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SUMMARY

6OCO*gamma irradiators have long been used for foods sterilization, plant
mutation and development of radio—protective agents, radio-sensitizers and
other purposes. The Applied Radiological Science Research Institute of Cheju
National University has a multipurpose gamma irradiation facility loaded with
a MDS Nordin standard ®Co source (C188), of which the initial activity was
400 TBq (10,800 Ci) on February 19, 2004. This panoramic gamma irradiator
1s designed to irradiate in all directions various samples such as plants,
cultured cells and mice to administer given radiation doses. In order to give
accurate doses to irradiation samples, appropriate methods of evaluating, both
by calculation and measurement, the radiation doses delivered to the samples
should be set up.

Computational models have been developed to evaluate the radiation dose
distributions inside the irradiation chamber and the radiation doses delivered
to typical biolological samples which are frequently irradiated in the facility.
The computational models are based on using the MCNPX code. The
horizontal and vertical dose distributions has been calculated inside the
irradiation chamber and compared the calculated results with measured data
obtained with radiation dosimeters to verify the computational models. The
radiation dosimeters employed are a Famer’s type ion chamber and MOSFET
dosimeters. Radiation doses were calculated by computational models, which
were delivered to cultured cell samples contained in test tubes and to a
mouse fixed in a irradiation cage, and compared the calculated results with
the measured data. The computation models are also tested to see if they can
accurately simulate the case where a thick lead shield is placed between the
source and detector. Three tally options of the MCNPX code, F4, F5 and F6,

are alternately used to see which option produces optimum results. The

vii



computation models are also used to calculate gamma ray energy spectra of a
BGO scintillator at several points of the irradiation chamber.

It is found that the calculated horizontal dose distribution agrees with the
measured data within 5% deviation. The calculated vertical dose distribution
generally agrees well with the measured data, but there exist large
discrepancies between the calculated and measured data at some points. It is
found that these discrepancies have originated from the MOSFET dosimeters
used rather than from the computation models. The computed results show a
smooth pattern of the dose distribution while the measured data show a very
irregular pattern which seems very unnatural. It is deemed that the some of
the dosimeters have been inaccurately calibrated. The calculated doses behind
a thick lead shield agree with the data measured with ion chamber within 496
deviation. The calculated absorbed doses delivered to the biological samples
agrees with the measured data within 5% deviation. The effect of different
tally options dose not show a consistent pattern. In some points one tally
option agrees better with the measured data while in other points another
tally option agrees better.

The gamma ray energy spectra for a BGO scintillator calculated with the
MCNPX computation model show the full energy peaks more prominent as
the detector is closer to the source. The heights of full energy peaks become

lower behind the lead shield due to the interference of the scattered gammas.
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Table 1. Radiation transport codes using Monte-Carlo method.
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Figure 3. MCNPX cell and surface card input data format.
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Fig 5. The vertical view of the Co-60 gamma irradiation facility.
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A Aded, Grid F2F dgd 5 o8 AT dARE &2
3 A2 Farmer-typel 2 PTW FreiburgAt7F #|#Hsk A2 A
o] 0.6 cc®l Afra7] AElgolt} o] thimble type A3t WHE=E F7|7F =
FEA EUs 7] dited =% % 7|stel g BAo] dasttt (Gavin
Cranmer-Sargison et al., 2003). 8 &% ola¥d (PMMA)Y} &4 (O) ez +
s o HA 1.1 mm, Z°] 21.2 mm¢<! aluminum =] ¥ & yFo|
Ak H = oo PMMAZ A2 Co-604 el tist buildup caps 2914
AR&Sta B Aol A AEE AdElEe] AA A4Sl diagrame Fig 73 Zth o]
A2 3] jon transit time> 180 ms ©]il 995 % ol FF ZT& AHFS 2.80

Gy/s °o]th.
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Fig 7. The schematic of th Farmer-type ionization chamber.
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(1.2) MOSFET
MOSFET (Metal Oxide Semiconductor field effect transistor)X ZA|= =LA
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Fig 8. The structure of the MOSFET dosimeter.
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Figure 9+ MOSFET Autosense System (Thomson Neilsen Co, Model
TN-1002RD)¢] #4%=& YE 7ol Readerv= PC$ RS-232 cable® <1
A x| o] Autosense software@® controldtAl © T} 470 ¢] Bias supply®t Reader”}
Aol EZ AZdE o a1, 171¢] Bias supply$t Hdl 571¢] MOSFETAIA 7} A4

50 200 AF BA EHol bsseh A B PR 02502 mm A ol
WAl dn A ABAR gelglrh ANE WA xF HAS W Aol
FAol B3 A 25000 mV FHE AT Qo] mAF PAA G e =7
A A el rje] WEA 2AEE BEe AU QAW WA PR £¥eln
DPE olr} AN FAol ssdm AHES] A% FHE AHm Ao

o

okl A Wl A I Atk FE7E B whet AHFS Eehe AN B
&

S Holo] Ag&Aom AL ¢t} (Brian Wang et al.,, 2005).

