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Abstract

There will be several high-intensity accelerator facilities in Taiwan, including a
few proton (~250 MeV) cancer therapy machines, one heavy-ion (~400 MeV/A) cancer
therapy machine, and two high-energy electrons (1500 and 3000 MeV) synchrotron
facilities. Significant secondary neutrons may be generated through hadronic cascades
in proton/heavy-ion induced nuclear reactions or photonuclear reactions after
electromagnetic cascades in high-energy electron accelerators. Those neutrons
potentially induce material activation in accelerator components and surrounding
environment to varying degrees depending on the characteristics of neutrons and
material properties. Therefore, studies on radiation protection aspects in
decontamination and decommissioning of these facilities are deemed to be important
and necessary for both the facility owners and regulatory agencies. Based on collected
operation histories and advanced Monte Carlo techniques, the project aimed to develop
suitable models and methodologies to quantify the magnitudes and general trends of
material activation in the above-mentioned facilities. Accordingly, practical guidelines
or recommendations are provided to support future decommissioning activities.
Considering the mechanisms and characteristics of the secondary neutron production
in these facilities, this project was divided into parts. A comparative study of the two
categories was performed and an in-depth investigation of the material activation
caused by the operation of proton/heavy-ion therapy accelerators was conducted in
2022. In this year, the focus was shifted to the material activation of GeV-grade high-
energy electron accelerators. The results and experience obtained from this project will

facilitate the management and regulation of material activation in these facilities.
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cif B e i o 1t B AT > TAEA-188 B4R 4 [3]¢ 45 i fedk § 1%
Boeni g T A B Sl 0 ¢ § 54§ B B E(Beam dump) -
¥o §Y (Target) ~ # ¥ ® 2 & £ (Collimator and jaws) % 4 i /g & 5 (Compensating
filters) » 4245 % * a7 H E R > dek 304 3.5 K IRAE 4B~ 4 >

i% \é’é%rﬁé‘é’gj—?&%ﬁf; s Eust»F\ ﬁj/éfb%—)—%ﬁ; —;‘El'éé'ff'/'é& 3

R314EE S R RS RIS i PofE- T3]

! L% & friE & (GBq kW)
Be-7 53.6d 4.8
C-11 20.34 min 1.9
N-13 9.96 min 0.5
O-15 123 s 2.5
F-18 109.7 min 5.2
Ne-24 3.38 min 0.11
Na-22 2.62y 9.3
Na-24 14.96h 10.0
Al-25 7.24s 1.4
Al-26 74%x10°y 330.
Al-26m 6.37s
Mg-27 9.46 min 0.59
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R32 e £ F H TS A Pfe- 3]

Y fh 2% 4 o7 B (GBq kW)
Sc-46 83.9d 7.4
V-48 16.0d 15.0
Cr-51 27.8d 15.0
Mn-52 5.6d 1.3
Mn-52m 21.1 min

Mn-54 303 d 22.0
Mn-56 2.576 h 1.2
Fe-52 82h 2.1
Fe-53 8.51 min 27.0
Fe-55 2.60y 490.

R3I3 4rde 2 B AL TS RS s - T3]

Y fh L% 4 o7 B (GBq kW)
Co-58 71.3d
24.0
Co-58m 92h
Co-60 5263y 24.0
Ni-63 92y 17.0
Cu-61 3.32h 32.0
Cu-62 9.76 min 407.0
Cu-64 12.80 h 185.0

12



E RN 5 O S-S R ﬁ@kr]’f; s L 1{%7@_" ﬁ[?’]

i fh L% Hp 4 o7 B (GBq kW)

Ta-180m 8.15h 1.8
Ta-182 115.1d 13.0
Ta-182m 16.5 min

Ta-183 50d 23.0
Ta-184 8.7h 1.8
Ta-185 50 min 21.0
W-181 140 d 330.
W-183m 53s 320.0
W-185 75d 300.
W-185m 1.62 min

H35. a0 TS RIS A PifE- (3]

i fh 2 % Hp 4 o7 B (GBq kW)

