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NAKASONE Shunya

Division of Research for Radiation Protection and Radioactive Waste Management, Regulatory
Standard and Research Department,

Secretariat of Nuclear Regulation Authority (S/NRA/R)

Abstract

In this study, we identified the parameters that affect the accuracy of evaluating
radioactivity concentration, specifically as it relates to the characteristics of the measurement
equipment and the properties of the object. Our aim was to obtain scientific and technical insight to
confirm the validity of the evaluation for application by nuclear facility operators who evaluate the
activity concentration of various radioactive wastes at the Nuclear Regulation Authority (NRA).

For “Confirmation of clearance process,” the future diversification of clearance objects is
anticipated. Thus, we have developed a means for determining the validity of the method for
evaluating radioactivity concentration when the clearance system is applied, considering uncertainty.
We have summarized the technical points of note.

For “Confirmation of radioactive waste,” we obtained insight on the setting of source-
terms, which are important for safety assessments. We also summarized the technical points relating
to the disposal body of intermediate-depth disposal and radioactive waste from research facilities.
In addition, we summarized the technical points related to the validity of the method for radioactivity
concentration evaluation for approval of the fitness for safety program (modification) that is related
to radioactive waste confirmation and the Waste Acceptance Criteria.

For the “Evaluation of high-risk activities in decommissioning,” a method for evaluating
high-risk activities in light of accident occurrence records was examined. This study was based on
the possibility of exposure due to the scattering of radioactive materials during the primary
decommissioning of commercial nuclear power reactors. Technical points of note were summarized.

For “Research on characterization methods for long half-life radionuclides,” scientific and
technical knowledge was obtained to confirm the reliability of analytical results for samples having

various physicochemical properties, even in case where a complicated multi-step treatment must be

il



taken into consideration. We obtained experimental data on the quantitative evaluation of the
chemical forms of radionuclides by utilizing the latest analytical techniques.

Some parts of “Evaluation of high-risk activities in decommissioning” were implemented
by the Japan Atomic Energy Agency in research commissioned by the S/NRA/R. Part of the
“Confirmation of clearance” was conducted as a joint study between Tokyo City University and the
NRA. “Research on characterization methods for long half-life radionuclides” was conducted as a
joint study between the University of Tokyo, Institute of Science Tokyo, the National Institute for
Quantum and Radiological Science, the Japan Atomic Energy Agency, and the NRA. Part of
“Confirmation of clearance” and “Research on characterization methods for long half-life
radionuclides” was conducted as a joint study between the University of Tokyo, Tokyo City
University, National Institute of Advanced Industrial Science and Technology, and the Japan Atomic

Energy Agency.
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KAWARABAYASHI, "Basic Study on the Radioactivity Evaluation of Control Panels", 12th
International Symposium Release of Radioactive Materials Provisions for Clearance and
Exemption, 20223
4 2.1.2.8 ELAEMRET VOB
Fig. 2.1.2.8 Overview of control panel model
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i) Yoshii, T. et al., (2023)% (—EBFmEE)
4 2.1.2.9 MIEKR
Fig. 2.1.2.9 Measurement system
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Hi#)  Yoshii, T. et al., (2023)*° }2 O® Taiki YOSHII, Hirotaka SAKAI and Jun
KAWARABAYASHI, Basic Study on the Radioactivity Evaluation of Control Panels, 12th
International Symposium Release of Radioactive Materials Provisions for Clearance and

Exemption, 2022.3¢ (—&fmiE)
4 2.1.2.10 #ERBEOBRET L
Fig. 2.1.2.10 Setting model of the conversion factor
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Fig. 2.1.2.11 Location of the point source
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Fig. 2.1.2.12 Maximum and minimum activities resulting from the combination of each

measurement system and conversion factor
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IV ERIZ, 2 D PV r—7 L2 L7t D% (a), mEM LD % (b)), EK
(R Z7avlLr, IR, SKEOEH) 2 ANlzbD% (c) L7z (K213.1),

) RARIR L HERM, e EIE. WA, RIFAE PSRRI, DERL 2 U
T T v AK R 2 FE LT X CT O WG R ERAFIC B D MGt . AT %2
2023 BOFx, wFSE (BT TMrRiR5(2023)) £ o,)

