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Abstract

Accelerator applications in Taiwan have become more and more
popular and the relevant technology has made rapid development. Two
major facilities were built in past few years: one is a 235-MeV proton
therapy cyclotron in Linkou Chang Gung Memorial Hospital and the
other is the 3 GeV electron light source in National Synchrotron
Radiation Research Center. The two accelerators differ in many aspects
and their operations inevitably produce intense secondary radiation
including high-energy neutrons that are penetrative and usually cause
dose underestimation in conventional neutron detectors. These concerns
must be carefully evaluated to ensure radiation safety. This study
systematically compared the characteristics of neutron fields at the two
facilities and established relevant technologies for proper dose evaluation
and neutron measurement. The objectives of this study were achieved by
successfully performing the following analyses: (1) investigate the
radiation field around a 3 GeV electron source; (2) investigate the
radiation field around a 235 MeV proton source; (3) study and compare
the characteristics of neutron fields at the two facilities; (4) measure
neutron spectrum at one of the facilities by using the homemade
multi-cylinder spectrometer; (5) conduct a case study to test the
appropriateness of the correction scheme developed in our previous study.
The results and experience obtained in this study can provide useful

information for regulatory bodies or for those performing similar analyses.
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% 1:3GeV 7 F 4 ﬁ%%ﬁﬁﬁ?f;&? Fais? FIHLEEY IREZ B AT
Neutron Total E.<05eV 05eV<E,<10keV 10 keV<E,<10MeV E,>10 MeV
Flux (cm?e?) Old 2.35E-09 24.6% 14.6% 30.4% 30.4%
New  1.62E-09 21.1% 12.9% 30.6% 35.4%
Ratio (Old/New) 1.45 1.69 1.64 1.44 1.25
H*(10) (pSvel) Old 5.16E-07 1.1% 0.9% 44.3% 53.8%
New  3.95E-07 0.8% 0.7% 41.3% 57.2%
Ratio (Old/New) 1.31 1.70 1.63 1.40 1.23
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= ~235MeV 3 4eid B 3GeV 3 duid BP 5 45 M3
8

Bl 21 vt 32 235 MeV 73 4vid B(3f 42>+ 548 2 Point5) 3 GeV
dvif B2 NS 2 907 ,%_)v* T o B %% 107 MeV
A2 - % 0 a3 100 MeV ¢ 5w £ 3T 0 3 GeV & F 4rig
’ﬁ - PR A2 5 235 MeV T deig BEefc Ac R 217K
o U I G Aom 0235 MeV sk ik 4 T At A 24 >10MeV
ZF A o RdE b A 36GeV T F feik BIL SR Ao Lk

Pidge e F 4 5 100 MeV 23 FARE BEF o ABE TR
e

T ERT B mﬂ+ﬂﬂ&’?ﬁ€$@%wm@ B
BEG o mitELE R4 - B 3GeV T3 &4 - B 235 MeV F
GERT o dod 2 957 0 3GeV T F brid BAPEST 235MeV S 4eiE
EoL<O5EVHY FRFEFROIIARN AL LN ERTS
E ST LET S
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%2:3GeV § 5 4eig Bz 235MeV 3 beig B A R AR L £ A

Total En<05eV 0.5 ev <En <10 keV 10 keV < En < 10 MeV En > 10 MeV
Neutron fluence cm?e’l 1.62E-09 3.42E-10 2.09E-10 4.96E-10 5.72E-10
3GeVe- Ratio % 100.0% 21.1% 12.9% 30.6% 35.4%
(per electron) Neutron dose pSv et 3.95E-07 3.30E-09 2.71E-09 1.63E-07 2.26E-07
Ratio % 100.0% 0.8% 0.7% 41.3% 57.2%
Neutron fluence cm?p? 7.72E-10 5.80E-10 1.13E-10 5.57E-11 2.35E-11
235 MeV p Ratio % 100.0% 75.1% 14.6% 7.2% 3.0%
(per proton) Neutron dose pSv pt 2.56E-08 5.81E-09 1.56E-09 1.05E-08 7.66E-09
Ratio % 100.0% 22.7% 6.1% 41.2% 30.0%
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E~3GeV R I BLMEAEFY T R RIENFHBENT

EAY B B SRR E ARV BR 0 A
gig TP mﬁ(Bonner Sphere)® + s #H R > H s T ¢ <

N £ i?I(® 6) 4 EH B FRAE AT AT AR
Tk ¢ —"rs;éaffiﬁ 7 i”ﬁ o g RREfR R B F R EERIME
B HEFFRAY I LR A RINF T HA R AR e

g0
A P AR G FEEY R N R R

P % B R o

i BN
i

IR FI LA B R sz o it L He-3 bt B v
T-100B ficke » H4p2n o Pl E % A 5 0.946 glcmi 2z % e & B %
o ’fv FuH o PR FEREY A flHE R A F - KR
39 0aA(Bare) 15 AA 224 S25 44 324 3524 -