T1-204 381y 0.9

T1-206 4.19 min 37.0

T1-207 4.79 min 93.0
T1-207m 1.3s

Pb-202 3.0 x 10°y 2.2
Pb-202m 3.62h

Pb-203 52.1h 31.0
Pb-203m 6.1s
Pb-204m 66.9 min 89.0

A.Fasso % 4 [8]4F 341 92 GeV & + ¥ 7 shdpie 4 > - B¢ L B
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ke foit E

T AIF F e+ R gt FLUKA €7 S 2 40 £ 85 F 870 o

BR Aok 3.6 0 BHREFEHEL R E A 03143 2 F -

£3.6. % Mt P i P ol R B B A% 2 FLUKA 3 5 2 %

Radio- T Specific Activity Ratio
nuclide (Ba/g)
Exp. | FLUKA | SD (%)

HSe 838d | 0.13 0.065 12 0.5
v 1597d | 031 0.52 7 1.7
0y 27.7d | 4.12 27 5 0.65
“*Mn 56d 0.17 0.74 6 43
“Mn | 3122 3.54 29 2 0.82
*Fe 445d | 0.028 | 0.0088 27 0.31
*Co 77.7d | 029 0.46 7 16
Co | 27184 | 13 1.1 4 0.85
o 709d | 265 1.4 3 0.52
“Co 527y | 0.18 0.085 21 0.47
*“Nb 349d | 0038 | 0013 27 0.34

Brugger % % [9]41* 2.5 GeV T+ &% 254 oA L ogrie » T 4 et e
eI fS e R A~ AF > A AR S E R T R T R Ao B] 3.6 AT o PR
PR S 93 > Tiam 5 16W> 23484 5 1.1 x 10'%> Brugger % « » {1
S+ B2 FLUKA £ FRE1 3R TRF RO R R 237 5
WA Ee 153 hH iR T RS HRE R 0 ST 3 10 fEE s X

FHRIT- EnPfEitF 4R-54 2 £5-57 0 B @2 R enE o FLUKA #7326 s it

e

BEEP S E A 041 22 2 F o A FLUKA #5578 i it 4 At i
DAEMEY AR e 4E 0 A 38 B T ORAFEe 15 S URR SR RS RS S
i A KA A B 03440 2 B ¥ kY SRR RS S R 3

AR SO TR RS RIS R A 032152/ o
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T1: Cu, Al
T2: Cu, Al
T3: Cu, Al

e beam

D: Cu, Al, steel

L: Al
L: steel

®13.6. Brugger & * 4% 2.5GeV 7+ &Fépie (k)T ] w (T1-T3)% & » (D)

B RSB FEF R[]

#3.7. # 484k (D, steel)s9% v £ 8% % ¥7 FLUKA 3+ 5 % % 0t % [9]

Isotope t2 Measurement ratio ratio
(Bq/g) M/MDA  FLUKA/M
16G¢ 838d 031 (7.0%) 25 0.83 (8.8%)
By 16.0d 88  (5.9%) 220 1.9 (6.7%)
S1Cr 27.7d  1030. (11%) 1515 1.2 (12%)

2Mn 5.6d 3.7 (5.8%) 89 2.2 (6.4%)
MMn  3121d 42, (8.2%) 2600 0.62 (8.4%)
"Fe 445d  0.10  (33%) 1.6 0.41  (40%)

*Co 77.3d 32  (5.2%) 263 1.25  (5.8%)
Co 271.79d 55. (9.8%) 1957 0.93 (9.9%)
BCo 7082d 19. (8.2%) 326 0.76 (8.6%)
Ni 35.6h  0.24  (16%) 5.0 046 (17%)
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#£3.8. 48(D, Al e i £ R % % 7 FLUKA 3+ 35 % % it #2[9]

Isotope ty/2 Measurement ratio ratio
(Bq/g) M/MDA FLUKA/M

22Na 2.6y 1.6 (7.8%) 188 1.1 (8.6%)
5S¢ 83.8d 0.076 (17%) 2.8 0.54  (29%)

