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Summary

This is a study directed toward analyzing the energy spectrum of the v
~rays emitted from sources in air and water using Nal(TD scintillation
detector. The main purpose of the study is to apply the theoretical
response functions, which have been constructed by simplifying the
response functions proposed for high-purity germanium detector, to
generating the 7Y-ray energy spectrum of the scintillation detector.
Experiments have been carried out to determine the empirical parameters
constituting thé response functions as function of Y-ray energy.

For monoenergetic 1~ray sources, Cr-51, Cs~137, Mn-54, Zn-65, and
Na-22 are used in this experiment. The empirical parameters of the
response functions determined for the Y-ray sources both in air and water
are compared and analyzed. The empirical parameters .are also plotted as
function of Y-ray energy.

It has been found that the response functions constructed predict
accurately the energy spectrums of the sources considered in this study in
air as well as in water. It is observed that considerable differences exist
in some of the empirical parameters depending on whether the sources are
in air or water. It is concluded that the functional forrh of the
parameters of the response functions and the method used in this study to
determine the empirical parameters will be effecﬁvely applied to predicting

the energy spectrums of various Y-ray sources.




P2 AA4Y A $953 A FA9LY AT soldel d=} s E
2w Gl i FAe] Eol stm ek olst vlEe] A WF 74
Azt =3 We g AAelct. Ad 199391 A eyt Falel 4A HAVEs MY
o ZA #7 A dAd adez6 s A Fe Dol sk o] AR
o)F Hu7| B o FA2de E FQE A HAdz 2F 4 A4

E AT E ogT HA4 BAC 4% 34 29& AN A3t 43
ol#HE Avtd 29EY BH WPE ol gstd I FFMY 29EHE
a - EAge s A4 95 24 A dolg Wol2E AFsed ek

2 7oA el 295y £4L 29EY 5L AT ASH o2 &
St 24 2 #ye=2 yyejdd. ZAvkd 29EF ASE Asq AEd
27] £%49 Nal(TD) FAE7]& ol 433l A-de] A} ALES ¥7] WL
o £% 29EY A A3l

£ QFgNE Nal(TD @278 o]&std Cr-51, Cs-137, Mn-54, Zn-65,
Na-22 £% Zetige dste 374 £330 298 S SH3A. 37
FaAe Foz 98 244K SAdger, £ EHo] 10emd °k=2
4 Fzo4 535

AYEH] £TE EX3Y] 91T AR o83 $HHF(response function)
Ag FA] AY woletE curve fitting P e, ©] FHAL A £4
ghe] whgeA] dojrt: #A T FH(photoelectric effect), FZ'AFRH(Compton

scattering), A4 (pair production) 5& T Aelth. A4® o284 THI




54 (Lee ¥, 1986)2 AIHA] peak, flat continuum, 134 FZgdtez o=
oA Uz, Al M AFAFE Al e wAYASE THHL A, oluyw 4
ZAFEL TN #FA4 4L HeleE curve fittingAl o]l NPT dojal
AHASE VI - FYIY) 59 elvile] dstd 2= sy, 2z g

o9 vt 2FE e 5L 93 V18 2R AASFE AIE e o

VA ( E)el g 484 d5402 ey,




1. @0z SEA WS

,

7t &AA ks 2E EAA 3L dl$ S8 FAolv o 3
$& F3to FAepdel AR uAsE AE B4 AgEE HAAL I 4
Ao FE=E Aot oAl oAl 0.01 ~ 10MeV Aole] EASZ 9}
2 o] iz W WA F2 dojue W FAES, FERA, A4 F
Al A ele] U] AR EL o) E FAe vstd FEo] A A4 FL "dF
£ gAgE A ixls EAd et d=A dehlA Hed Fig 1&
Nale] W% w3 &8¢ A$73]AF(mass attenuation coefficient)® el
ez, o] AfE AY7A S (linear attenuation coefficient)E Y4ER UF
gkel et

Ziupde] BAL 558 o] e AJEe [= [,-e Y FH= A", o
NN Le @etAde] 27 A7), Fe B4 U A xdAe Aleld, pe 43
A dolet. wEba o] dold FE pE FHEF IS HE(0), F=™
g e F3(0), FAAET B8 FE( 09 F2E YehiA A

Aue spdont Wepds e A YR 2 WA P APA2
2 gz 32 FAEH, FTEAAY, B4 A4 & T3 A FArpAe 9
UAE Adsy ARH22 ARAE AL ol o] LR mEe] AA




t B4 e 9AF A =& 97 A7EA AL dMAE A A, de
A Ao 437 A s A =& 7] AU R AV AEE Qoo

o DAAAE ek ASe) Qeld 713 F18e] H Autdd A 4
27440 A dolnz 2= BAL AT o|2H SRS B s)&

