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SUMMARY

Ion chambers are often used to remotely monitor the real time radiation dose
in a high level radiation field such as in a gamma irradiator. For medical
purposes, MOSFET (Metal Oxide Effect Semiconductor Transistor) dosimeters
are widely used. The ion chamber is generally known to be most accurate in
measuring the gamma exposure dose. However, it is very vulnerable to the
ambient conditions since its measurement depends on minute ionization
currents generated in the chamber. Furthermore, it usually takes a long time
to have a malfunction fixed since almost all of the ion chambers are imported
and their malfunctions are in most cases handled by their manufacturers. The
MOSFET dosimeter is very useful for simultaneously measuring radiation
doses at multiple points, and has high spatial resolution since its sensing
head is very small. However, it is impractical to use it in a high radiation
field since its lifetime is exhausted very fast. As a means to overcome the
drawbacks of the aforementioned dosimeters, a dosimeter type composed of a
small piece of scintillator jointed an optical fiber can be a good option.
Inorganic scintillators have high gamma sensitivities since they have high
densities and are composed of high-atomic-number elements. The lights
generated in the scintillator can be transmitted through a plastic or glass
optical fiver to a remote place where they are measured by a photo sensor.
This type of radiation dosimeter can have several additional merits such as
flexibility in positioning, high spatial resolution and easiness in manufacturing
in addition to the characteristics of remote and realtime measurement. A
number of works has been carried out in relation to this subject. A. S.
Beddar, proposed a miniature "scintillator—fiberoptic—PMT" detector system for
the dosimeter of small fields in stereotactic radiosurgery. Nowotny, proposed

a tissue equivalent dosimeter model base on LiF:W scintillator head and
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plastic optical fiber to be applied in diagnostic radiology.

In this work, a fiber-optic dosimeter model composed of a small scitillator
and current-type PMT has been studied. Four kinds of the small scintillator
such as BGO(Bi14Ge3012), GSO(Gd:Si05), CWO(CAWO,) and plastic scintillator
(Saint Gobain, BC-412) were used as the sensor. The PMT currents
measured with 4 kinds of scintillator were compared with the absorbed
energy calculated by MCNP(Monte carlo N-particle) code as well as absorbed
doses measured by ionization chamber and Alanine chemical sensor. The
results obtained by 4 scintillators have shown similar dose distribution
patterns obtained with the MCNP code. Compared to the result measured
with the ionization chamber and Alanine chemical dosimeter, normalized dose
rate distribution by BC-412 has shown less than 7% deviation for BC-412
scintillator, less than 17% deviation for the CWO and BGO scintillators, and
less than 34% for the GSO. The conversion factors between PMT currents
and the dose rate measured with the ionization chamber and Alanine
dosimeter are calculated for each scintillator, and the results have shown less
than 10% deviation from the average conversion factor. This suggests that
the four scintillators can be used as the sensor of the dosimeter. The dose
rate ranges measurable with in 5% deviation with the dosimeter model are
110~1189Gy/h for the GSO, 52~480Gy/h for BC-412, and 52~1189Gy/h for
the BGO and CWO.
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BIAES Zreth dyA] Ealee 662keV Avbd A o oF 9% 2 el
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CWO?°] #&92 Nal(TDe 40%c°]ar HodE3g2 7HA3d g9l
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Table 1. Characteristics of scintillators

BGO GSO CWO BC-412
(BisGesO12) (Gd2SiOs) (CAWO4) (Polyvinytoluene)
Density (g/cmg) 7.13 6.71 7.9 1.032
Wavelength of
Max. Emission 480 440 470 434
(nm)
Refractive
2.15 1.85 2.3 1.58
Index
. 0.056(90%)  1.1(40%),
Decay time (u1s) 0.3 0.0033
0.4(10%) 14.5(60%)
. 10% of 209 of 40% of 60 % of
Light Output
Nal Nal Nal Anthracene
radiation T 107 B B

hardness (rad)
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cladding

Fig. 5 Schematic diagram of film type fiber-optic sensor tip with

inorganic scintillator

EaAdol glom wWriE 264g/cm’ol ).
Toray industriesoll A 73 272 3mm<l 347 (PGR-FB3000)E 1.2m= %+
gA AFEEATE. o] AEA] MM = XerayolAd AdAHoR AgEEHE