Treatment Room q]" Control Boom

=
™
=0
~—

<N
\
X AutoSense PC Software

« PC iz online with Reader
« Treatment Dose is obtained in

Fig 9. The configuration of the MOSFET dosimetry system.
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measuring the dose.
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3 AEF A
(3.1) ©&%
A A9Al= ImZAele] A& AlolexE AZAE o] A LA A calibration
go] FnFHJo) B Ao AN MBS Alojdd A AAzter =4
7t2 Fdetdh o2 AolER A sk

%
ARt el whel A Fo)ekekd o] ¥Co 2AMAAS o] gdtel A mA st

J;=kg s kp s Ny« M (8)

ko = WA oy o] dig BAgdS (“Co=1.0)

kp = SA2E (T 43 (P)HEe digh F7|d% |

ol

A

N, = Air Kerma 2844 (N, =4.928x10 *Gy/nC )

A Al 71 7121 220 C, 760 mmHgelth welx F7d % BA AgE

_ 760mmHy T

Fp P 29515

9)

ZAAY F7F AEE 7= Air kerma A g BRAASFE o] &35}
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FrEFEH 7Y FeAEY 29 FeAdge AT ¢ e HEASE Ny,
Np.yarer & TFAT ( IAEA Technical Reports Series 277).
N, =N,(1—g)k,, *k, (10)
ko = A28 Holl Mo Zha] BA A

Ek, = A3 W] #7572 4 Build-up capl 72 BAAS

g = oA WA= Brehmsstrahlung] Bl € (¥Co=0.003)

2 oA ALgs delghe ky, e+ k, S 0972011 FEFAY nARFE
obef el 2},
Np=4.7756x10" Gy/nC (11)

date AL 08T (Ko et al, 20000, mebx] Ao

(u /P) d
D, =D, i med 1
med air ('u,en/p)mfr

webd D, o & D ©13 PCo #rHA YA (1.25 MeV)ol thgh 2z
NIAAFFATY (o) Pater! Wen/ o)) 8-S 1112010} (Chilton, B. et al,
1984). B2 FEAwe ol st 2t

D

water

=D,, * 1.112 (13)
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7 fln) wEpa] Ak 2AME Y] B BExE F7AN nAGSE o] &35
o &L, 4 145 ol&ste] AR (&) FFAEFS 73T
Aupdel skl AR
rad =0.95~1.0 R Q1 #A el 3t} (Cember. 1969). 8% HatFo=z Az 7]
o] A HAste] =AM E SAHWA o3k A AR FEAES ta A
g8 +& F+ 2

Q : T{k] 101.325

X[C/kg) == lkgm %) 27315 (P—0.238P,)[}Pa]

(15)

(3.2) MOSFET

WAt S4el @ah g7l Wil Aol A deldl m sl

E YCo ALY A% F 9 mV/cGyd #EE UEie wAdA AE wHe o
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e MOSFET mV  Reading (mV) (16)
"~ Known Radiation Value (e.g. ¢cGy/R/Gy)

(o)
Fe=s

Figure 12%= MOSFET A=A 2070 AlA o] wA AR} o] 29~32 Ale]o]

LHERH AT

4
3.5 r
=
)
> 3 *—e
IS
s
O
25 r
2 TN S aEmEyv.iihdaa TSy 1 I NITEEEEEEE B Nl ... == BN T )

A1 A3 A5 B2 B4 Ci C3 @5 D2 D4
sensor No.

Fig 12. Calibration Factors of MOSFET dosimeters.

Aol slFaete CRgte2 viro] FH 4
17920 MEFS & 5 93, o] AL MOSFET A=A PC Sofrware I

AutoSences &35t A& 2HAbEITH

MOSFET mV Readi \%
Dose(cGy) = ZF factoo; ing (mV) (17)
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1) Geometry Cards

WARD AR o] 7)8tetA xR BAbE 2ARY AARE AR OR EALSGIUL

Figures 13, 14w A @22 At Bd BAMS 93 7]efebs] Bde] Furme} &

Ars Yetl= ol oA Bzo] Alojdat Ast AFFA= BAF 6

A o el gkde] QE HAe WE THEE ZAMAA S EAF it W
2

AR TSI Y Bde FadE, b, AHddsg, dEnE

o] 3 MCNPX Surface Card®} Cell Card 4= WH-&9]

o}
Azte] g4 o@ wAE 43T A5 Cm)st WE (@em)E QAT =
o}

307

137.5 2185

288 407.5

[] : concrete []:Alplate [ :lead wall [l : door @ : source

Fig 13. Horizontal geometric model of the irradiation cell for MCNPX simulation.
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11.43