2 Bt

i/p(cm?/gm)
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Fig. 1. Mass attenuation ceoefficients for Nal




1) 34 &5} (Photoelectric Effect)

FAEAE AT DA AEAR Aole] FEFFolt). o FuFge 7
#2 At £EHZ AEAAS AFAA FAz 2SI o ¥ HEE=
FAAL AR E)e

E,= E, — E, | )
7t B2 Q7A, EE F@Auide evzlels] E= HAEARY AgeAeld).
oj¢h & PRI A AE U WA E GE ASZEEH AR B3]
o] W 54 XA =¥ Auger AA7t #EHct.  olHT FAEAS dold
FE = AeYAdA 27| i F2F FEFGe] H, TAHLE Fupy
g A7t 0.51MeV AE olsd w &t o] vetd & A(FEHF F,
1993).

r = Z5(E, )% ®)

ANA, Ze E3 fANE %, E& 94 #Aerde duvxeld. ¢ 4
dA & F JdE ukeg Fo] FAEAL ALY AR LAAE( 29 5% H g
3t JAb ek vz 9] 3.5% ¢ ukh] ¥ el

WA "AE718 A SR AL FAAF s A 2T FAA Az
8 E5E AE7VdA ded 34 Fig. 29 veld wie} Zo] zvkal oy

peak’} A7lch. FAEFE AHEY Ao vk uiAld) s FslE 29 peak

7} AR,
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Fig. 2. Y-ray energy spectrum of photoelectric effect

2) £=¢g A< (Compton Scattering)
Zrgade AEAAG Fuide] 4 AL el dvix] ARE AR

dA Agsd AEAAE oGNS Z FA ) Fubde] AjHE Fdolg. AR

Zetd 2 Compton AAE] duxE 5% A BE P22y T4
o, 4tg Zupade] duiA( E, )¢ Compton AAE] eV ( E)e 44 HeiA

o UA(E) L ARl ARz O] A F42A 27 Gt 2ol Aek.

[ E)'
E, = 1+a(l—cos 3




R = a(l —cos §)
E,—E, Ey 1+a(1—cosé) @

A7NAH, a=E, [ m,c?olv] m,ce Ae] Hx) AZFAIA (0.511MeV)e] e}
Aol HAX 0=0°d W, E.=0, E,=E,7 9. = 94 a4 A

< Compton AAel= ALs|A) ¢z, 2% 43 gl Guxls} gz B2o0)

o =% 9=180" 4 W= E,=2z-E,/(1+2a), E,/=E,/(1+2a)7} 2

ek °l% Compton Al Hvje] dixl7t AT F44 A2/ 2 2x4F 2~
HEQ A& Fig. 39 vhebd #le} Zo] Compton edges] ojuiA|7h Db,
FTRRDY B2 FE o=
6z AE,) (5)
2 FAAn, AE)e #utde duxle g@ss $5od. Zzeiae q

A A A golRlel sk ARAR B8] s, BAY AAAE Z
o ARk AThq BAY AEl6 Qe BdaRd ouA sue 4
@), () BE vist o] 4Azte] wery WaA Aok F, Compton ARE
AZEE GVABE, T A $9E 0=0°2 29 6—18044 dsgez
X Gk =¥ AEV1E YBASE F9AE A A AEar) A2 3
AR BRE e getdo] #9925 BAT doste] TxALBo] Yo}
FHAAE Fbde] AENZ GAE) 3 ouixe] GFHE peawr} rheh
. Fig. 3& A4 A% Aol &8 et o 29592 ge




Electron

T -ray /
> 1 VANV
o I
} o \_r_\
ﬂc’ 6=0 ;
u — 0-180°
42 Compton
53 |Backscattering Compton| Edge
8 Peak Continuurg

Ey
Energy(MeV)

Fig. 3. Y-ray energy spectrum of Compton scattering

3) AAR A A (Pair Production)