By 16.0d  0.12  (15%) 1.5 1.1 (32%)
S1Cy 27.7d 1. (12%) 31 0314  (15%)
“Mn 5.6d 0.11  (14%) 5.0 1.7 (21%)
“Mn 3121d 65 (8.2%) 587 1.1 (8.8%)
iCo 271.79d 0.032 (20%) 1.2 1.0 (26%)
Co 7082d 0.041 (43%) 1.6 3.0 (51%)
BZn  24426d 0.12  (24%) 6.8 3.3 (2T%)

Masumoto & A [10]£R]- % 1.3 GeV T F FH 4vid Bend Rt &
FETInE 04pA > BRIES 4B 3.7 %77 » 4 B 50 33 0ld 29 Tt
S A K H45-60 % 47-1520 H P No3 # 5ot bt f BT R RS A S
BRAARE Y - BURSRAELI No. DR S5 R4 B> 2 & No3 &7 ¥R
TAR-22 N AE-54 R 4-134 0 B No3 H Y 4 T OB AR KR EL Y P RS
ERHMER S AER 4 DA 12 24T R RIFIREE s B
TAAGE 1208 FARED AQE B AE o (B Y 45-60 ~ £7-152~ 45-134 ~ 42

-54 2 4022 ehth AR S 0.1 Bg/g [11])
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| Ne.l No.2 Mao.3 | | No.4 |
Magnet base Floor Magnet base Floor
Depth, cm

BI3.7.13GeV &5 b seid B2 cnd B &R 5 A RS %[10]

Yoshida % A [I2]+ g p A8 P 5387 e en® 3 4o B o 4ok 3.9 977 > 4eid

Ea T i B 43 0.575-8GeV 2 F » Yoshida & 4 4 u] 5 2%4ciE B¢ 2 CR-39
# 3w EEscH B R8¢ 3 > & PF,UVSOR 2 SR-Center #f ¢} % 3% TLD % %

4\

G Rl d 3O PF i A biben? 3 RRIF % e

ﬂ@}t

SPRF R F R PR R B A £ R LaBrs PP R B &

T

St FERIE Al A LRSI £ e E P4 o Yoshida ¥ 4 P

%3

i % 54+ B gtdd PHITS 3.02 % 7% it 32 2 ¢ DCHAIN-SP 327 = = ¢ 3 #4
ZET BRI R Y BB R TS AE L L B g Y 34 F 2
PR FECES S RN BRI ERS DR APRFT R EEFFE o
EREEFR A Bb L B SRR BT T e BRE
FEEFPEE  HEBEFY )W 25uSvh Bl R B I B4 B E Ak Ap
pom AR E IR el o B¢ FEEF K 100n/cm?s 5 F- ¥R Y s L
Pifg A 47 % % o PHITS ficktdy &1+ 8 ¥ L srPifg 5 *'Ni, *'Cr, °Co, **Mn, *Fe,

SSCO, 57C0, 54Mn, 48\/’ 44mSC s @ g}f . 551:;e Hrde B “R ﬁ(l‘ﬂ% ,;1, J s ;r_l A %éjﬁ;
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IR RLR AR o @ 43 PF R iR R 2 g PR & o %rt X R
farich @ RgFmHE W A g o £4%F PHITS o9 F FUEHHRS SS9 %R E R
b Spring-8 e P FHEFE S ERTHS D67 B PFE Y A
® 1153 % > UVSOR %% @ M3 040 & > Bow i enf e+ i) fb R4F
AR AL EE A TR EFERFRT VA NRRS DB L R

HIFRER N FRERNEE R AR LA

£3.9. 0 ABP ST F heiE BEH- F12]