: source guide tube (stainless steel)
10.83
A — O : Al plate
M : source
H : lead

source holder (stainless steel)
[ : concrete

unit : cm

217

136.5

0.6

78.2

35
33
16.5
185

Fig 14. Vertical geometric model of the irradiation cell for MCNPX simulation

Fig 15. MCNPX geometry plots of horizontal and vertical view of the irradiation

facility.
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Cell Card Surface Card

<B32|E A 1 cz 609

100 2 -2.3% 5 -67 -8 4 -9 2 pz -108

200 2 -2.8% -18117 -8 4 -9 3 pz 450

308 2 -2.3% -127 -5 10 4 -9 y pz 0

490 2 -2.34% 15 -8 -13 10 4 -9 5 px  267.5

e 2 -2.34 13 -18 14 -8 4 -9 6 px  407.5

<232l E di=h 7 py -807

600 2 -2.3% 611 -8 7 -4 2 8 py 319

<BI2E HEb 9 pz 270

700 2 -2.34 -611-8 7 9 -28 10 px -148

<gf T > 11 px -288

806 3 -11.3 -13 10 14 —15 & -9 12 py -167

EYUD 13 px 52

908 3 -11.3 18 -5 19 -8 4 -9 W py 209

<Al R TACH> 15 py 221

1808 5 -2.7  -21 27 16 px 220

<{Co-68 Source> 17 pz -158

1100 6 -8.9 -23 18 px  177.5

{Air> 19 py 309

1200 1 -0.881221 23 -24 20 pz 40

<Source Holder stainless steel:sch4fsd 21 box -137.5 -138 18.5 356 8 0 0 297 0 8 0 6.5
1?_?)“ Lt 22 Dbox 177.5 209 90 0 0 0 100 6 6 0 270
= 23 rcc 0035 0 0 40.6 0.55

108 ¢ s WaF o200 24 rcc 8 0 34.7 6 08 43.5 0.8

{Source Guide tube stainless steel:sus3Bh> 95 yec 8833 60 45.2 1.08

an b e 2k 26 rcc 8 0 78.2 8 0 58 5.42

= 27 rcc B0 B 00 136.5 5.72

1:;’:’) 8 A 520 38 28 rcc 00 0 0 B 136.2 5.42

1788 1 -8.881221 26 -28 25 :z g g g g g g :2'2 ;2?3

<EAMY LES 22> Y
R B no kT LT STRR L T Ny Y A SN ——
1900 1 -8.681221 -22 : 3 § : :
CEA 9|2 2I) 102 rcc 36.56 16.22 53.895 8 0 2.21 0.3425
2000 1 -0.081221 -1 -3 17 #(-6 2 -8 7 11 -20) :gi wee gg'ig :ggz ::':23 E : :2‘"5 8.36
<Hag Hal 37>

3011 1 -0.681221 -101

<RIBS EbA o+ PHHAD

3012 9 -1.72 101 -102

¢F2|E S Build-up cap AFO| 22>

3013 1  -0.881221 192 -163

<Build-up cap : PHHA)

3014 10 -1.19 163 -104

Fig 16. Surface and cell card input data structure for MCNPX calculation.

2) Data Card

Data Cardel= Source term definition, Radiation transport option, Cross
section & Material data, Particle impotance & weight & ©°] X3t} Figure
17615 WAL 2Apa e YCo HUS A QEFA Yotk 17 %
2o A mode pE radiation transport option=ol 4 =} (photon)©td HES =
=2 =3t ggor YCo Avt AYe 153 F 2749 dAdAS MK At
of WEH, BEFALY AR, A4, Zold g xEFEF HFT gEo
ek W&o] 2FFo ot ofF o= WA ZAAAE FASIE e =
A 9] Cross section ¥ Material data 2FolB &g & E2S o|Fa A= 77 ¢

29 YA E e} wight fractionoZ YeRH AL F7], LAYE, 2EHJA =%
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2 o2 Eo] el el

mode p

sdef par=2 pos=0 0 35 rad=d1 axs=0 0 1 ext=d? erg=d3
sil 0 0.55

spl —21 1

si2z 0 40.6

sp?2 —21 0

si3L1.173 1.332

sp3 D11

Air
ml1 7000.04p —0.755 8000.04p —0.232 18000.04p —0.013

Concrete
mZ 1000.04p —0.1 8000.04p —0.58 13000.04p —0.03
14000.04p —0.21 19000.04p —0.03 20000.04p —0.05

Source guide tube sus 304
m8 12000.04p —0.0008 14000.04p —0.01 25000.04p —0.02
24000.04p -0.19 28000.04p —0.09 26000.04p —0.6892

Fig 17. Source definition and material data card input data structure for
MCNPX calculation.

3) Tally Cards
(3.1) &% A=tz A4

3 AMEE F4, F5 F69 F

e
i

MCNPXE A& AR 2AREW 30 A%
Tally Card®} Mesh Card & Dose Energy Function Card (ICRU Report 74
data, 1992)= o] &3le] Air Kerma rate (Gy/h)E AT A2 & oy
7HA A S ol &ste] =EE AR gS Rludo A AFAN 2de] Al
de o = et
WA E Ao A A3 ally Carde9 W8S ¥olx™ Table 33 2t}

F T
A#e F Tally Card Al A3 Fn UnitsE X Aste] 3o}
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Table 3. Types of tally card available in MCNPX for dose calculations.