AAZRAL 4A FAebde] E4E o] T2 e €499 Coulomb AulA

2% o ARG FAAE Aol AT FAoleh. JA FArhide] FAAg

FAAE A7) ANAE AR Ax AFAUR( mych)e] 20 1.02MeV

o] Hejof Feh. EE o] AFel AYL WE HAF AAYY LFFo|

vxel dl# - 27 Ed WEquxe FA ¥ £ g A A

FAAY EFAAE 44 E,, E;@ 94,

E, + E;=E,— 2mc*

(6)
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-
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-

b ek ol | dAAE AE ELE FANDA A4 e 2E 94 3
W FAe A Agete] £9ET 0.511MeVe] 2R % sje wyA
x o< Z*- (E, 2) %)
A7, ke BARE T FEE e ol AE, D uiae oA
% 48 AANE EsE FF2A Aeide AR Folee] wa 2
e FFIH (AT F, 1993). webd ARFAAL B ARANES Ao
AA &L ghebde] Ryt Frhde wel Zrbgd.
AL FE7O Sl ARG A Fe FAAe] 2] 2wy
A9 Aetdel A& WA 2R F543AY, & As E4EE, 2 59 &
THA ge 59 53T Aol dejuA ek WA F A9 Zuloe] 2E A

27) WL R o|veA He (E,—2myc?)el $13]9] double escape peak7} A

713, & e ZepAdute] el@slwl (E,—mych)e) #1519 single escape peak
7t A71A =le] Fig. 4% Z& ol 29 =d¢ oA A4,

B A2 QoA AAY oA SR AN AW A AR T ol
Esol vebdeh. o7 A/ UGN AT 23 HA4Y Fupalol} Azte]
HE7] o", BAA95 A e 43Fgon 9 FHAL 24 XA

ol 271U E S99 peaks}t vel}r] W Eolch(Knoll, 1979).
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Fig. 4. Y-ray energy spectrum of pair production

obA] AAT whge] elste] vehtE o] AHd 29EYLE Fig. 5% 7o) rie}

v, 2 AA

A&d

2¥EQR L

gaduA gekde] gasddE

Gaussian £E2 JehiAd 2. oH ¢ 9= I44 R 72 Lae A

25 A4 A2A HAY ¥ AH 22 EFASA Do) £l ot
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Fig. 5. Idealized Y-ray energy spectrum
2. Ol EH SEE+e 74

WA A2 29 A3E 2% Bd6 59 A4 M A7 A%
o wg AA A% LUAZ BBPe2A YA &9 Az 2 A3
oz 249% As SHAY S a4 2AA 2L A pAdel 2
2 240 249 E4YUUE 5Pz SAPE Ak LA A B4
Aok QPAA gen EAMCZE FFAd dd 934 #xE A Lk

Nal(TD) 27190 A% #4408 A7 dxpgez oz 4= o 4%
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o] F&IFol F4Eol FAAI & HEd FAAE FFFIIA 2 71
ZuEol ¥Fel AL TAE AN, olH¥ LA AT AR o2} &
Fo #Ase AR £ FAHA 2F0] AA FAH2E FAY Gaussian
¥ 8 A G 94 FEY $RASE A&V FaEE cvAE
Gaussian #¥9¢| §F3 22 32 folding F2=2H 7% 4 84,

S(E)Q) oy £X& ZE WAl A&7 ¢ 243 Fose 3+ A&7
o &Y A% FEEF Jehe $HIFE i o] v & U4

(Tsoulfanidis, 1976).
AE)= j‘” R(E.E)S(E)dE’ ®8)

4714 R(E,E)E A&7 42 A7t Ed 3% §95¢ VA E
o) £¥ & Jeh& folding §42H ¥} & Gaussian X H42 INY
t}.

— )2
R(E,E’)=7%§exp[——(£2—3§—)—] ©)

9j7]4 B¥E Gaussian ¥X¢| A& vehi& PS5l

Aiz7t E,Q Fetde] A&7 gAHE A4 FE27 AA FrHE o
Uzle 44 7€ kst BAse] dkge] oA 2" 9 A
E ZvAd Y ovizle] ¥ 2E79 $HEsE 4 FEd g A2V ¥4
£ duix] £X& 7 F 4 8)F o] folding #H €& & Ut & 479

t 44 $£98 ZLEE AzrkE(HpGe) FE719 AAMHA TH#LY 24
gt SRH¥FH & T4 #3d(Lee F, 1986).
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1) A4 q#] peak(Full Energy Peak)

Azl peak{—. SA AHE zepdst A Bd8oM F2 FAE ¢
st A4 Zobde] Azt AE7el F4HE A QoA E peakZ Fig. 1
AM BXo] A7} e AutAdel A g FEo| A Jehde} o] S A
2719 F5H€ v EXE delta $42H S(E)=8E —E,)2 EAS
o ol 4 @ Hdstd 7¢ $REFE G Fd.