N

42K BE2AB5E2A 8292 100~ E 1247 F
BRzZELYW gt 730 4 mRe i gdp e r 2R
(2C2.5 6.5~ 2P2.5 6.5+ 2P3 65 3P4 655 H ¢ C L4F » P 545
VST £ d B BRL fﬁ*‘;.‘a’#‘ﬁ f’H%IJBHiﬁ‘J&E%}'ﬁ’ s K
TR BELIFFLEABER 53 65 AT EEMESER o Y
3P4 6.5 5 b > AR G 6.5 oA T%P\  FEHEE N B R ¢ ’ﬁ [had
AP B A 34 b e S R R L E R B A R
B FREEEFA DY IR F RO KA BN F 2 BT
Foo AIBERIEARY 0 ¢ F R A3 N N B PR R S T
o ¥ 3 2 2§ 3 Isotropic £2 Parallel & & ~ S4ic7 > &2 02 H -
WA REER B 25823878 i vid BY FHF5H T 2478 0
R E HrE 27 51 MCNPX 82838 2 B E R 2
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2, 4L
2
PRI

RoREFEMRT I FFLHT R LA SDFHL(A Bonner
cylinder) » ™ #B~% b 3 @ R BT eh? 320 b Y 3 k-
2 8 B %% (The reference neutron detector) TS BRI 45t
55 B HE Rl %% (6.5CmPE) #BlE 18 0 T 44 3 Fl i
= Normalize » JL3-ehE BRI 4oB) 24 #7571 > & 2 R FHLY & =
% 5 Beamlevel B & (135cm) - B 25 851 9 2% P i i kR iR (F
R)> BEPIFY P I E(eM) FHREAT DI RLFE L
0.04mA » BBl %4 ch? 3 3B fE TiRIF & 6.20ps 0 BIEE P ik
BHRT AT EEY 5 0015 mA > FpF st T i 5 0.025 mA o
HEGH>TR95 40 pC(H 25x10° BE+ HT ) - 350 ARR
PAEr I ¢k RET T Y REE LR L 1<4x10
C> x <3x108m/s>/ <480 m> = 0.025 mA -

WL 7 [8]e BpIE & Rk K a? il 26 &

% 39770 5 EF LRI IVE L KIS en? 3o R 27 &1 4 4 47T

B e R Y A T ;‘g\zl Reference % Normalize 3
KR B 6.5 em L PRI o BT 5

Bk FLUKA Bkt 5% % A k2 Bk & g 7 Folding 6 > %

v OEFHE Y 3 2o 4o ) 28 2 B 29 151 03 Corrected results(#

7T % Measurements) &2 iR B (F 2 3t lcE - Az TV BB H AR S

% ]2 § % (Corrected results) o
=
B

#-B) 19 &2 B] 20 e0¢ 3 &% ¥ 17 5 Unfolding e4= 4 i 2 5 & %) 3s
o w2 3R % s <0 Corrected results v 5 ¢ 5 3t
#co pe & Bl 22 & §] 23 Isotropic & Parallel = 87 e 8 S &
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£ 1% Unfolding & % 4- ) 30 27 [B] 31 #777 o pt 2 % T 4 56T %7
T2 R Aracs g A BB AP R 2 Bk 3 B 7 Folding - 7Y
¥ 2 Corrected results £ =t i& 7t fo > 3R 32 2/ 330 ¥ B gL
Brfad £ R - d HE2%¥@E% 4 > Unfolding s i 3£ =x Folding

6 HARF 2 R B Rl dcAp g - R ek g oo

=\
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iy
Plud

%48 30~ Bl 31 Unfolding 14 S 59 3 HE ki £i86
16056V 10keV ~ 10 MeV) » # #-f B ¢ 330 £ 279 3 % 4 5

T BRRE ALY S (<o,5eV) Az ¢ 5 (0.5eV~10keV) ~ ¥
+ (10keV ~10MeV) 2 3 it ¢ + (>10MeV) » 4o 5 & 4 6 #7157 » iF »
¥ o Unfolding # s end 3 £ 4 G2 < (2738 i
PR E G RA) ) RINE TR KW HINE g K
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For B e ek BT ey ch Unfolding & % ¥
Bar A g PR FRHABSF 2 X > B FLUKA k%
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10° 3
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—3cm —— 35cm ——4cm —— 5cm
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a 0 1
& 10"+ |
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1035

Signal Name Max  Min  Avg

2L i s
10 e Neutron cunting rate (cps) 14.5 2.0 62 |

10! - — Booster beam current (mA) 0.076  0.010 0.040

10°F

10"k

107 8]

1031 i i i i
2018/02/10-13:00 13:12 13:24 13:36 13:48 14:00 14:12

B125: Ha kT (FR) 2 2RI 5F 27 332 H( )
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0.2