Facility SPring-8 PF UVSOR HISOR SR Center
Foundation year 1996 1982 1983 1996 1996
Energy (GeV) 8 25 0.75 0.7 0.575
Type L-B-MR L-MR L-B-MR MR MR
Operation mode Storage/Top-up Storage/Top-up Storage/Top-up Storage Storage
Annual operation period (days) 230 160 250 210 180
Perimeter of the storage ring (m) 1436 187 53 22 3.14
Average stored electrons (m™") 2.08 % 10° 9.37 x 107 6.25 x 10° 2.06 % 10° 16 % 10"

L: Linear accelerator (linac)
B: Booster synchrotron
MR: Main ring (storage ring)

32 BRR I HEBRGFTHREIRE

AALLERPN - &R R 4 B Taiwan Light Source (1500 MeV) 22
Taiwan Photon Source (3000 MeV) ek # H B @@ F2, » Tt @R %4 B
1Y Ap bR i S o

RIp TPS % 2 2 113 L2 2 F P 4vid Ben@ @ RIL G W30 e d B
TLS A teid B bl LFFH ek BT F ed iz s © £+ #(GUN) —
B & 4eik B(LINAC) — @ﬁ%lfsfﬂ(LTB) — [r ¥ §§ 5 5 2 Tk (Booster) — @ﬁ%]fsﬁl
(BTS) — % + %5 % (Storage Ring) > 4- @] 3.8 #7751 » @ TPS & TLS e4eid I

AAF RS LZREETF @ B Ed 1.5GeVHL T 3GeV o Bt it enT F 4ed

(=

EAEY L B S BB AT EADE - R e L PR S

® Gun — LINAC:20% loss

® LINAC “4cit : 10% loss
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® [INAC — LTB:10% loss

® LTB @';ﬁ%l : 10% loss

® |TB — Booster: 10% loss

® Booster “cik : 10% loss

® BTS @ﬁ%] : 10% loss

® BTS (Storage ring) : 10% loss

FaE AR R A il L e 4 &5k JR 3K %% SLS(Swiss Light Source)
#pvt > SLS % *d LINAC 3| Storage Ring s d 454 5 38% > ¢ Booster I
Storage Ring c7df 4 5 19% > 4p$ TPS 3% 1% 9 52%8 27% » 2% 7+ TPS st |

AR5 FoH e A 0 3 EE R L RMRIET A & ot

\
/

~ 94

\lnnmu
HiHER

S—
WY — —

s

*

\

B13.8. TLS F # 4ci& B 7 & BI[2]

TPS eif (T I Ap ot it deid BE @ * 4vig o+ SF e TPS #-T 5
dvif | 3 GeV 18 #% 77 & Storage Ring ¥ » £ 12 = & iy ## 22 48 (Dipole Magnet) & §&
i+ 248 (Insertion Device) h3TE + A 24 I {5 5K > & fA4eid BiF (T H0 30 5
RefF A I HFNT I o £ 310 R TPS 22 ¥ @™ & BT F TIE
2 54 4F4 > p GUN 2 v s30T 3 & 5 1.30x10" e/s » 5518 20%hs4 R 35 4 14
$]i& LINAC » LINAC 4ci# B ¢ £ 3% 10%% + & » & & 3| Storage Ring » # if

# LINAC 3 Storage Ring &+ & 4F 4 5 52% > ## &£ d LINAC 2 r 9.38x10'%¢7s

19



% % 4.48x10'0e/s e bl G o
#%3.10. TPS & ¥ i 48 f/n ™ endd L 45 42 & 47[2]

Beam Loss Analysis for TPS Normal Operation

Location Electron (e7/s) | Electron (W) | Operation Loss (e7/s) Loss (W) Shielding | Loss (e75)@ | Loss (W)
GUN inlet n/a na Start n/a na
outlet 1.30E+11 1.88E-03 Ext./Iny. 2.60E+10 3.75E-04 LINAC | Inj.458E+10 | Inj. 048
LINAC | inlet 1.04E+11 2.50 Ramping 1.04E+10 0.25 Room Str. 0.00E+00 Str. 0.00
outlet 9.38E+10 225 Ext./Inj. 9.38E+H09 023
LTB inlet 8 44E+10 2.03 Transfer 8. 44E+09 0.20
outlet 7.59E+10 1.82 Ext./Inj. T.59E+09 0.18
Booster | mlet 6.83E+10 3281 Ramping 6.83E+09 328