Tally Type Tally Description Fn Units
F4 Flux average over a cell particles/cm2
F5 Flux at a point or ring detector particles/cm2
F6 Energy deposition average over a cell Mev/g

F4 Tally card® track length (Tp) estimator® ©]&3to] cell 5 (V)o] A=A
Hit fluenceE 3t Ao|th F4 Tally cardd output =& #AS Ay,

particle flux+= Ut #o] d T}

—

&(rEt) = vN(r,Et) (18)

o] 71 4] v=particle velocity, N=particle density=particle weight/unit volume®] t}.

MNeEF4 © 2 time integrated flux® a3 2t}

///qertdEdtd—“// = Wit/V = WIT,/V (19)

W= particle weight

Ty (track length) = transit time x velocity

t] A8, ds=wvdt 2 3+ time-integrated flux+

/f/ rEtdEdt— ff/NrEtdsdEd—“// (20)

N(r,E,t)ds ¥ track length densityo]= %, MCNPX: 4 A% time range,
energy rangeo] 9] EE particle trackth 3 WT,/V & FAE 24 199 AES

FA4 3t} F4 Tally scorex= tha3 2t}
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(21)

1 WT;
L= WZ

N=number of source particles

F5 Tally Card (Point detector)= &3t 3 A HoA fluxe] ZAAEZX FAH 7]
t}.  Particle52 7719 source®t =& eventd EH 3PS Z A Point detector
oAl flux X E PAsHA drt WA AYdo=zZHE duyA E9 weight WSl

U2} detector pointell A A €] ribE "ol oA WEHE T S, detector
Ray

il
o
oo
o

pointoll A1 fluence 6@ X+ point-kernel method=

2 0sd 2de 5 Stk

theory W o

b= o u(E)r (22)
r

A7, wlB) & YA Eo] 4ol i dzhaAlselvh. 1/4n per steradian©]

¥ (angular distribution)¢! Z-& F539, point detector

[e] —
2HE A kg 9oyl oA fJa FEo] douA] detector® =237 ¢
& gzt 071 dastA Ao Ex 559 A9 dyAela, We 1 ¢4A
o] weightelth. w(E,0,)7F AFekzy 0 ol st steradian T A7 AFE 39,

w(E,0,)/u(E) = k&7t 0.0 t)gh steradian F EEolth. 7|ststAd A= 1

1/r*e2 YA =i, detector point 9419 fluence ¥ 60, F5 Tally estimator
= Os 2

Wu(E,0
sp— D) o (23)
p(Ep?
/ / @(;,E,t)dE dt (24)
tY E

F49} F59] MCNPX Output ©$]%= particle/cm?®e]th. A2 S fluenceZ 3 Air
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Kerma ©¢¢l GyZ YEIWZ] Y3l = FM (Tally multiplier) CardE A}-& 3}
As 3akett) F4, F5, FM Card9] MCNPX ¥ AM&kS ®W Fig 183 2t}

F4:p n : fluence averaged over a cell No. n

F5:p X Y Z R :Detector position( X, Y. 7)., Detector radius (R)
Fi4 C m -5 -B

FM5 C m -5 -B

C = Tally multiplier constant

m = material No.

-5 = multiply each score by total cross section at energy of scoring track

-6 = multiply each score by Heating No. at energy of scoring track

Fig 18. Tally card input data for MCNPX calculation.

F4, F5, FM Tally Carde] AlAFAz}el] o) gk Mk &3 o] T},
# Mev -
D(rad) = ¢(—) X o, (barns ) X H(———) X C(Tally Multiplier constant) (25)
om? 1 colliosion

o] 7]A, ¢+ fluence score, o,= scoring track energyel tidt & S5ddZ, H
+ scoring track energyoll dlgt Heating Numbere]t}. o,9} Hi= Fig 1894 -5,
-62] Photon reaction numberdl] 3|3 3si= AR o] E29 g2 MCNPX dHlo]H
glo]H 28] Cross section tableZ2%-F 7|1t} FM Card®} reaction number

o] Apgshd Tally output @91 (Mev-b/atom-em’~)7 €tk C (Tally

i

multiplier constant)™ F4, F52] output ©$17F #Z7] wj&Eol| Fto] #a, 33
2ol Fafxltt,

)< (1.6 X 10" *rad/Mev/g) (26)

ZARE F-ol A YR F712 A9A A7) "zl Air Kerma2]l 9ol
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w2t F7] 1 g9 Y9ASF atoms/gE I thS3 2o}

