of the material is zero
) sam L Jlie I & contribution of scattered radiation JUaiwall glady) daalua 335
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photon 3 seaia ¢ 5 il) il cilS 1) (g =hudl Jle non-zero ionization ¢ e e ol
ol o aa s 38 cradiology energy range 4xY) 48 s e energies are restricted
daxid) 330 very near to the surface gl o 3a <y maximum ionization <3y

A Gl ) Gl Sla irradiated material

small 4 o) sull daus) 4 s s secondary electrons 4 sl <l s ySIU (1)
solid ddaall Jsall A5 1.3 Jsaall & 45Y) 255 range in biological tissues
Q8 isotropically emitted dxdall yiUaill (e Guaaii materials

Laidie cligigdl jncoherent scattering (4Sliie ye) aday jia pall 5 Uainy) (2)
forward ale¥) slas¥) (e il 3 Uaiuall i) low energy photons 43Ul
6.2 J8l1521.2 « 7.2 Aalas Lkl direction

Totalionizationin volurme dV
Totalionization in volume dV

Depth along the beam direction Depth along the beam direction

(@) (b)

058 o () AUl clal Y1 aa Balal) B asall gad A0S (V) aaall Jal SN ol 4.3 igsdl
the photon 3alall sy 45 ¢ isdll glad G 68 o (b) ¢ the photon fluence is constant G 5 sl ¢ i gd
. beam is attenuated as it traverses the material

CPE @l (i pill g adbaill La S g ddliaal) 4 ol g cilidal) 2 3.3
Relationships between absorbed dose, collision kerma and exposure under CPE
kerma s kerma LS e Jgpasll b (@) 3.3 JSAI G gudd)l g6l glad
material is dwilaie salall (¥ 15155 9.3 5 8.3 Cihaleall aladinly A s salall Jaae die aladaial)
material vary in kil 5, 5lall Gy o law sall Jala LS aalial a8 4 chomogeneous
number of interactions <3leldll ae S Laie proportion to the incident fluence
that the fluence may be Ll Jals Gl 5,5 jlbel (Say Cusy 50 small 13 Vs
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(a) 5.3 ISl Wlas Gamy (Kgop) CxS 0sSed cconsidered constant inside the medium
decreases sl (3ac e ALkl dli® fluence s sall o Dlie) ah adls eelld ey il
JSE (8 (e 9 LS ((Kggp) 4 dilas sl e cexponentially with depth in the material

(b) 5.3

K , (@)

'
SN >

Relative energy per unit mass
Relative energy per unit mass

; : . " - buig-up !  transient charged particle
build-up charged particle equilibrium (CPE) egion | equilibrium (TCPE)
region :

z,,. Depth in medium Zw Depth in medium

padia chuy B (daall A1 gbsorbed dose 4aiaal) e allg Collision kerma Las adlai 5,3 :Jdll
. [2.3] .&> <) _&il) high energy photon beam 48Uall e ¢y i b £ ldi Al 52 irradiated

<l calculations <bbuall olé cabsorbed dose daiedl 4 jall as far as Gl Lad

deposition 4l cas 5 e aaied (D) dasiaal) de jall GV 1555 e i IS Js Y ) Aol 03¢
at s zhe e smaller sal o8 ccharged particles 4 saie Gy 3a sl 53 Of energy
photon ¢sisdll wileld &isaa xie inside it Wlala o the surface of the material
contributing 2w L celectrons are liberated <5 Sy a3 &4 cinteractions occur
4 il growth sl according s «growth of the energy imparted 4 siiall il i
oSy ddhaie cllia ( Jully 43 JSA) 4 ~ase o WS cjonization in the material 3alall
& ome s LS qmedium L) 3 small depths 3_sea Glael e de all buildup region
range of the A sadiall Clapall 3Uail similar dglie (Zyay) Sl W &SIl dilaie 5.3 <)
¢S« <high energy photons 4l d8Uall culd ol 5358l iy bansdll & charged particles
effect is Jsswe Ll 135 (2cmsl 1cm) U region can extend ddkiall o34 xiai
=8y Z3) 8 skin sparing sl ¢y known effect <=l il e responsible
Ji Ul S8 il (5l beams aal 4l external radiotherapy > &l
13 i o ge electron ranges are too small sl o5 5S0Y) <ililai s cenergies are lower