(E-E,)*

AE.E) = Alexol~——

] (10)

__4A
A= V2zB,
4714, E,& 4A8E vt ovzlols Bie Aeux| peak Gaussian ¥

X9 EAtd 3 FBA S (parameter)o] I, A& peake] ¥olo] u# e
@A Fol .

2) AAYA peak®] M4z ®2(Low Energy Tail on the Left Side

of the Full Energy Peak)

A 7€ ANA peake HEV] R AP A M AR 3
¥ Z+24 peak® FH2E F¢ HAYo] Ao e HEV) e E4E W
E B3] % dY¥2= A A AR} FAEV) JRE o)gd B¢
A3 £330 A7E AR peaks] VFAHALA] )& FAHLE A3
7t ¥4 Hel A4#s ¥ mYst dehiA "o ol ¥4 Y ¢
H¥se &3 o] Ao

_14_




fHL(E, E) = Azexpl \/_Bi) lerfcl (E\/‘E_;") + 2132] (11)

9714, By 2 499 4 AEE dehls FdA Fold

3) Flat Continuum

QA E ot oA E, olstlde 2E duxe A4 94 =279 oy
A $gol dehA dd. ¥ $HESE AVESE EAHE FHMA
228 4 ®)) Y3k foldingsted ot o] Fajalek.

—E,)

fs(Eo.E)=A3erfC[ \/~B1 ] (12)

4) 13} F=¥ 4P (Single Scatter Compton Continuum)
At o)ste] AP Auid e FutE FEVNE o|dIAY 23 =& 3

Ao FZRAR W2 A Fol A28 A AY F5E8. o] A
A FEIRAF U3 T AR AT YA FeAA FFE evAel s
29 EY Ao d& EEXZ JehA Do BEA FE7E ol Eso UA AT
¥ Lee(1986) =& 23, 33 FZAR kg3 st oy Aoz

= A9 vehdA] demz Agstgc. FEZLHAF o FEV) Y F5
g vz £XE 4 49 Zo] EAFH ojAE A (B) HYstd 7 $HY
e o3 2o

(E—B;)

/4 —\/5—34]’ (13)

E<E,
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E = E,—E, cos = 1+m,*/E,—m,:/E

o714, By& 4% zZt571 180° 4 # Compton edgedl] 3|2 3te ovizlo]z,

BsE Compton edgedl A9 £4¢ AEE Jehdl & AdA Fold.

5) Single Escape Peak
A== FAepde] oyz7 1.02MeV ol Ae] He A¥ dehde o=

0.511MeVe] “UAE ZE ¥ /Mg 2% zride] AE7E mAYsIL Yz
¢ Ae HE7C F549 A$oldh. AdYA] peakZHE 0.511MeV el 3]
o] single escape peak’} Yelvs SRSy & 2ol & &£ AU

E—(E,— 0.511)]1°
f(E.E) = Azexp{— LE—{ = )] ] (14)
v
As= 2B,

6) Double Escape Peak

HRAANS A3 AR T 28 gwiide] BF AEVE wAYWL HE
JlelEe E,-1.022MeV] U7t F5HE A+E el A2 2YEYYE
Ao1A] peakZHE 1.02MeV o}zl $]x]¢] double escape peak’} ehde}.

o] 4% ¢¥sFE du Ao

- o 2
f(E, E) = Zfs\exp{— LE (Eé’B%l'OZZ)] } (15)
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__As
A5 = V2zB,

st Aol 2 oz zHupide] gAE AR Fetds} 44 WS R AS
o] FATH 85 st A (16)F 2L F59] =Fo2 AGEFo] o] Foj
ok,

RE,E) = 3 fi(E,B) (16)

A4 A 4 (14), 4 (15 YA ZekA dvR7 1.02MeV o] & A$e 3
4= 422 single escape peak, double escape peak #¥°] F7tso] $HE
FAE FARA Bd. & dFoA Nal(TD) AE71& A3t Aoz 49
A& ASe7) W&o A ZEE AZekE HEVE ol EF ATFoAHY &
FEHT(Lee &, 1986) T4 d& zol7b A F, Nal(TD) F27& ¥%
A AE7Rd AL A £ Ege] 7] W A A} oz U
o A7l AR peake) Feol gzl aze) (R Ee s 33t A (11) #o] glol=
FEadcd. w4 HAFHoE SHFFALE AT F2 4 (10), (12), (13)
22 FAdgd. oldT A AR L o]&F HHoR JEAT AT F
ojE o] &% AY ZFAe #HZT F3o ol Foizid.