2,131 HHlZ VT T ARG ERUE LT, 2.0 PV 7 —7 L (a), T

(b)) ER (o)
Fig. 2.1.3.1 Simulated samples assuming new clearance objects, 2-conductor PV cable (a),

circuit breaker (b) and ball (c)

BIECIE, BRI E LT 320kV @ X #RE. fitgs & LT CdTe & AR H2F (ADVACAM,
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] 1500 L
. 1440 ;4604 Bz
1 E'JE%
$hik
(1 mm) CdTetk i 2%

)RR 5(2023)
2132 HBZ V7T T 0 X5 a2 fUE U TR o I E (K 5%
Fig. 2.1.3.2 Measurement system of simulated samples assuming new clearance objects (top of

view)
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) foRIR 5(2023)
2133 =7 (a) ZXGE L HEHER R
Fig. 2.1.3.3 Reconstructed image for cable (a)

\ 7"

100 keV 150 keV 200 keV

)RR 5(2023)
2.1.3.4 EEWrEE (b) 235 e Lz mE kg
Fig. 2.1.3.4 Reconstructed image for circuit breaker (b)

100 keV 150 keV 200 keV
)RR 5(2023)%

2135 B (o) ZxtG& U7 fitlpim
Fig. 2.1.3.5 Reconstructed image for balls (c)
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Fig. 2.1.3.6 Measurement system using metal blocks (Al, Fe and Cu) (X ray tube voltage: up to

450 kV) (top of view)
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2.1.3.7  HE G OB E X

Fig. 2.1.3.7 Location of the samples (top of view)
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Fig. 2.1.3.8 Distribution of pixel values (left 200 keV, right 100keV, £10)
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Fig. 2.1.3.9 Relationship between CT value and atomic number for 200 keV(a) and 100 keV (b)
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Fig. 2.1.3.10 Differential image (200 keV minus 100 keV)
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Fig. 2.1.3.11 Relationship between pixel values at 100 keV and 200 keV in Al
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Fig. 2.1.3.12 Relationship between pixel values at 100 keV and 200 keV in Fe
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Fig. 2.1.3.13 Relationship between pixel values at 100 keV and 200 keV in Cu
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Fig. 2.1.3.14 Relationship between pixel values at 100 keV and 200 keV in Al, Fe and Cu
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Fig. 2.1.3.15 Relationship between total attenuation and photon energies of Al, Fe and Cu
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Fig. 2.1.3.16 Measurement system using metal blocks (Al, Fe and Cu) (X ray tube voltage: up to
160 kV) (top of view)
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Fig. 2.1.3.18 Artifact by beam-hardening (e.g. thereshold voltage of 80 keV for Fe)
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Fig. 2.1.3.19 Distribution of pixel values for Cu and Al (e.g. threshold voltage of 80 keV)
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Fig. 2.1.3.20 Relation between pixel values and atomic numbers at 50 keV(a), 80 keV(b) and
110 keV(c) in Al (blue square), Fe (black square) and Cu (red square)
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Fig. 2.1.3.21 Differential image (110 keV minus 50 keV, center figure)
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50 keV vs 110 keV
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Fig. 2.1.3.22 Relationship between pixel values at 50 keV and 110 keV in Al, Fe and Cu
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Fig. 2.1.3.23 Relationship between pixel values at 50 keV, 80 keV and 110 keV in Fe and Cu
(left: 50 keV vs 80 keV, right: 80 keV vs 110 keV)
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Fig. 2.1.3.24 Photon counting CT imaging with CdTe detector
(a) Overview of CT imaging (b) Measurement sample (c) Measurement results (relationship

between energy and linear attenuation coefficient)
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Fig. 2.1.3.25 Summary of matrix formulas used for elemental estimation
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Fig. 2.1.3.26 Results of elemental estimation
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X = fbl + Babl .................... (2143)

143X TH2ON MR RZEHT 5 &, F—FHOWBBROMEIL 0.00135 &7
%o FEDOKX (2.1.42)KE R, FHEORFHIE S RN S OB FbhTnd, F
7o, LEWEZBHERR GH) L TEHALTW D,