Flux per lethargy (cm™s™)
=]

- | - - - - Initial spectrum (FLUKA)
Unfolded spectrum (Isotropic RFs)
Unfolded spectrum (Parallel RFs)

T
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107 10 107 10° 100 10" 1070 100 100 10" 100 100 10°

0.2
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Neutron energy (MeV)
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| - - - - Initial spectrum (FLUKA)
—— Unfolded spectrum (Isotropic RFs)
Unfolded spectrum (Parallel RFs)
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% 31 hIVA -k Kwend 3 iz 1 {8 ends & (Corrected results @ Measurements normailized to 6.5cm)
Unit : cps Bare | 1.5cm 2cm 2.5cm 3cm 3.5cm | 4cm 5cm 6.5cm | 8cm 9cm | 10cm | 2C2.5 6.5 | 2P2.5 6.5 | 2P3_6.5 | 3P4 6.5
Measurements | 621 | 7.65 | 7.72 | 792 | 768 | 7.94 | 879 | 928 | 962 | 7.78 | 7.05 | 7.49 7.68 12.42 14.20 15.67
Error(%) 1475 | 9.25 | 10.05 | 1413 | 11.13 | 863 | 11.94 | 12.78 | 9.97 | 856 | 12.92 | 8.02 | 14.06 12.27 8.69 8.34
Corrected results | 6.20 | 890 | 913 | 832 | 845 | 10.32 | 10.69 | 9.37 | 962 | 7.38 | 580 | 6.71 6.97 11.59 11.86 12.56
Error(%) 1475 | 925 | 10.05 | 1413 | 11.13 | 863 | 11.94 | 12.78 | 9.97 | 856 | 12.92 | 8.02 | 14.06 12.27 8.69 8.34
240 RivE gk Kisan? 3B iz 1 i anlg % (Corrected results @ Measurements normailized to 6.5cm)
Unit : cps Bare | 1.5cm 2cm 2.5cm 3cm 3.5cm 4cm 5cm 6.5cm | 8cm 9cm | 10cm | 2C2.5 6.5 | 2P25 6.5 | 2P3 6.5 | 3P4 6.5
Measurements | 471 | 558 | 584 | 614 | 7.02 | 6.68 7.6 7.08 | 7.01 | 620 | 576 | 574 5.67 8.19 9.27 9.95
Error(%) 988 | 905 | 899 | 928 | 949 | 872 | 7.75 | 980 | 791 | 873 | 867 | 881 7.76 9.31 9.41 9.68
Corrected results | 5.18 6 5.89 6.9 762 | 757 | 822 | 766 | 7.01 | 6.86 | 6.75 | 5.21 5.9 8.42 10.18 11.4
Error(%) 9.88 | 905 | 899 | 928 | 949 | 872 | 7.75 | 980 | 791 | 873 | 867 | 881 7.76 9.31 9.41 9.68
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% 5 %:%Kfffrﬁ?;%’ Zw-Unfolding 16 » 3 £ &9 I RE2Z A
Neutron Total E,.<05eV 05eV<E,<10keV 10keV<E,<10MeV E,>10MeV
Initial  5.87E-01 24.6% 14.6% 30.4% 30.4%
Flux (cm?2s?) 1SO 7.49E-01 24.6% 14.6% 30.4% 30.4%
PAR  6.13E-01 21.4% 14.4% 31.4% 32.9%
Initial  4.65E-01 1.1% 0.9% 44.3% 53.8%
H*(10) (uSvh?) ISO 5.93E-01 1.1% 0.9% 44.4% 53.7%
PAR  5.12E-01 0.9% 0.8% 43.5% 54.8%
%61 Bhithjr¥ Kig-Unfolding s ¢ = £&29 T HE2Z i T4
Neutron Total E.<05eV 05eV<E,<10keV 10keV<E,<10MeV E,>10MeV
Initial  4.05E-01 21.1% 12.9% 30.7% 35.3%
Flux (cm2s?t) 1SO 6.24E-01 21.1% 12.9% 30.7% 35.3%
PAR  5.05E-01 21.1% 13.0% 30.8% 35.1%
Initial  3.56E-01 0.8% 0.7% 41.3% 57.2%
H*(10) (uSvh?') 1SO 5.49E-01 0.8% 0.7% 41.3% 57.2%