A (BC 470)A A Xt} energy response?] W3}
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tissu—equivalent Z&t~8 3
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7F AT AFEe] 136Gy/min W AEH ooy =2 A¥ed we

a9 XY
7) B ABAZ o] &3 WALA AMEEA SRR [FEA], 2006]
o] Aol AFA HAE7|9 A"l FAEE Fig. 69 YeEAT. A=

HAZ=719] AlA+= Bicron A BCF-12 FA A3 A2 Aol7F 10ecmeo] it 27
7

o] Immeol™ B+ Zol7F 10mo]aL Z

Fol Mol EA AL AES F8357] Ho|l MCNPX codeE ©]-&3F Al &g o]

O

Optical Fiber Scintillator: Bicron BCF-12  Optical Fiber: Ceram Optic PWF 1000BN
(10cm length, 1mm dia.) {10m length, 1mm dia.)

T HAMAMATSU H5784~03
Y -ray 1 /

n or
connector ConRdEER LabVIEW

1Nd
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Epoxy

Fig. 6 Schematic diagram of dosimeter model using optical fiber

scintillator
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 Zol WES FEFAG ol§Uth o] TEFNE AFE ZEaY
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T
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T H L

o) TELEE AfEe]l HUT & gor] A THE sbes 1)
A4z AARGAU] AFHA & xR AU o9 Lo AN =Y

< Fig. 70l “ERH A

Step motors

00
L

! J
' ({ PMT [T| Amp. SCA "‘{MCQ ,
Plastic fiber ADC MCAI

ZnS(Ag)+
Neutron convert

Reactor
core

Fig. 7 Schematic diagram of scintillator—-painted optical fiber system

and fiber driving unit
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A9l A A, AR o]l A Aol JAatete] TAsE FE

Plastic optical fiber & Thermal shrink tube (10 m)

o

Teflon tape
Current
signal
[ s
|
-« Rgggéz signal cable
e
Low voltage Data

PMT module
Power supply Acquisition H6780

power supply
cable

Fig. 8 Schematic of the fiber-optic dosimeter system

1 AAFESQ] A3A, E2H F4
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oAl ARRE AFA= BGOARA,  GSOA A,

CWOA] &4,
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sttt BGO¢F BC-412 &2t~ A#3A=

op
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Saint- Gobain Crystalsel Al ztz} 10x10x10mm® =71 ¢} 100x100%20mm° =7
o AAAES FYsFIem, GSO CWOXAFA+= Institute for Single
CrystalISC)ol A 10x10x10mm° Z7]¢] A#A= TAsAh. BGO, GSO,
CWOA A= 49x49x10mm° Z7|Z 7}Esta BC-412 Zex~d H3A=

5x5x20mm’ A7|E JhEEte] AAMFEE Ak 24 ARAe Ew

=4

rlo

polishing film¥# ¢Fw|y 39 & polishingslal 413 A tol| Al HAYH 3
EAS 7] Y] AMA(HZE gHolZ)R Tt 18lar 9 F-A < t
3l7] Qe EFF E(Heat shrinkable Tube)® 2% 2.2 3] 3-(cladding) 3}
gt 5452 Table. 19 YeEHAT Fig. 9ol A= AlA A

g
o

(

i

ot
o

>
> 10><10><10mrr313 = | ’\"_’*jl% » H2AHZ GEZE H 0| Z(Teflon tape)
4.9%4.9x10mms 2| & It EE £ Y Rt I=sts HE FMeldtn 58
¥ Polishing film2h LS 0IL T2 O EF =i
= 0
>
AN T A2 2t EobAE 2
A4 2 El Bt Es e
» ;; Aot SatAE 2= S= a5 D, HEM o A2 9
Z 5 S(Heat shrinkable Tube)i 25 2 fe MEHlM Bom Z0I2R &
EE&ME(CIaddmg)C'* AéEbEmgér

Fig. 9 Process of sensor manufacture
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8 Tetay PAR AL L A

Zet2~E FA = Toray Industryoll A Az, 27 3mm(PGR-FB3000) <]
FATE 10m Zolz ZoA AREEAT. FAF Cored ZHELS 149,
Cladding®] =d &2 14l FHE &4 400~600nm o] 3G s
0.2db/meolsteltt, FekxE  FAHF= HE85A<Q PMMA(Polymethyl
Methacrylate) S QA 52 3le] SI TYPE(Step Index) o2 W&oz & x}A)
T8 AAEAN AF Q& NOISEs 53 54 7FA3 Ao o] #A4
fre Wl g W(FHE A G FAF)AA QFolA EoeE Fs Ads
7] 98iA] d4=%5H (Heat shrinkable Tube)® 2% o & 3] (cladding)3} it}

Fig. 109} Table. 2004 &2ty F4df 2193 545 HolFal 3o

T y-yrewe—Ten?