maximum dose is reached sl e all ) Jsasll <& :produce this effect sl
Al Jada
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o=l cmaximum value 4esll a8y aall ) daiadl e jall reaches diai Laie
& produced Lalil o U radiative photons deledy) lisidll aes o assuming
Liad & coincidence 48las <ligd cescape from the volume paall (o i Jas gial)
sa8all CPE 4 il Clapuall (5 3) 58 (33a% Cus ccollision kerma alabaaY) LS5 value
changes in ¢isdll 55 & <l sl of Gl sl <buildup region 4sS) il dskiall = A true
sl 41 volume of interest 3_5Y) asas ¢ (a) 5.3 JS&ll & WS s photon fluence
28 (CPE) ) 23 s celectron range s A1) 2 45,8 small dimensions 3 s
: collision kerma p2baill L S 5 absorbed dose faicdl e all 283l 85 ctrue

DPE_K_ =0 (%m] (3.17)

sadl el equilibrium c3ls o8 «(@) 5.3 JSEN b el )l i gk

o oS8 Cus ctransient charged particle (uwadll Al Glawall) Al
ad (pm dgae ddaa 2a s Y not negligible s ¢ photon beam ¢ sisdll ¢lad attenuation
O ST daiadl) de jall ()5S (s saill Ao jall beyond s b Aaied) de jally alahial) LS
charges W3 sl 4a & energy imparted 4siiad)l &l o Cua calalaa¥l L S
fluence 354 o slightly greater than 34 Si photon fluences ¢ sisill 3,54 liberated

practically a constant ratio L i 436 4w 3 sa gl 1555 volume of interest 3,EY) aaa &
r i3l alieal) (e elaaS) sda

‘D:ﬁKml (318}

(Z) A 222 dcaiaia o) gall 5 dnand il 23S (B = 1) sl aladiul (Say ¢ Bale

Leldd i ol CPE oSal Al g ydl) 3.3.3
Conditions that enable CPE or cause its failure

only s gl Ja il il e oMo g gall SN i gl simplification dasws yadi i ¥
charged sl iy 3ol true equilibrium Gids o35 Y g2 of oS 3 condition
i s® (CPE) (s Al 48Kl 5 4, )5 puall 1o g i) medium L sll & particles
atomic oY S e IS A medium is homogeneous owilaie Jas ol i
. mass density 411 48U 5y composition

volume _3dll aaall & homogeneous w«iaie photon field o558l Jaw i
. considered
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L il Clasall a5 53 8 av0ids changes <l wsill sy first condition J sy da )

in gabaiall 5 3 )il galliad & &l il s 3alal & charged  particle distribution

o+ sl homogeneity in density2disll L.ilas scattering and  absorption properties

kil Fano theorem sl 4,k Gy «constancy in composition S Sill 8 cilil) dal

interest 13 5 S 3 Y1 aaa sl (5555 Y second condition (G baall callayy 2 4.3 audll

<lsisdll (1/u ) mean free path sl Jbeddl b sies compared 4 )lis <are not very large
. photons

a failure in the <o k)l & J88 aa s s dlead) ol ) o ALY Gany b b
15 ¢(CPE) Gl (Say Y il 32y Laa ¢ cONditions

Ay 8l dlelady) ae Jsll 54 WS cJarge beam divergence xSl gladll sl .i
. radiation source gl=iY) ,aas (e irradiations close