A FAY SFFFAE ol &t APA ASE ARE AYAY) AAME
TS 44D FRAFE ZAs ok Tk, FRAFE AR Ast A4

d =Z239YL North Carolina 5§ W ¥xe]A sfdsg CURCON(Jin &, 1986)
ojc, o] ZEIaWA AY AAALEA A, A; A, AL PS5 wg

& Z 37 wgdd o8 Z2AY, wAdy ABASA B, B;, BE rsE
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gradientgel s 271218 WA EA F2H5st a0 S FHxE 7
3 Marquart ol olste] 2P ol Fe YTIAZEL LUSE
&3tehe $314 g Eolch(Bevington, 1969). Y¥4E g o] EAE
ok,

#=3 {% [y,-—y(x;)]Z] (17)

A71H, yie AN 3 F dojgolx, o yo EFHAbolH y(x)
= ¥FAe A A4E gold. CURCON Z2 WA E 2728 43d
HHE Al4te)] o8 $Hdse] AwASs 2D

VA BB e
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Fig. 6& £ 74 A48 A A& EHHLE el ZAdd © 4%
A, @ FFME, @ AXNFF/E FAL Nal(T) FE71€ vebd Aeld. @,
Q@ 3¢ FF A% 3712 742 NIM(nuclear instrument module) A
Z A& Jepd Ao, @2 dFIzEHs] A Adste 29EY 24§
EZEq o7t AFD FFeold. Fig. 794 (@) 37 FAA F22 A
BAFolZ, (b)E otad F2d FFoAAY HE7] M T RFold. 1]
e Nal(TD) ZE719 W3], 22 A= A48 ALl d3to] Feiz 344
Ae AY el dE AHRaA .

1. Nal(T1) #&72|

Nal(T) M3373ZE7]€ Fig. 85} o] WAAe] Uz & #o2 W@sie A%
A AL Fe AV|H AEE W@ste FF9 F(photomultiplier tube,
PMT), 282 AAFF72 T4 .

A el AFAUl A3t ez g 4A =HE AFA FE oAl
Hg st e Fe B2l e B FFMBY FEIoH LdFe w)
Aste 4o FAAZ HEHW, o] W FARE FFWAUWY dynoded] o
10°-10°M 2 47} Fu=o] F3o) SAPo2A A e QL x| H]
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dale 29 257 AT 08T A3zE AAFF/E AAEA v FF
do. Fig. 82 19 A4 & =4x22 el Ho24 &Y UEE 3T -4
BF F2AE EHE G4 FAAY eviAd g JRE 2 & U

AFAE7E &9, e, 2kl §9] AE R 29EY 4 Fo 4 4
HL Qo] =3 HBA TR g2 27|} YA€ GFEA ﬂl’ﬂ"‘& = 5
7) wgel BAAde] F5 R dviAe wtet HEA AL sbed Aol & FHol
(3] F 5, 1993).

53 A Al ZAetdd Ay ARAUA FZRAR, FAES, YA
o8 AEAE T AR FAES o) g4 zHebde] A HFae el
U] peak7t FAEEY 550 Hl# st vehds] wEd X Is} vy &
Nal(TD) 4333 2&7]7F ¥o] A&}
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Fig. 7. Experimental apparatus of measuring conditions

in air (a) and water (b)
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ARolM A48 MEHE719 Y& Table 13 .

Table 1. Specification of Nal(T1) Detector

Specification Type
(CANBERRA)
Model 7.6cmX7.6cm( 3in. X 3in.)
802-4
Resolution 7.5% ~ 85%(Cs—137 : 0.662MeV)
Window 0.05mm(0.02in.), ,
aluminum ; density : 147.9mg/cm
Oxide : thickness, 1.6mm(0.625in.)
Reflector

; density : 88mg/cm’

Magnetic/Light-Shield

Conetic lined steel

Typical Bias

+800 ~ +1100V dc.

2. M@ (Sources)

of dFelA AHgE AL dd YA E detle AL 2H Az
FGlA Agsle EE AL E AE33d. Table 2&
22 9zl WelE 0.32008 ~ 1.275MeVel st
Na-22 A9 AAEYd o 0.511MeVe] 4% Aoid & stz 9. 2
Y3 29 EY EHNA  curve fittingA] LAE Fo]7] $8te Y-88 AU& o

439, o] A¥L 0.89804MeV, 1.83606MeVel sidate F 719 ovix]st

TAE e £ dFolAE 1.836MeVe] AR peak® AH-43t%ch

_24..
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Table 2. Monoenergetic Y-ray sources

Energy of

Nuclide Photons (MeV) Half-Life
Cr-51 0.32008 27.71 day
Cs-137 0.66166 30.17 year
Mn-54 0.83484 312.5 day
Zn-65 1.11555 243.9 day
Na-22 1.27454 950.4 day

3. &8 9y

o] A7 AY HPL 2A A $RE e A

AA, 2AYG 4= A=A 1000 VoltE 9483l FZ7)94 fine gain?}

course gaing Z7 0.3, 1022 23 2¥EY F5& A% ¢4 ==Y

(AccuSpec)E AFE Aol F+FA.