PAR  4.43E-01 0.8% 0.7% 41.6% 56.8%
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75 %K&ﬁ?’%&? Zom 2. Unfolding 4 % & 3% S #ic Folding > 22 R 4s & P2 ficz. £ B 8703 & ¥
NO shielding Bare 15cm 2cm  25cm  3cm  3.5cm  4cm 5cm  6.5cm  8cm 9¢cm  10cm 2C25 6.5 2P25 6.5 2P3 65 3P4 6.5
ISO #£ 198 171 1.85 197 206 212 213 207 187 1.63 1.48 1.34 1.43 2.26 2.59 2.65
B 27.7% 27.7% 27.7% 27.7% 27.8% 27.8% 27.8% 27.8% 27.7% 27.7% 27.7% 27.7% 27.7% 27.7% 27.6%  27.6%
PAR #&£ -079 -020 -005 008 020 030 038 049 055 053 051 047 0.47 0.63 0.70 0.78
g r 3 -96% -24% -06% 08% 20% 30% 37% 50% 63% 72% 7.7% 8.0% 7.2% 6.9% 7.4% 7.6%
% 8 kN E frd %Ko 2 Unfolding % % &7 3k S Folding » &7 R de B pl3 e £ 88 3 10 5
NO shielding Bare 15cm 2cm  25cm  3cm 3.5cm  4cm 5cm  6.5cm  8cm 9cm  10cm 2C2.5 6.5 2P25 65 2P3 6.5 3P4.6.5
ISO #£ 227 206 226 244 258 268 273 272 253 226 208 1.91 1.96 3.11 3.59 3.68
g% 545% 545% 54.4% 545% 545% 545% 545% 545% 545% 545% 545% 54.5% 54.5% 54.5% 54.4%  54.4%
PAR #c£ 118 129 1.42 1.52 1.61 166 168 166 151 1.32 1.19 1.07 1.14 1.59 1.65 1.80
B F 248% 253% 254% 254% 255% 255% 255% 25.5% 255% 254% 25.3% 25.2% 25.3% 25.2% 25.1%  25.0%
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BIAFE[2]7¢ 5 2 38 4 PE A 7RFlH (4R34 & 5 6.5 cm)¥r PE+Pb
A IREIHL(AF & 5 2P25 6.5) 1% 245 B i 51 T3-ahi 32 o F)
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-
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GHRA TS 6 0 W H S E L R e S AR RS

#7 Folding ) # F4r B R =3 2 B X > ek 484 557 5 &k
B Jrd a5 R F 5 0465 uSv/h; bk R E K e 5

HE 3 5 0.356 uSv/h(z\ 9) -

i

7‘;4\057\& TR A TR F'Em'fﬂ P ’m@'} r“]_;_, f@mPE;ﬁﬂJ
BHG o (9 28) 2 RpLA PE G EH A 3

(>10MeV) il iflac 4 7 & > B0 g 1w PR R LN yw—s i
P aaRe o R Ara @£ 2 L EAEY 0 F] PE & PE+Pb 2 F e
E s fict ] 5 10 MeV ehgh A B & fp o 9710 F i3 ehifA 4 & A
310 MeV e g dndic b5 Bt Ara BB B 2 1 AR o J1F <A
10 MeV e @Bt bk iz ARG 4 T+ 3t 10 MeV 3R
A’wﬁ;ﬁ»%ﬁsﬁﬂéémA%o&%%%gg:m%wr
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< Data of PE
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PE: 0.00057x°-0.013x+1 R?=0.849 ]

3.5

cf252
[
T
L

/H*(10)

o
wn
T

spe

Correction Factor H*(10)

10 20 30 40 50 60 70
Flux Percentage E . >10 MeV

B34 :PEAZS 4z a3 0 A3 2 5 @ 300 62 B %[2]

4 T T T T T T T T T T
' Data of PE
9" y=1+0.943(x-1) R 2pa72
35 H PE: y=1+4.58(x-1) R 220,581 B
i
i
g
3F 4
ju]
25 Y, h
o]
2 f=

15

Correction Factor H'(10) spe HT0) 250

05

1 i i L 1 L 1
1.1 1.2 1.3 14 15 1.6 17
Ratio of Readings (PE+Pb/PE)

0.8

—\

SN
B

B 35:PE A 7REI4L2 at 3% 2 & F]5 22 PE+Pb fr PE & 7R Fl4 el

2 B 2]

42



PItE X AT | hIVE T LR

(a) PE 3*#x<(cps) 9.62 7.01

(b) PE & B3+ & & (uSv/h) 0.411 0.299
(C)A iy ¥ 2 PE+Pb/PE 3 i 1.291 1.168

=+ i 7# 30 1%(X)

(d) & sic 32 12 & 715 (Y) 2.327 1.766
(&) A& Frae A £ 5 i3 & (uSv/h) 0.956 0.528
(fe Fricsz B i ? 3+ 5(X) 53.8 57.2
(9)2 Frac #2213 (y) 1.950 2.121
(h)e Fra %A £ F 2 & (uSv/h) 0.801 0.634

(D FEE & 479718 22 A £ & (uSv/h) 0.465 0.356

() s 2 £ R 718 2o B £ F (uSv/h) 0.512-0.593 0.443-0.549
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