s 15 Proximity of boundaries of the material 32l 3 sas (e ol i
Al

CAVITY THEORY uiygaill 43,55 4.3
use <wilS aladiul see extended medium Sies Javy (8 daieal) de jall apaas callay
sensitive volume (sbuall aaaldl (Y 1555 inside the medium L sl Jals of a detector
same 3l udi (e nOt Made & sias Gad ale JS& cdosimeter is e sall Gl Slead
A aY ‘cavity’ "< ade by discontinuity s Jia sasa s b cassll Jie material
gaseous 4l e adsll cile jall Ll early basis of dosimetry JSsall Gl sk
concept has been extended Jadl o s¢aall a8 &3 cnowadays »alall <8l & detectors
Gl )il Bl o4 oSy <liquid and solid detectors dlall s ALl (il 5 jeal
G o il e ccavity and the medium Jaw sl 5 iy saill symbolize a8 (Ws g) <ol
ionization bl 4 ¢ constitute J<& 3l gas and the wall Llaslls Sl e olaly Legil
Ay A cavity theory sl 4,k main interests 4w I lldia¥) Jiasi | chamber
iy A radiation gy charge 4s&) distribution &) modifications <boaas
& 4e_all o establish relations <&e 4] 5 ¢medium by the cavity daw ) & casall
dose sl &4 all5 dosimeter 4= all sl dose in the sensitive volume gsbusll aaall
main results 4w V) s foundations s s e iay L W Lin the medium
Gkl g Sl gl ae external irradiation >, Bl g3 cavity theory —a sl 4 ki

Aana il LU Aaldll
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Bragg—Gray cavity theory @), §)x ciugaid i 143

intermediate Usw sic i large 15:S 5l small 13sa cavity <asaill aaa o580 of (S

Jsus sl range of the charged particles 4 ssdiall <l jall GUaiy compared 4 s

W.H. Bragg ) ¢'>»> ¢)» .small cavities s_ssa —aislai Bragg-Gray s &0 ki

Ca il ol S alee A ¢ (LH. Gray) <uilS iS¢ 1910 ple 84 hill y ks b i (began
‘Lea 4,1 o3¢ main assumptions Gl ol Glaal 5891 g Al 4, plaill JS5 A ) e

small compared with @i 4 )i 122 3 s cavity dimensions —ussill sl (a
Glapaall 35a5 Sl ¥ Cusy Llaly charged particles &ssiall clewsall the  range
. presence of the cavity —a s>l 35 5 inside the cavity < saill Jala 45 sauiiall

uncharged sl 84 mdall e Clawall G no interactions el gy (b

* absorbed dose deposited 4w sl daiadl de all Gl Julls cparticles in the cavity

cwsaill 3 Al due to the charged particles 4 sadall Classall ) as 5 cavity —a gl
. cross the cavity

== A requirement Ll equivalent s stes first assumption  Js¥) sy

Al Ay ghas ciysaill 3 fluence of charged particles & ssiall il Cilawall sk o

=2 second assumption &G ) @Y 5 csurrounds it 4 dasd Al (W) ol A 83 g gall

starts or finishes —usaill & Wl i 5l law no charged particle Ossée as 3525 p2e
. its range in the cavity

Lugidl 8 ratio of absorbed dose iaiedl de jall duwi b «ag kall oda b

g «in the cavity —usill & &l I ¢(Dy,) surrounding the cavity sl ddasall (W)
S 4 s3SI collision stopping powers asbaill Cis 58 LSS Ly s ((DQ)
same electron sy 5,5l L weighted 455 <electrons in both media (s sl
: (D [ ATy sl 3 <l s iIY) fluence energy distribution 48k & 53 3l — fluence

Tmax

f {E [_dT dT

'Dw Troin dr 2 de‘.' P =§w

I3

dd {dT] dT
c.

— = =
DE f max
T

(3.19)

a7 el pdx

generalizations Clewsi & 193 dabedll & denominator 2Ll s numerator L)

pdbaill alsy 345 (D) relates absorbed dose “aiedl de jall Glah Al 20.3 dalas

irradiation with a 3,58l 2sa 5 ae xidll «(dT / pdx) 7 <collision stopping power
: monoenergetic electrons Al dulal <y <Y1 e (D) fluence
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dT