A, FE7A oA 59 I FIZVE AAEA o FIFHI AFH
yA¥ ADC(Analog to Digital Convertor)el] 2]sjA 413Z ) vl 3te AFAE
dA . dojA dHolel: AR A Asle AHEY EHo) o]g3g ).

A, FORTRANSZ Ho] gJ¥ CURCON =21 & AYAAA o84 A

A4 9 fitting® dlolebE Al

A L Al FHA FA dete] Tl £Fo)A AYE AA s Fig. 7
A (a)e F7] FoA AR AAZA FE7& $22 AWAD F 073 AT
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1087 3433 2ze] Agel dated 29ELE 1024 4320, (b)

o

€ 3o AFL=E 7tE, A2, Fol7l 28cmX29cmX25cm A2 olag
& < 10cm o2 AL F WA HAss A0 =¥ L Fold
A eZE Fde AVE AFstz $9 AR fd FE7E FFL 1084 AS
stich. 23 29 EY EMe) A4d delels AFEE FolV] A8 HER
A¥E T3t 249 dleoletE L
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AQolA 5 29EY dojele WA HAse EAy, AdE A=
HEslr] YA elvx] =A< g  Cs-1373 Na-22 AdeA Z4Z
0.662MeV, 1.274MeVel #%sh Houx] peak® o &3t HEASHPoR T

¢ =AY e e ok

y = 1.4262303593 - x — 0.0081907639 (18)

A (18)9 4 ye duAlelx, x& AHdFeld. FST 2YEHE STHHFH
curve fitting3}7] 1A 7+ Add AFAE AA AFAZ v AT
(normalization) t¢lch. AiFstd wleletdl A fitting FHl AF 3t wloletE
A9 3ste] CURCON Z2ago] APA7|d ¢S5l A48 4AAF7 245
o SgEsdA o] 24 HlolgE o} ez ud fitting® éﬂléﬁd o] F
8}zl o}

718 £FAA AFHA oA dlolers} fittingol A @2 2HYEHF S TH=
3} 3% Fig. 9 ~ Fig. 129} . Fig. 9 Cr-51 oLl sdsie 29
EYo2H 0.32008MeVe] HoLA| peak® EF3L k. F7] FoA HAL
2 ZAY AR doletE 2w 0.14208MeV AENA P& peak’t et} e
ol ol Fubalgte] ¥ Ggolct. E AT FEFFeMe FHARE 2
gA] @7 W&l fitting¥ 2HEYe= vehda] g3 . =R FFA
o] 29 EY S A RA U7t Y] W) Fo A R AJFETF T 9
go2 Ao1iz] peak’t F7] FAMEG 1/3 AE A etz k. I
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ol o8 A7 FArkde] QAR A6z dQelA BlHoz 29EYe] ¥
Al vdend Qleh. $FolAe] A doleb: Ae gulae] §FoT 2 Fo| A
AE & 4 k. IYOE E733 $FIME & dF9 S35 AY vy
oletell 23 fitting#e ¢ 4 k. Fig. 10& Cs-137 Feuligde)] 833
T &HEYOR 0.662MeVe] Aolux] peakE EHITL gon LFAE
Compton edge’t Al vehz] ¢ £ & st o] A$ Cr-5183% ¥4
TEAe dolehs mmA 2%0] &L E 4 9. Fig. 11€ Mn-54¢) &
HEHE vehd 222 0.8348MeVe] He1ix] peak® EFstz Qow, Fig. 12
= L115MeVe] AelvA] peak®& T Zn-65¢) 29EYE Jepd Aoz ¢
A ARR Cr-51 29 EJ R Aouix] el B abet J3e] HA Jehg
T € 5 Ak 0¥ Ade 2P AFASFAAE F Yt . | 9I)A
Na-2249(1.274 MeV)d A& AT 2§ 0.511MeV peak o] 27
ol 2HEYE FAsed AYAZ . Table 3& curve fittinge 3o
238 AAF #e RAFL dod. AFEY FEEAE ASgE o 43y
SHHFE Y AT Ao NAY GFL M)A B2 10247 742 Fehg)
Ztzte] SRS et AWE™ Adux peakdl JEhd ABASE
A}, B°lZ flat continuume] Yeh}E 4¢A5E A, Bolz, 13 2xd
Ade] vdehbe 43ASE A, B;, Beld. old¥ ARASE H2ASY
€ ol g3t 44 AUA(E)el B g4Aew 28 AL Tz vehyw