Fig. 10 Picture of Plastic Optical fiber(PGR-FB3000)

Table. 2. Characteristics of Plastic Optical Fiber(PGR-FB3000)

Parameter Performance
Material Polymethyl Methacrylate (PMMA)
Core
Reflective index 1.49
Material Fluorinated Polymer
Cladding
Reflective index 1.41
Refractive index profile Step index
Angle of incidence 60°
Temperature range of use -55~70T
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3) PMT(Photomultiplier Tube)¢] A

PMT+= HamamatsuAle]l 2] SZ7]eF dAZ A#E A7/ (Current type)
S TYEAT. AFE <l H6780-04 photosensor modulest photomultipier tube
9} high voltage power supply circuit® T4 %]ttt EAH S 2= low ripple
noise®} fast setting timeZ 7MAHW ~#HET Sy 948 180~850nme] L
a Jzkek 92 400nmel vl PMTe input voltage™ 15Vel™, PMT$| gain
= anode control voltageZ 0.25~09VAlolo] ZAsAA 10°~10°AFolo A =
A7vssttt, 18lar PMT Output  current®] <992 10pA~50mAo]H,
Operating temperaturei= 5~45CA}Folo| A Alg3Fo]oF st} Fig. 119 Fig. 12
oNA B AFoA ALE3 PMTY Ay 548 Yeldo

Fig. 11 Picture of Photomultiplier Tube

( H6780-04, Hamamatsu)
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= 1 1o =
— i
= = = o1, 02, -0, 20 Typ= {1
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= il
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Fig. 12 Characteristics of Photomultiplier Tube( H6780-04,
Hamamatsu)
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B AFgR ] AL oA Fig. 8o vEWon #Hgd Ay A=
AA dFA AAFERE S DS Y% PR, AFE PMTZ +4€h Al
A HEL BGOBLGe:O), GSO(GA:SIOs), CWO(CAWO) A FA &S 217 4.9x4.9x
10mm’ .2 7bg8ha, BC-412 Felg A3AE 49:4920mm’ o2 71gste] A
S35t dgAe] ¥ polishing film¥ &F 0y 39 = Avk(polishing)
o WAl HZE HolZ2 7tk A4 3mm A7]9 FEhaE BAH

10m #Aolz Zepr ALgsiddth. AFAet PMTO Agshs & £ @us
polishing film¥} &-Fwu} sk-¢-t = Avk(polishing) et A et 41332k 3479
Aks Assta, FAF EdS FCH AYEHZ dAdste] A/ HE780-04

==

H

PMTe} A28t PMTAA &85+ AF A%= HamamatsuAbell 93k
Data Acquisition Unit (C8908)¢l +H = o] ofd =1 H/F 4AEE "yAE A7/
Az2 Wesle] RS-232C cross cables %3 PCZ s ojZt}h Data
Acquisition Unit(C8908) A& #X]+= current signal output® power supply
input, control voltage inputl® TA% o] Qo™ Integration time¥} Dead
timeS 7A5E A A ZHo] 7t53dtaL PMTE control voltage(0.25~0.9V)
L xHo] 7Zbsaith C8908 Ao Az I3 Window95,98°1 4 DOS

prompt® A3 4 glv} Fig. 139]3= Data Acquisition Unit(C8908) =] <}t
AEGA F4S YERNSIT

Fig. 13 Picture of Data Acquisition Unit (C8908) and Experimental
setup
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2 AT AT AMEYS 7HA L APES FY5 FAhe ATt A