Inj. 3.95E+10 | Inj. 11.67

outlet 6.15E+10 2952 Ext./Tnj. 6.15E+09 295 Shared (AIEH10)®
BTS inlet 5. 54E+10 26.57 Transfer 5.54E+09 2.66 Tunnel )
: Str. 1.71E+08 | Str. 0.0823
outlet | 4.98E+10 2391 Ext./Inj. 4.98E+09 239
Storage |inlet™ | 4.48E+10 21.52 Storage™ 1.71E+08 823E-02
Ring outlet n/a wa Dump® 432E+12 (&) | 2073.6(D)

a. ¥R ML EE AR B] 400 mA aye% ] L 9634 F -

b BEFFMGEFHMLE S0 00 mA BT BN ER RS BHBOHR AL PME T 85 -

c. B— kT £ T AR EH 400 mA MG -

d. Ty 4K ACES BB 60 F 440 £ O SRR A BT 8 ﬁff}u-]’—Jﬁ f;‘f,‘--f % -

e WA ARIEREEAELGM A I HETFRETEARA L SNE  REHTEOARRE - AR S FE TR 2493 GV EF
Ak o LA H R B H Bl -

TPS i ¥ E@EPEF £ 5 = B H - 528573 & f GUN+LINAC &
TFI 4 F 5 4.58x100e/s> & p LTB+Booster+BTS+i& 3 % 1T F 34 5 5 2.43

x10e/s » 23+ 7.01x100e/s » & — T F 1547 & 96.3 F/ 1 XL H K L5 R T

400 mA » F]PE - S 2EATAT F A IR 6.75x10% ¢ H o L iEGIEE 0 R
+ aREFERY ORI 400 mA o SR A KB AT B PE S B ARG IR PG
TFHAFE LTIxI0Te s e B8 3 RF A RIE B3R DT §-
AP ERCEY 0 TFIR S 432x10P e 0 BRK W hE FFP L 20 & 0 E

EE TR 300 % 0 F A FEFEEE G - K 2ATOT FIASMEREFRI 400
mA > FHFEFER 20 FOETLINER AR TRTARE - BET IR
teit BEE G BIARBERNE FE AT I AR EDT IIL 5 6.75x1012
e x 300/y=2.03x10" e'ly ; % FFE T + 44 5 1.71x10"% e/s x 20 h/d x 300 d/y
x 3600 s/h = 3.70x10'° e'/y ; # B FF BT 3404 5 4.32x10'% ¢ x 300/y = 1.30x
10 ey » 3 7.02x107 e/y » TPS Fo 4 4v ik BiF i 20 & chdh < F 42T F S p

RIET 025 1.5 x 107e/20y> it b d 45 £ ¥ A4 2 SEH R ool F E@ e
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et o € BKE JAEA-SSGA9 5LaF £ Al | Ak e SR R BT R ER
R AL ATE R Sl 0 LATROT R BRG] R E AR

%311 R TPS % 2 A 4542 ¢ @i S8k 9 28 S8 o 1945
301 *EEFFFILL A4od 3122 £ 3,130 2 TPS & > A 454R £ chif i 4
Bt R ehE BT A4 5 7.02¢101 e/y 5 @ 2 TPS B Rk T 1 ehE

BAFIHAP S 455100 ey » % 24 73R 2 ¢ nE R % M 65% °

K311 2 22 7R L EE S FREE SRR

TPS % 2 4 #53R 2 TPS 57 "8 ik
LINAC i3 8475 % 225W 1.125W
R A 400 mA 500 mA
R S Holae T o] pE Hol3r 9] pE
Ll € & 1B ek PR 10% & ek FEE 5%
RKEFEFE (F) 25+ 300 = A B¢ 200 =
B 73 6000 -] pF #73 6000 -] pF
¥ 300 =% # % 100 =