1mi

52400mifmol~ Na 7Y @D

atoms / em? =

N,yE oR7TERE S 4 EA o)t 2] 278 o] &3l 37 FAES A4, 4l

2, o2 A AFE Fad 77 4.19x10%, 1.13x10", 2.69x10"7 ol a &
A5 oF 535x10" Aolt). 2] 26< thAl A e stH

5 atoms ( em? )

barns ¢ cm 0.001293¢

5.35 <10 % (1.602 < 10~ *rad/ Mev/g) (28)

o] 31, Tally multiplier constant® o}z <} 2t}
C=6.6285 10" "rad (29)

F6 Tally Card= #AAUo] ©@¢d =3 Hit Energy depositionzts AAtst=
Carde]lt}. Energy deposition Tally:= ©2 3 722 track length AW S wE
=3

= p"f ffH rEtdEdt% (30)

3
H(E) = 0,(B)H,,,(E) , H,,( Z] E-E,) (31)

p, = atom density (atoms/barn—cm)

p, = gram density (g/cm®)
H = heating response

p; (E)= probability of reaction i

= 1 compton scattering with form factors
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i = 2 pair production E,, = 1.022016=2mc’

1 = 3 photoelectric

Bs)
>
;ﬂ
&,
=
o
bt
g
=t
(e
do
rlr
=
g

0
o
fr
N
2
>
=l
JI[O{1
&
rx
ol
e
do
fr
r (
e
o
s
rx
ol
ftlo

Mev 1.6x10"¥J, ,1000g

Mewv ) kg

Gy = F6 Tully score ( )< ( ) (32)

MESH Tally Card= AAME, A, 73 AAE 7]E Ao ED 9o &
o] #2 A Ao particle flux, dose, energy deposition®] =24 *YES o
2 YehlE ot ® AtoME WA AR YRS 1x1x2 em®’ 72
Uz SHA A AZo e fluxE Dose Energy Function CardES AF&3}e] Air
Kerma A& +8tal MCPLOT= °l&3te g oz yetitt. T MESH
9] flux scorei= scoring tracke] oy =|o] 4}-83}+= conversion function® k3
woto] AzFo =z WMt MESH cardE ©]-83ste] Air Kerma rateg 7] 9

ICRP742] Air Kerma per unit fluence ¥ 3 A% o]&3F0t}. Figure 19

o
+ MESH Tally Card ¢+ Dose Energy Function Carde] & wW-&o]t}.

tmesh

rmeshl:p flux

coral —-288 694i 407
corb1 -307 624i 318
corcl 54 56
rmesh21:p flux
cora2l —-288 694i 407

corb21 -1 1
corc21 —100 497i 398
endmd

c —— 2007-02-10 Activity ——

fm1 1.944643E+18

fm21 1.944643E+18

del 0.01 0.0150.02 0.03 0.040.050.06 0.080.10.150.20.3 &
0.40506081.01.5203.04.05.06.08.010.0

dfl 7.43 3.121.680.721 0.429 0.323 0.289 0.307 0.371 0.599 &
0.856 1.380 1.980 2.38 2.84 3.694.476.14 7.55 9.96 12.1 &
14.1 16.1 20.1 24.0

de21 0.01 0.0150.020.03 0.04 0.050.06 0.080.1 0.150.2 0.3 &
0405060810152 03.0405.06.08010.0

df2z1 7.43 3.12 1.68 0.721 0.4290.323 0.289 0.307 0.371 0.599 &
0.856 1.380 1.980 2.38 2.84 3.694.476.14 7.55 9.96 12.1 &
14.1 16.1 20.1 24.0

Fig 19. Input data for MESH tally and dose energy function cards.
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(32) ZAA RO FRAF A4

2 1% Eo|th. Figure 20> AEvjgd Als &7] AA 25 A4 29

it

=
>

=

=k

125cm

11.5cm

water gem| | waten
dem

3

acrylic cab

Figure 20. Geometric model for absorbed dose rate calculation of cultured cell

samples contained in test tube.
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8cm
6cm i
4cm 3cm Near
i N+
bmm
Acrylic

Figure 21. Geometric model for absorbed dose rate calculation of an animal sample

contained in the irradiation cage.

Figure 212 vl 14 & AAESFH AL Bdo] AL&sh A9S YA 1
dolth, 1A E2 T/ 5 mme ol RE Hojglow mlexaE AA 3 cmE7]
Qtell A A st AL AIZITE AFEAL = AlEzegd &7 A A &
LT A A B FFAFES ALts
(3.3) 2= A F&F ALt
AHAE AHEHS A AFda e WstE Al Prhstr] skl Fig 229 2
< A THY AN TS et
2 4%S Fol &7 ¥o] 40 cme] A HHEE dYe
=