T Al Foll sl AR SE& AT A A 20049 29 19Y Vo=
10.807Ci(399.9TBq) *CO Ak zA z
AF AR ZARAEE H7F 04~5000 Gy/holth 2 23S F33d )7
< 2008 6~10¥ 2 A WAbeS tEf 6000Ciol At AlA] B wFARA
FARA Y] AFAAE dotry] 98, AL AAzE Al wel PMTe AF
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ol
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il

of & duAE Fetdth 4% PMTe A7 MCNP code= Al4tE A
FACl F oy AE A AMzE Aol ©E A fshnormalized) X ¥ 3}
£ Al eto] AR "HA =AY Ve Ad s BT 2Ela AEA AR
4% PMT d79F 22 A HolA 2 $Ionization chamber)?} Alanine 3}
SAFAR S8 AFEd v ZA8 0. PMT dA#¢ A& vl

el
= AL AT A wE A5t 3Hnormalized) ¥ 3, PMT dfFoF A

4]

FE3e] A4, PMT A7 242 HANTEZ MaT & Jt A7 428
WA et WARSARA Y AUF e BT
D ARAS B RS 23S A4 2ge) 2wy

A 9] Yeod Pt MM A#E 20em, 25cm, 30cm, 35cm, 40cm, 60cm,
80cm, 100cm, 120cm A HA FAH3ATE AA, detdoz AFddal A}
NAe A e BHo YEAe PANZAE i Holgt WIS Aus
Fed, 54 Eolv XA AWHollA 35em wololal AP ES CHFEH(Fig.

4o Fx)oz skl 2AFeE 24 A vkt 123 SA4 A3E Ht skt

O

eI RS AR APA 4goR Qs ANTE AgHE 4%
A7F obd B ZAe A Al Hl(Cerenkov light)o] HAYSHAl ™, =AY
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M= AAs: YA S48

Fig. 15 Arrangement of the fiber-optic dosimeter measuring the PMT

current in irradiation chamber.

2) MCNP(Monte carlo N-Particle) code A4t

T4 TAE fAdste WHoR oyt wAlE d4dsty] 9% ZEIWS
MCNP(Monte carlo N-Particle) code2}il st} MCNP coder 4 A}-332F-%

Ao wEIEE F GeA Qom, A% AUA FYA-FA-AAE

off
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% 2 3Fo] MCNP code?]
718kt A Q1 Fx2E AAEA T AR Y5k d Rl F2E A FHl, A

e =l =Rl 24AE d¥sta WAkl TR B CluAE
= 5

F6 tally option(Energy deposition averaged over a cell)S AF&3le] 1 cell W
o @9 T FFolUAEMeV/g)E AsATh &9 AFF SR =
Z4zvel AIFA s F AFS walTo AU MeV) 9= WEsh g
MCNP code®] 23} ko] Al ee Aot 5% mntd o Fgdol e A
o= Fusitl, AN 7| TalE AFEE 922 MCNP code #HA<] 7]
Ab gkel gEgent g s TEelth oy e ddl A WE vy 9
all, history(N7l, nps) & 1x107~2x10°7}%] ef7bAA] 5%mwko = {28 %o,
Fig. 1694 = A2 o] MCNPX cord simulation Z21#-S e AT

N =1 N /// ) { YA =
“ "> | = ‘_ﬁ{ ; I ) qﬂ /-
¥ % _1--"“*"_’-"-

Photon Energy(Mev)

0.00 0.15 0.30 0.45 0.60 0.75 0.90 1.05 1.20 1.35 150

Fig. 16 MCNPX geometry plots of the irradiation chamber
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3) A7 3(Ionization chamber)¥} Alanine 3}3F A&7 o] =4 vy

B oA ALg3 A sHS Farmer-typel & PTW FreiburgAt7F A 2Hsk
A A Aol 0.6cce! A7) HEstolt}. o] thimble type Z#]gh2 WHF=
717 AFEAl EUE 7 Q7] wite] 2% 9 7|Skel gk BAo] das)
th. A2 g9l ion transit times 180mso]il 995% o] FH &&9 Ao

2.8Gy/selty. HdElgelA  AAdE Hds)
Cardinal Health Co. model 35040)5 A}&3tt. =4 A AL ZARA|A 9
Vcorgs Agste] MAAAZEANZF ABE 20cm, 25cm, 30cm, 35cm, 40cm,