H1D RS EM G T AL A A L% R FI R L8200 5 R K 2
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FIN2 R TPS X 2o HfFLfam 2 # R F4F 4

Beam loss analysis for TPS normal operation

Location Electron (e-/s) Electron (W) Operation Loss (e-/s) Loss (W) Shielding Loss (e-/s) Loss (W)

GUN inlet n/a n/a start n/a n/a Inj. Inj.
outlet 1.30E+11 Ext/Inj. 2.60E+10 LINAC 4.58E+10 -

LINAC inlet 1.04E+11 2.5 Rampling 1.04E+10 0.25 Room Str. Str.
outlet 9.38E+10 2.25 Ext./Inj. 9.38E+09 0.23 -- --

LTB inlet 8.44E+10 2.03 Transfer 8.44E+09 0.20 Inj. Inj.
outlet 7.59E+10 1.82 Ext./Inj. 7.59E+09 0.18

Booster inlet 6.83E+10 32.81  Rampling 6.83E+09 3.28 3.95E+10 1167

outlet 6.15E+10 29.52 Ext./Inj. 6.15E+09 2.95 Shared  2.43E+10

BTS inlet 5.54E+10 26.57 Transfer 5.54E+09 2.66 Tunnel Str Str
outlet 4.98E+10 23.91 Ext./Inj. 4.98E+09 2.39 ' '

inlet 4.48E+10 21.52 Storage 1.71E+08 0.08

Storage ring outlet na na Dump 4.32E+12 2072

1.71E+08 0.08

1.2.25 W @ LINAC output
2. 400 mA @ storage

3. Life time >=7h

4. 10% loss in each stage

IEH FEICHEE20/\E > 300K - BEE204E | A Y A GRS LE/ R

Inj. 300 times 2.03E+15 e-ly 28.9% Beamloss 4.48E+10 e-/Is
Storage 6000h  3.70E+15 e-ly 52.7%
Dump 300 times  1.30E+15 e-ly 18.4%

Total 7.02E+15 e-/y

%3.13. 1345 TPS § % i8R R0 & ehE B+ 474

Beam loss analysis for TPS normal operation

Location Electron (e-/s) Electron (W) Operation Loss (e-/s) Loss (W) Shielding Loss (e-/s) Loss (W)

GUN inlet n/a na start n/a n/a Inj. Inj.
outlet 4.93E+10 Ext/Inj. 0.00E+00 LINAC 4.81E+09

LINAC inlet 4.93E+10 1.18 Rampling 2.47E+09 0.06 Room Str. Str.
outlet 4.69E+10 1.125 Ext./Inj. 2.34E+09 0.06

LTB inlet 4.45E+10 1.07 Transfer 2.23E+09 0.05 Inj. Inj.
outlet 4.23E+10 1.02 Ext./Inj. 2.12E+09 0.05
inlet 4.02E+10 19.29  Rampling 2.01E+09 0.96 1.18E+10

Booster 3.68

outlet 3.82E+10 18.33 Ext./Inj. 1.91E+09 0.92 Shared = 7.67E+09

BTS inlet 3.63E+10 17.41 Transfer 1.81E+09 0.87 Tunnel Str Str
outlet 3.45E+10 16.54 Ext/Inj. 1.72E+09 0.83 ‘ ‘

inlet 3.27E+10 15.71 Storage 1.67E+08 0.08
outlet n/a n/a Dump  5.40E+12 2590
1.1.125 W @ LINAC output

2.500 mA @ storage

3. Life time >=9h

4. 5% loss in each stage

Storage ring 1.67E+08 0.08

IEH iE SAFEE6000/ N\ - BETHAM - SEARBERK - TESREHER

Inj. 200 times ~ 4.12E+14 e-ly 9.0%

Storage 6000h  3.60E+15 e-ly 79.1%

Dump 100 times 5.40E+14 e-ly 11.9%
Total 4.55E+15 e-ly
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I ER AT T e FF 3 G S RRERRE S 240 E 0 &
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