SEth Aeg A= A HW

_

9 HEE 182 FA7F 48 cmelal Zo
10 cm, Z°]7} 20 cm$! A&
ZHH A7t 40, 80 cmol 1A 5=
of MU 60 cm, 1 m Eolzx Y Fo] FAH wietolA 30 cm =old 1A

a

!
At Co-60 ZrmpAe] thak el uk7l=2 1.2 cmo]al (Chilton B. et al, 1984),

ol

48 cm FAY A9 Age oF 1/1602 7AE ROz o A HALA
ZAMAIA o] ML Aol ofy 7] wZo Build-up factorg #std A= 7

ulE /1680 & A

o
fr
2
oz
)
O
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stainless steel tube
lead
Al plate

ion chamber

H e [ B @

source

40,80cm

(34) 912 Wste] we @k olux ~#E7 Simulation
A A2 WMo wE 2ol FEae gubal oue BxE dopny)
gate] olux 29 EFS Simulation Atk AUA 2HEHS mAE7] 98
o] PET (FAAYEFZE%9)9] AE712 Bol AH45%E BGO (BiGeO)A 3
cm, 2°] 2 cm 2719 9EFow A 3tk BGO H%AE Fig
249} o]l Aol Agd 94 [1]~[6] (20, 60, 100, 140, 180, 220 cm)3 A+t
Ao FEge wol e FOR oA HE 9 [7~[8 1Y AA A9 2

HEH S BAF sl B2 o AdA Gl wE dyA AFEHS vy

2
il
»
oM,
—

#1ske] Fig 229F 2 Wi o= HASES T AFE3 Tally= F8 (Pulse Height
Tally)¥ E (Energy Bin)Carde]t}. F8 Tally card®] RAIWH S <olE™ Fig
2337 zro] Ao} HE7IZEe] A7bAl BFE AES A & 5 Udn "=V
compton collision ¥ 4%, En - Ewdl 3T 3= oA binel pulse7bAdAd €
o YA AEAES dovA &g HAEVE F3E A% 10E-12~10E-5 ©f
U A bin®ll score® L, YA HE7] ko w JASHA] & A F-ol= scored A
Gt AR A HE71e s #Hget

¥ ¥ 3= Tally Energy (E) cardE AF&3te] & 5 lth
npd el Hof oyA S 7ot st 0~15 MeV Ate]= E8 (Energy Tally) Card

2
o,
i
N
M
o
-3
Ay
X
)
-3
Avs
N
o,

36



£ Ab&ske] 200 bin®l 75 keV U EaleS t=F A4 At

source Ea L D/ Detector

E— No
interaction

No eniry

Fig 23. The concept of F8 tally option.

300

200

100

-100

o
(=3
™~

-100 0 100 200 | o
Fig 24. The positions for gamma energy spectra

simulation for a BGO scintillator.

4) Tally normalization

MCNPX Tally AMF2 3= 4 49} o] FoJ3 History N (2 Ag-elA Fo1zl
N2 10°~2x10%] W&t Fitae Ao 5, o)t Zeldor MAdoA Witd
ek 1fel viek gHE AL grelm® dA WAk digk AEE Astsr] $

Fol w9 AR BEEHE A AEE BAE Folof vk WAMAEAE

ol
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o]-§ate] A7 FExE FAT AH (2007 2€ 12~14Y)el A 9] WAs BA A

7299.884651Ci < 3.7<10"dps/ i X 2 v—rays/decay (33)

= 5.401915 X 10"y —rays/sec

2ol A RAG WAL

2
N
>
Do
>,
X
O
X,
10,
)
(@]
o
o)
S
lo
b
>,
L
)
oM,
B
o
2
=

Ao A B3 (7] 527d)= sk A& Pk ok frh MCNPX
AR AR AL oAt $e A A gL ANGES 2 Pk wpeby

AT = A WAlee BA

L ©

i

]_
Excel Z29S& o] &ate] T3 X9 AR HHsts dAdFS LAt
53 2AAS AEAA AFS A4 89 Figure 25 B ATAA A3
F6 Tally®] Excel ZZ1golth, TdolA & 4 Qo] ALt A3 g WAls,
ZAMAZES digetd AE Asor MIFoR
7, 10 GySl A% AdelA A Imol A ZAPAIZES 183, 320, 457 seco 2 H 4
b A=kl gk 2ARAZEE A 24 & 2

B3 Microsoft Excel - FB.xls
] MR BIEE) 2IHY el MA0) =T HIDIED) W) ESTH)  Adobe PDF(B)

é,]ﬁlgusy-ljlﬂ;af—av.ﬂf-z-ﬁlﬂw Bis 2 1B ook 73O Ao |E==5
HEP ot sl 0 15 ) 21, By g3 o ma sy e, 2iE 2o, i
mmmlione s lse a0 xS BE| S L2t -s=sadlie e 082080
E32 o A
& | B | E | D | E | F | G [ H [
1 |Energy deposition over a cell
2 |F6 Tally
3
4 . . FAALZE .
g Cell Positon Ci code (Mev/g) o Gy Gy/s Gy/min Gy/h
& 20 7299.8846561 4 4728E-06 60 23.224 0.387 23.224 | 1393.45
7 40 7299.884651 1.3892E-06 60 1.213 0.120 7.213 432,79
2 60 7299.884651 6.6122E-07 60 3.433 0.067 3.433 206.00
g 80 7299.884651 3.8395E-07 60 1.994 0.033 1.994 119.62
10 100 7299.884651 2 b314E-07 60 1.314 0.022 1.314 78.86
11 100 7299.884651 2 b314E-07 183 4.009 0.022 1.314 78.86
12 100 7299.884651 2 b314E-07 320 7.010 0.022 1.314 78.86
13 100 7299.884651 2 b314E-07 457 10.011 0.022 1.314 78.86