60cm, 80cm, 100cm, 120cmollA] Z=A3IAT. =4 =ol= AN X Hof A

Fig. 1714 = dejdhe) AAFEa d9AE Yerislo

Fig. 17 Picture of Ionization chamber(PTW Freiburg) and
Electrometer(Cardinal Health Co. model 35040)
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HooATo| A ALg3E 38tH A= Bruker BiospinAbel A A sk 2y
(Alanine) s}shd @ Alolth. A2 WA (Tonization radiation) 2ol ThFg
Hej oA AfEtt] ZH(Free radical)S A4F3tal EPR spectrometerel] <] 3
Aoz HEzHz olr e 2HAmino acid) L-Alaninet= 8 WA
oafA wi-¢- bFI AFetvize FAeu. debd A gl ZH(Alanine free
radical) = A #Fol 9]&38l= EPR signals AtEdth 28y o] d&gAE A
&, dUuAgeE ggHor T = gld gvk F F
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X-ray ZAREOIY A} W]
Alanine 3tsPdFAR ZAT A Ada MM AYE 20em, 25cm,
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A Aol 3oem sololal EAPY S CH e (Fig. 140 F=x)o = shlth

z} A et} F FAA S 500Gyel Ao 2 e, ©]+= Alanine 3}8HA %A
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Fig. 18 Picture of reading of Alanine dosimeter and Dose-EPR
signal graph
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Iv. 23 2 3

it

1. A3A AME=Z A" 239 MCNPX codeZ AAE 23 v

A Bego] AP RARA Y] AFAde dotrr] flal, Add3t AXE A
w2 PMTe dFE =43 MCNP(Monte carlo N-Particle) Code® 743}
of AAF AFA FFd dUAE Tttt 589 PMTe dFet
MCNP codeZ ZAlMte gl &4 AAUAE Adap AA Ao e A
Tr3H(normalized) & ¥ W3tE HluEA st PAMVAGFAZA S 7heds A6
Atk A3 = 3E(Normalized distribution) %2 ZF A Hult} A= AAks
oz As Adz AA kel A7F 20emel AFANA FHE I AxE R
ANE o] AFEske

Fig. 1994 &= BGO sensor= 4% A2} MCNPX codez AlLtd A3E
M]3 AAZE Al wE A s EEE etk 4" Ayet Askd
Ao Aqrst Bxe A AAZE Al wet Hd o r WA
SARANA SHE Aot ALk Ao HFatst FE gho] e Aol B
ok SAA Ao Aarst X gholl A= 12~34% % Ehar itk

Fig. 20914 &= GSO sensorz 4% ZA¥el MCNPX codez AAte ZAyE
AL AAZE Agle] mE Aarst S22 JEWATE A4 At At
Aol Atz #Ex= AL A4 %

v SAAHetrre] Aarst 22 gholl HAbE 6~16%= YERYAL 9
Fig. 21914+ CWO sensorz =AY A3} MCNPX code® Al4td ZAy=
AAy AATE Aol mE Aatsl X2 eI A4 E Ayet ALk
Aol Aatst Bxe= Add AAgre] Aol whe} HlSdk o m WEkA
SAA Ao Aarst X gholl WA= 0.9~17%% Ve itk

Fig. 2204+ BC-412 sensor® =A% A9} MCNPX code® AlAtd A}

oy

2 493 QA ARl we A7s Exe Jeudc 249 Anst AL
B Avbel s BEs A9 AN ke A wel vsg Faow v



Ak SAA"wpche] Aarst B3 gl AxE 2~17%2 YERYaL )
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RE Wste] e vEstarh SgAAre 4ist B gl AAE 33

Sk Zlol & RATH oA AU} AAMTE A 20emY w, 7MY =2 AFE
o 4] normalizedst Z-& &4 st=d A3tslA| LUTh

AR MCNPX  code®  ALte FFoUxs AEFsdol wldgth uebA
MCNP code Al4He 2434
AESEY F5Eo BAES fig. 239 24004 JERAATH

Fig. 23¢4 & Ad3 AA7E Aol wet AAMEe] A" PMT AF s
VERQATE A d AA o] AE7E 20em o W S4E AFE CWO AlA
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Source-to-detector distance (cm)

Fig. 19 Normalized distribution of the BGO sensor-measured PMT
current and MCNPX-calculated deposited energy