D=|—1\| @&
[de]c,r (3.20)

dlia o =i 19.3 Ualae qmedium and the cavity materials < saill 3 s g Jass 5\l
energies of electrons inside the sl Jals «liy Iy Bl distribution s
Ll e (3 ) Se st . equal to that outside g sl b el (s s L 8 5 ccavity
i gl 58 o) i ratio of average daw siall (e dauill s3a of I 3,530 double bar gz s
photon generated electron s xSY) ik (3 8 Jau siall (30 SIS stopping powers considers
aadll cuws changes in this spectrum <l 1aa & &l il s (55680 e Al gl spectrum
. kinetic energy in the materials 2l sall & 4.5 )all 43l continuous 10SS il

The Fano theorem s\, ki 243

Bragg—Gray theoryes! s — g s 4k Leallaw Al conditions required ekl gist
Ll cps&d cavity is similar leabie casaill o oIS 13 accomplished Jemdl J<i
ABles 33,0 el if both cavity and medium s sl s Casaill e IS S 13 6l emedium
experiments with «astas @ las 8 @l observed a5l 385 similar atomic numbers
sle iy «filled with different gas compositions 4dliae 4yjle < 3 5 36 slea cavities
Al £l il il (1954

Wil (55 g ladY) Jlae 5S¢ A5V gladBl an ga Jind (i pay Cpme (asSia Ty (A"
Al ) ddads e ABUSY @)yt e QI dan ol ALK e Mo g 13a g0

“in a medium of given composition exposed to a uniform field of primary
radiation the field of secondary radiation is also uniform and independent of the
density of the medium, as well as of the density variations from point to point.”

il aasy Adld) cllbidl e relaxes <3 LY important deee sl 4l
S Ladie (JUBAl Ja e g 2l gl may ANl 5 cequirements on the size of the cavity
Ol ) 3EY) Haad 3 aas photon beam is of low energy 48l daidia ¢ i gdll 4 ja
<yl Ay theorem is valid only for infinite media 4ledd) il 1l Jasé dallia 4 lail)
. independent of density 48Ul (e Alsivw stopping power i sill 3 38 Led ) <3 Al

Other cavity sizes Al ugaialasl 3.4.3

<*5 «(w) material surrounding the cavity < a3l amall salall (¥ & jlie) 4 aa
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«almost its entire volume G g Weas JlS & (CPE) ol large enough (A L 5 uS
«very small portionnear the boundaries 253l (e AL R i ¢ 32 excluding WEub
oee o dua bl & photon fluence osisdl 3,58 does not disturb zen ¥ oS

.immersed

& (CPE) <5k cas Layf & (W) surrounds Jass 3 medium (m) sl dilais
(m) Ll A de alls (w) salall & jall Lasi 5 cunder these conditions <okl o2 Jb
. by the expression _x=ill

LF¥]

D, wal (3.21)

mass energy ALisll ddla aliaial S3lled simple ratio o 4 & 21,3 Aaladll
: three conditions are implicit 4 L5 i 45305 @llia 5 cabsorption coefficients

. both media bl ¥ S & (CPE) <l i
the photon beam is monoenergetic 48Uall (saal ¢ 5 il & e dl

the photon fluence is the same for (sl UIS) ands s il i () i
both media

S35 ol oS similar dglii (M 5 W) aixll Yl compositions «uSI il (S & 13)

J o5l il uad ) asaall wie @ili g4l backscattering (Aulad) s jUaiuyl) Al casl)

Clisi gl (e Cigal (W) Sl e kil (s cchange the photon fluence significantly S

Lo Sy 21.3 Aaladll cirradiating both materials 2 soll JS 235 spectrum of photons
:slae) aa ¢photon energy spectrum ¢ siséll 4 canla e integrated

e o de 1
Eon | pud(s
D fu [dhu]m[ p ] vatw) [E] (3.22)

D: - f"”’mu d® ) [Heg p
0 df
AL abiataY! 48l 5les average ratio s husio s (7, /o)) ¢ olaall 028 3
photon spectrum o sisill <l e ¥) & 33l A5 «mass absorption energy coefficients
large S —wsad sy (W) irradiates equally both material 3 sl JSU (g sbocily a3
(m) 5 cavity

W

d(hw)

m

cavities with intermediate sizes ddau siall slaal) b Coyglaill e Jalaill oy L sale