Figure 25. View of the Micro Excel program for automatic conversion of the

calculated values into the doses.
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V. 23 %

1. MEOlM 2l Hstol B2 MYEE (4EY

%
rx
ou
X
=

Window XP OS (2.8Ghz CPU, 512MB RAM) PC2] MCNPX A4l A7k
Tally Card F#Fvith th=x %k ¢F 300~4000 min (F6:300 min, MESH:4050
min)©] &8 Fth AlLkghe] e aE Aol At HAAFE AXAN B
E A4 JAA 5 %ol ew F5 Card7l 7 #& 05 %olx, «27F 7F
4 2 F6 Card 42 %°1th 20073 299 Wils ZAxoA deld &4z
MCNPX A4S AollA A wisle] wE A& Wl HAE Table 4
¢} Fig 26°] Yttt ddelA 4 2 A Ayt do] A48 dFE ¥
st SAI A 27 A" s 535 ot A9 2E FHE A
A5 ¢ F Utk B A7 #AdA 4 2 AR A 2AA e AFE
W 9= 20~400 Gy/h ol AW 20 ecmoll A& ¢F 1300 Gy/h 74A AAFE ATH AFE-
b Tally Card®] Atk S43%e] AA7E Agvitt BF t23 A
%7 o] 714 AF3 Tally CardE EE8teE A2 g4 goyg AAgdew
+6 % olUl= vl HFAFo] =2 A AHE BT gk Az Ao
2 A9 WA SR QA% olEA A 7HH] (Dse/Dea)E <F 0.9389] .
Figure 272 ZAAI Aol o 6719 F 20073 8€oll 43tz ALge njas
Aot AIZE Ao mE A G FAAME S Asbgel Hak= + 6%
ol 2 2%of HluF Ao} mpzvtA R G o] we ANt AdRE HolFa
Atk 8ol delsh FAgko]l AgET AvkH o R A UL olfE Hde
Agd Hyr A 7HaH] (0.946)7F MCNPX A&k zF4n] (0.935)9F o] &4 7h2]
v By AX AEEA7E vlaA AA o] Folxl 7] wiitoltt. Fig 282 MESH
Tallye] A4 235 MCNPX A2 HWEGZ Plotting Z213<¢l X-Deep3.25 o]

gotol #RYF AY ¥ 1dPoR vehd aYolth HYL FHOE B

ro
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Table 4. Comparison of measured and calculated air kerma rate as a function of

the distance from the source with different tally Cards.

. Measured MCNPX Calculated Result
Distance :
(cm) Dose F4 F5 F6 MESH Relative
cm
(Gy/h) (Gy/h) (Gy/h) (Gy/h) (Gy/h) | Error(%)
40 400.56 407.56 408.71 403.53 403.19 0.3~1.0
60 191.23 190.97 194.36 189.13 191.26 0.56~1.4
80 115.50 111.24 113.59 109.96 113.36 0.56~1.8
100 74.97 73.29 74.69 72.51 73.01 0.6~2.3
120 52.17 52.87 53.01 52.09 52.68 0.6~2.8
140 39.57 39.01 39.69 38.69 37.26 0.8~3.0
160 31.03 31.35 30.90 30.95 30.08 0.8~3.5
180 23.57 24.45 24.79 23.96 25.04 1.0~3.8
200 20.97 20.13 20.37 20.12 21.21 1.0~4.2
450 — — - - - -— = —— 10
Deviation=(measured—calculated)/measured x 100
400 O F4 OF5 A F6 <& MESH 18
350 | / o 16
¢ N 14
300 | NN o o =
S 250 | BN N o P
% J D\\‘ A /bu\’\ N / 0 i)
i B . N, . ‘E
8 200 ‘8’ O.\’ A/-/ o> I q>,
a 150 | Measured & Calculated Dose rate \.\d. (=]
- Yen Chamber +F4 xF5 *F6 4 MESH o 14
100 + \w T o 1 %
m\'—v
50 “’"\%\“\ 4 -8
o 1 1 1 1 1 1 1 - 1 -~ _10
40 60 80 100 120 140 160 180 200

Distance(cm)

Figure 26. Comparison of the air kerma distributions measured and calculated as a

function of distance from the source as of 2007.2
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450 10