Fig. 13 ~ Fig. 18¢] vt ZAAE £4s v AYASL A¢ A
peakd] ¥old #Fe AFEA FI)G £FAMY T4 e YuyolA
Aggtel s & 2el7b etz gldl. Table 3914 Hm 0.322MeVa X = 21 3}
°]7} 0.02662¢]3 1.115MeVelM € 0.004912 Aouix] ddor] o3ko] =7
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Hetta glen 37 F Aegtel #4 deh} ok ggo® AL: fla
continuumel X ] AYAFE SFo4 2 AFAE BolZ o] Aoz do
AA dFel A vdertx gl 13 FxdAte] AYASRA A,9 fitting 3
T8 Fig. 1594 29 37] FoAe vz Eobdel wet gages s
=H M8 £FANE FH8) grEe B 4 Ad. AYASEL AR} B}
Aol wheh sz A3, $FAAE Ay, A0 Aol T Fo e 24
Hehda sich HlAdWA S B AolviAl peake] Gaussian®E £ B flat
continuum®] £X] #F3e AR Table 3014 Hw Adgre] A A
eht fitting $45 AEE & ¢ k. 2, F719 $£F049 Aol peake)
TE ¥l AL 32 AFA T 9%¢ vAL ¢ 4 . B, BE 14 2
ZRd @A Compton edged] oIzl 2 £xo Pt ASEZH dixr} =
oHlel @2} F7tstx Qlon $Folxe] 29 EYE ¥ w Compton edge’} &
A& & & do. 2 curve fittings] 4 Compton continuum edge®)
HAZE Ao E AN FA Fd7] W Eo o] ol ulaA umE =)
BRAFTES o128 FFALE AL v & 44 FSE Table 49 et
et
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Table 3. Response function parameters obtain from by curve fitting

Energy(MeV) | 0.32008 0.662 0.8348 1.115
| Air | 00356597126 | 0.0131875384 | 0.0113058532 | 0.0079393874
A mren ] oovoaiarrs [ooamesrato | oooiosansod 0.0030264966
A, _ Air | 0.0002565835 | 0.0001111663 | 0.0000850358 | 0.0000760785
Water | 0.0011890749 | 0.0002976384 | 0.0001944783 | 0.0001094271
A, Air | 0.0005012590 | 0.0003016827 | 0.0002661872 | 0.0001811489
Water | 0.0027398411 | 0.0004814026 | 0.0003670841 | 0.0002112323
= Air | 0.0117305356 | 0.0188878979 | 0.0215115875 | 0.0248196963
Water | 0.0117762038 | 0.0185145278 | 0.0212895740 | 0.0246037440
5, Air | 0.1670104215 | 0.4512730528 | 0.6081337360 | 0.8726120779
Water | 0.1040830185 | 0.3502420200 | 0.4517729524 | 0.6770463518
2 Air | 0.0036763659 | 0.0263733224 | 00339185182 | 0.0396480993
Water | 0.0542394818 | 0.0925771211 | 0.1418679651 | 0.1992617295
Table 4. Coefficients of fitted parameters
(@) Fitting coefficients of polynomial A,

a; b 8] d,
0.41898391 x 10° i-0.12580940 X 10* 0.12595135x 10* -0.42041254 X 10°
ay by Cy dy
0.42920395 X 107 {-0.12877870x 10°; 0.12891470% 10° i-0.43059744 X 102
(b) Fitting coefficients of polynomial A,
€ A £ h
0.28906103x 10" | -0.21090025X 10 " | 0.52597177 X 10°* | 0.24726346 X 102
e, S Jo) hy
-0.12616037x 107"} 0.11772816x10 | 0.27413306 10 | -0.72263692 % 10"

_30_



(c) Fitting coefficients of polynomial A,

4 7 ky L
0.83501394 < 1077 0.44236648 %10 : -0.17628511x 10 i 0.33779271 X 16
iy Ja ky ly