65



dmediad)| aa sV s\ i

cavity and the medium dau sl 5 i saill o Ll 3 e ((Burling ol < sad 4 s a5
A,lil) ekt oy )l dgiliiia Legia JSI elemental compositions 4 sY) sl gl o 5 (CPE) s
Aalaall (o i Cua 233 Al A 5 (Burlin’s) cslw wed (81 ¢ developed here La
small 5 all cliysaill & (d — 1) casadll 2 Gy (1 5 0) o a8 (d) parameter

. large 32l @l 231 (d — 0) 5 cavities

) i E b Aleal) e ol Gl 3.5
PRACTICAL DOSIMETRY WITH ION CHAMBERS

sale 5 Ananill 42391 3 jonization chambers ¢l <o ,e ansins L frequently | s
besides «xla I large cavity S s Aliay deny built with a wall Jlas ae a5l o3 L
¢ (CPE) leal 448 has a thickness 4Slews L (18 ccontaining the gas Jall e 4 sl
4.3 (W) the elemental composition of this wall Jlaad) 13 63 S 5l Gl 13 laall
& (CPE) Uaj dua s «dose is to be measured ie sl (ubd oy Cus (M) o sl 05
4= ,alb dose in the medium L sl & 4 sall possible to relate )y Saal) (b ¢ Jau Sl
i o s Al dali e 22,3 Wdlas i 21,3 Aslaall 2lasiuly to the dose in the wall L)l
Glagall PR (e ol <5 gas inside the ion chamber <l s s aa Jals 2 sa sall )
cross the gas Jlall aas L Ally Hlaall 4 charged particles released daiall 45 il
sle Jsanll Koy iy skl o3¢0 bragg—gray conditions s -¢) e <as,kll G5 volume
@Ay 243 dalaall A e L 4l Jiy) o4 Al dose to the material 32ll) ) 4 )
223, 19.3 &¥slas G gen

— m
= p{ ~
D, = Dgsg’[ p} (3.24)

W
¢ A5y (M) Sl ALS 5 (Q) Sl (b Aniial dinll) culS 1Y) ¢ Jal ) de sal) e Yy

(s pmddn 23 3 dalaa

ey
el

— M
D, = L 5 5v|Fa (3.25)
m, 1,

&5 oo ISl 3l 8 mean energy spent ASleiual) 2kl augia & (W, ) G

13.3 Aalaall b o) sell Ciua s J=dlly 58 LS ¢ fON pair
wall of the 4 &l jlaa & Laxie ala 3 (and common) (ald) wie i e Caaay
same atomic o Sl s Ll made of a material 3 (e g sias chamber
Ciysadll 8 Lslal s Sl de jall considered st Cuas ccavity <usaill Jie composition
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,24.3 <¥alae Jasesi 24 ccircumstances <okl oda Jb 4 equal Asbeis Jlaall e de all
: are simplified, reducing to ) J =3 sl 25,3

B p m . - .
D, =D, ““] for chambers with gas equivalent wall (3.26)
P g
D,= QWS [h] for chambers with gas equivalent wall (3.27)
m p
g g

O¥ «in practice is not trivial 4 Coad Alaal) i jlaall 8 3.27-3.24 S¥alas plaiinl
not ale JS& 445 e e spectra of photons and electrons <bis sSIY) s <l s gl Calbl
«lly aa 5 .charge is not completely collected Jo\SIL sl aaa o4 &1 5 cknown in general
calibration of the <Y1 5 lxal standard chambers used dexiivall Luuldll Ca jall elly &1
applying correction gl Jalse Gulais uaddill 2a8Y) 4 desiud) instruments
4,0 @S il g sae 5 incomplete charge collection AaiSe ye Aisill aeal factors
standard chamber is compared 4.8 44 ¢ 4 )is o3 mismatch of atomic compositions
O irradiating both JS g ) 35 L cinstrument to be calibrated Lz 3l sl 31340
With 4yl o jall dlileddl cléall as ccharacterized photon beams & juaiall 44 i séll o 5l
. qualities comparable to the clinical beams
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