Deviation=(measured—calculated)/measuredx 100
400 - O F4 OF5 A F6 & MESH 18
16
350 A
8 \ 8
Q v O 414
_ 300 o o o R Q
< . a \ . g ) > A 12 &£
S 250 | O\ a, \ — N 8- =
o B Q7 B 1o 2
% 200 | \ 0 © L
o X b '2 [J]
T o
\ Measured & Calculated Dose rate 14
100 x\ lon Chamber +F4 xF5 *F6 4 MESH | 6
X\
50 B X\ I m _8
X\—Ex‘x
o 1 1 1 1 1 1 1 1 _10

40 60 80 100 120 140 160 180 200

Distance(cm)

Figure 27. Comparison of the air kerma distributions measured and calculated as a
function of distance from the source as of 2007.8
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Figure 28. Horizontal dose distribution in the irradiation cell as obtained with MESH Tally.
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% (particle track length)S YEFHN 10|t}

%0 [JMOSFET @ MCNPX 10
+ Deviation(%) {8
80 &l Region of source length
16
70 4 —
c
) 60 0 g
? ©
] 8
a 2 3
(a]
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1 -8
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Figure 29. Comparison of calculated and measured vertical dose distributions at

1m from the source.
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Figure 30. Comparison of calculated and measured vertical dose distributions at
2m from the source.

43



1400 — 250

H 20cm ¢ 40cm
A 60cm O 80cm
1200 B Region of source length 200
< 1000 |, =
= A =
= 150 3
§ 800 -/ §
(m] [a]
g 600 ro 100 5
o o
< «Q
8 400 8
¢ 50
200
0 0

100
105
110

Height(cm)

Figure 31. The calculated vertical dose distributions at 20~80cm from the source.
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Figure 32. The calculated vertical dose distributions at 100~160cm from the

source.
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Figure 33. Vertical dose distribution in the irradiation cell as obtained with MESH Tally.
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Figure 34. View of the MCNPX-simulated photons histories, as generated with the
graphics software Sabrina.
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Table 5. Air kerma, water absorbed dose and exposure dose converted from

measured data.

Distance Measured Air Kerma | Water Dose Exposure
(cm) nC Gy/h R/h
40 138.17 400.49 431.95 43873.12
60 65.96 191.20 206.21 20945.32
80 39.84 115.48 124.55 12650.65
100 25.86 74.96 80.84 8211.42

Figure 35+ %l
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calculated as a function of distance from the source as of 2007.8
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Table 6. Conversion of the calculated doses into the air kerma and water

absorbed dose.

Air Kerma (F4 Tally) Water Dose (F6 Tally)
Distance
(cm) Calculated Calculated
value Gy/n value Gy/n
40 2.078E-14 407.56 1.420E-6 432.78
60 9.950E-15 190.97 6.808E-7 205.99
80 5.743E-15 111.24 3.928E-7 119.61
100 3.843E-15 73.79 2.622E-7 78.86
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Figure 36. The ratio of Air kerma to water dose for the different samples as a

function of the distance from the source as of 2007.8
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Table 7. Comparison of measured and calculated doses behind a lead shield.

sr_lielding lon Chamber F4 F5 F6 Deviation(%)
distance Gy/h Gy/h Gy/h Gy/h
40cm 14.86 14.75 14.47 14.47 1.99
80cm 6.67 6.51 6.41 6.36 3.60
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Figure 37. Comparison of measured and calculated dose rate with decrement of
dose using lead shielding. (2007.8 radio activity) @ M : Dose / Dose (lead shield) ratio
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Table 8. Irradiation time (sec) for various water doses.

Deviation Absorbed dose to Water (Gy)

(%) 2 4 6 8 10

5.0 100.9 201.9 302.8 403.7 504.6
4.5 100.4 200.8 301.2 401.6 502.0
4.0 99.9 199.8 299.6 399.5 499.4
3.5 99.4 198.7 298.1 397.4 496.8
3.0 98.8 197.7 296.5 395.4 494 .2
2.5 98.3 196.7 295.0 393.4 491.7
2.0 97.8 195.7 293.5 391.4 489.2
1.5 97.3 194.7 292.0 389.4 486.7
1.0 96.9 193.7 290.6 387.4 484.3
0.5 96.4 192.7 289.1 385.5 481.8
0.0 95.9 191.8 287.6 38388 479.4
-0.5 95.4 190.8 286.2 381.6 477.0
-1.0 94.9 189.9 284.8 379.7 474.7
-1.5 94.5 188.9 283.4 377.9 472.3
-2.0 94.0 188.0 282.0 376.0 470.0
-2.5 93.5 1871 280.6 374.2 467.7
-3.0 93.1 186.2 279.3 372.4 465.4
-3.5 92.6 185.3 2 1O 370.6 463.2
-4.0 92.2 184.4 276.6 368.8 461.0
-4.5 91.8 183.5 275.3 367.0 458.8
-5.0 91.3 182.6 273.9 365.3 456.6
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