10 5
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o 3
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Fig. 20 Normalized distribution of the GSO sensor-measured PMT
current and MCNPX-calculated deposited energy
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1 —a— CWO Sensor
] ) —--- MICNPX code
Q ] AN
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S
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Fig. 21 Normalized distribution of the CWO sensor-measured
PMT current and MCNPX-calculated deposited energy
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Fig. 22 Normalized distribution of the BC-412 sensor-measured
PMT current and MCNPX-calculated deposited energy
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2.5x10°
4
o | \ —=— BGO Sensor
20x10 - GSO Sensor
< A -~ CWO Sensor
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Fig. 23 Sensors-measured PMT current with source-to—sensor
distance
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Fig. 24 MCNP-calculated deposited energy with source-to—sensor
distance
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ATNA A AMEZ SAHE Z3E MCNPX code® ALtdE A3&
Hlal 4 sko] WAL FAZA 9 ThsAd S B AR, MCNPX code®
A e g eF(light output) 2t &2 Al 7H(decay time) T3 #-& AF5447)
A= BARSEH @HAI7E AATH wEkA 2 =Eol A A A A AAE )
AA -&statar Ao vkl AR A5 2ol A FHa st HA R
SA% A3E vuEA st AFARZA A7t BAee gkt
2. A2 &<t Alaine 313 AFAZE 43 A3 v
2o AFdA AAGE AMER SAE PMT AR 2 $Honization
chamber)?} Alanine 3t d&FAZ SHH AFEFHR vl FA4817] 984 2
S AHolM =Hs gk A2l gt Alanine 318t A #HAR A3 ML HAY
I A7 A7 20cm, 25cm, 30cm, 35cm, 40cm, 60cm, 80cm, 100cm, 120cm
N S8k
Table. 3ol A= A3 AlA 2He] A7} 20cmSl A/ HA Aoz F43
AFdEsS HEtdAT dejster & ARloA 124 33 vbE SA5tA =T
Bt AFES 1141Gy/hel et 33] S48 AFEA 7H =2 A=ZFEL 7}
ekE AZEE Abolol HAk= 0.77% 2 WA YERS
Table 3. Ionization chamber-measured dose rate (distance 20cm)
Distance Measurement Average Max.im‘um
deviation
(em)  T'1st (Gy/h) | 2st (Gy/h) | 3st Gy/m) | (GY/D) )
20 1137 1139 1146 1141 0.77

Table. 4o+ A3 MM A7} 5emel A H oA Alanine 3}8F A &A=

SAT AZFES UEdAdTh dejstoer 22 AFlolA 2684 33 vbE =
Rl Bt AFES 4827Gy/hel et 33] 34 AFEdAA M =
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Table 4. Alaine dosimeter-measured dose rate (distance 5cm)

. Maximum
Distance Measurement Average o
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(em) st (Gy/b) | 2st Gy/h) |3st Gymy| (GY/D) %)
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Ae]3tat Alanine 318t AgAR 543 AFE o] A oy E Holvw W

A FA A N7 S EAE 5 S Aolet o AXIH.

Table. 5 Comparison of dose rate measured by ionizaition chamber

and Alanine dosimeter

Distance  lonization chamber Alanine dismeter Deviation
(cm) (Gy/h) (Gy/h) (%)
20 1141 1180 3
25 816 810 1
30 614 585 5
35 471 480 2
40 366 375 2
60 173 185 7
80 102 110 8
100 67 71 7
120 47 52 10

3. AFA AAEF AAFos S} A3 £ Hla 24

A3gA A S0l WAV FARA Y] H9Ade dotr ] fal, Addat A A

Fig. 25914+ BGO sensor®= =74%¥ Aol dejgtew S4¢ Axs A
dAA FE Al whE et FAEE dERIT AM 2 SA " Ayl de
oz SAHY Ay Aarst Bxe AL AN Al wel Blszg A
oz Weta, FAAAN SAHE AFek AFEAS Arst BE gl HAae=

1~17%= ety a8l AFst Bxo] HAeE 4 X Ho] 35em, 120cmE=



A EH 10% oW = HlwA vk AxE BT

Fig. 269141+ GSO sensor® A% Zyel deEgton 49 Axns A9y
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Fig. 36 Estimated conversion factors for the BGO sensor to gain
the absorbed dose rate from the measured PMT current (IC)
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Fig. 37 Deviation of conversion factors for the BGO sensor based
on the ionization chamber-measured dose rate
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Fig. 44 Estimated conversion factors for the BGO sensor to gain
the absorbed dose rate from the measured PMT current (Alanine)
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Fig. 45 Deviation of conversion factors for the BGO sensor based
on the Alanine dosimeter-measured dose rate
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