0.19665971x 10°

-0.65373228 %10

0.11286739%x 102

-0.40266708 X 10

(d) Fitting coefficients of polynomial B,

my n, 01 pl a
-0.278133x1072/0.175417 X 10 * | -0.384445 % 10 10.471829X 10 0.329554 X 10"
my ny 0y Dy a
-0.461892x1010.237224 X 10" 1 -0.444417 101 0.485573 X 10 110.909939 X 10°°
(e) Fitting coefficients of polynomial Bs
7’1 S1 tl U 2]
0.110337x10°:-0.521860 x 10°; 0.886925x 10° : 1.2892861 x 10°; ~0.783133 X 10
7y So tg Uy Uy
0.116596 % 10° | £0.593302%(10°0.984042 X 10° : 0.834375 X 10 | -0.822142X 10"
(f) Fitting coefficients of polynomial By
w, X1 Y1 <1 B
0.796448x10™" |-0.277699x 10° 0.202494x10° -0.558095% 10 ' -0.246368 X 10*
Wy X2 N z2 Bs
-0.216494x 107" 0.147738x 10" :-0.148800x 10°; 0.192548x 10" | 0.510858 X 10
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Fig. 9. Cr-51 Y-ray energy spectrums,
in air (a) and in water (b)
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Fig. 10. Cs-137 v-ray energy spectrums,
in air (a) and in water (b)
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Fig. 11. Mn-54 v-ray energy spectrums,
in air (a) and in water (b)
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Fig. 12. Zn-65 v-ray energy spectrums,
in air (a) and in water (b)
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Fig. 13. Polynomial fitting of parameter //1\1 as

function of incident Y-ray energy Eo,,
in air (a) and in water (b)
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Fig. 14. Polynomial fitting of parameter As as
function of incident Y—rai' energy E,,
in air (a) and in water (b
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Fig. 15. Polynomial fitting of parameter A4 as
function of incident Y-ray energy E.,
in air (a) and in water (by
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Fig. 16. Polynomial fitting of parameter B; as
function of incident Y-ray energy E.,
in air (a) and in water (b)
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Fig. 17. Polynomial fitting of parameter B3 as
func_tlon of incident Y-ray energy E,,
in air (a) and in water (by
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Fig. 18. Polynomial fitting of parameter B4 as
func_tlon of incident Y-ray energy E,,
in air (a) and in water (b¥
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V. 2 &

¥ dTAE Nal(TD) HZHZE7& o) 43te 38 $7 PAS 9o F3te
Aoz Zebddel Cr-51, Cs-137, Mn-54, Zn-65, Na-22¢] o 3hq] 279}
TEAAY vz 2dEYE EAHd. SHY 29EYS BHay) 3t
HIEW(Lee 5, 1986)0) AN F54e) 2Ase S5 FAHH.

U

l

I"

SHErA el 22 F& AR peak, flat continuum, 1%} FZYAFe 2

7189 ZEE Aznkge] $RE54E 9&3F Fuolt. B A7d 44 <
WP A A GdolA ) F Bak ot £FolAe] FalA oux)
29 EY S A el & glee Fdge.

THITY T AVASEL AY dolgE - H2ASYE ol E59 ¢
FeAlel fitting AR 22ZH ek ovizle) §42 Fad. SHEL 4w
AFEE FolA v ddo qaj4 HaAsgoz 2HAALZHN o 7
P ezl el A 2 ERE B & Qi RE AN syt

TN 2AEPL EEoNA AFYSo] B At L AdEbo] s
37 FelA e AAshe d2A dehgon, 743 Z slolE B JRALE
AAUA| peake] Eold] siFste A oz Cr-5lolXE 27 Fo] us) 1/3
AE WA veht A 295G b 2 %S vA Yt o9 A
FAFA Ay, Age £30A 24 dehdz 9on Aoz e B 9
¥ dgo] 2A vehiz ok HAPASA Be TG £Fo4 2A et
Yz et olf @ dde 29599 AA] peaks] EEs} T AN A
FAE GFE PAE & F YYD ANHLZ T SN HYAS
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€ AEE AvH UA(E)e dste]  oux|7t Eobdlel wet stz g
o WAYAFE St 214.

He ol HEF FAS A2 QolAl FRASFE Fote] ok oy
A B9E AEs A WY Aoz depddd qele zhubd g4
Ao dehde o] &3 $9de 29EyE o238 4 gos &

€ d7dAe €9 HolE 10cmE APy 33 AF Agow o 7
ol W& 2HEH v]XE I B4 ¥ 5 Jodd ARG, o AL &
ol A8 AFAe] d5e gopade oz 2 Aolst A Aol
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