W m A EIZ DV TIE, 1970105 R SNGe(L)RHEROMEREE BT fRIE L LT
~AHRART MAVRIEIZI T D E— 7 i EE ) ORI IZ i A S 417z Cooper D30T K 5 i HY
RAND D, FEDORLF U F/MEHEHEELE UTNy, = Aoy E R DN, KD D, %
DOFERITQ14HXTRIND, E— 7 HEOERGEILX, ©— 7 #IBUANADR—2 T A
VHEN O E— I HEBOR—RAT 4 U ERHEL T, i E— 7 KO 7 m AEED B
THZELICEVROTND,

A ’ —
N,, = 7m<Am + AmZ + 8nB> .................... (2.1.4.4)

QIAHRERFORL RS &, 1EDOZRY FVRIE TEKRE A KD 5 0 TEBHI
ERE & 77 o 7 BRHAIE R O JERENZE Tl /e 58, R OGHEER T2 < FHkic>»
TORIZR>TVDHRAEL D, L, MHERAZIERHE () O0Fs2F2l2k-T
EEDLLEVELZHNTHET 2 XA L TH S,

BB, E—JHEKEON—=Z2F 4 COHEICHMT D= WHON—Z2F 4 L DF ¥ X
N DD TR—=RA T A OFHERFHIIE S AN ENEAT D0 BT JIBUHIT B 6
HES Y =X No.TTIEN—RA T A OFHE O EE 2 EB[E L72(2.14.5) AP RS AT
Zals

N &

Ny, = —(k +\/k2 +4{B, (1 + BN, + Br(1 +BR)NR}) .................... (2.1.4.5)

ZTHBICH LT, 1968410 S M7= Currie DRI X A BRHIBERIT. (2.1.4.6)U2 =T
Koz, BMHEZEERWVWT 7 7R B ZIE LT, F—FOEBROMEN0.05L 2515

44



FIRE AR AEX L L, 2147DRUITRT L 91T, BRMEX AT 558 FOmrROfESR
D0.05L R B0 A% 2. DA DOEEIE 2 BIHBRX, & LTWb, £ L CHlAEX &
ORHBER X, D —SOOEICE WV HIEREIZHE L TV 5,

Xe=Xg+1.64505 crerreecrcecencenn. (2.1.4.6)
Xp =Xo+1.6450p covcrrecrrcceecanees (2.1.4.7)

B, O EFEOSE TIZZINGICMA, Xg+100p% TE FIRETFEL TWDA,
BEHESHE IO EVEbR TRy, F-EROESRELZEZEB L TX LOX,NE SN
HZTELHD,

FIREDORIHIRA & L TISO 11929% THUE Sz MR A 238 %, 1SO 119291F, 2000412
BUS WIS 51T STz, 1SO 1192903 UZ K £ BRI Currie D AT K 5 5 HBRAR Z [ 1R
LTEY, FHERME L THRE L EVWEL OB R O2BPETHRE L TWD, Currie®D
TIE I X K OXp L7 0 AD(EFIRE CTH S 3, IS0 11929 Tk~ 7 > 7 s B E R
15 5 RE 2 U7 IEMRODIE BRE 2 5t RIC L TW5D, F7-CurrieD X TIE B E O
DI ZEE L TWAHI, ISO 11929 Tix TIEICEIT 5 R S DRED T A F(Guide
to the expression of uncertainty in measurement, GUM)> | |ZHEV>, {5 50 E OFEFHE B LIS O
AP SERBEZE L TND, RE L ZWEYy L OB RR Yy IZENZ1(2.1.4.8) AL W
149Kk~ THEEND,

Y =k T(0) s (2.1.4.8)
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Fig. 2.1.5.2 Photograph of melting and sample
(a)Photograph of melting work (b)Photograph of the sample (c)Photograph of sample
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Fig. 2.1.5.3 Metal melting at CARLA
(a) Photograph of melting process (b) Casting ingot (c) Photograph of ingot
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[STEP1] Study and Collecting calculation
condition
— Property of reactor and activated
waste, etc.
— Elemental composition
— Meutron fluence rates
— Irradiation conditions (As specifiedin 4.1}

[STEPZ] Selection of Evaluation method

— Point estimation method -
— Range estimation methods (As specifiedin3.1)

Point estimation method

{As specifiedin 3.2}
(Exampleis shown

Range estimation methods

(As specifiedin 3.3)
(Examples are shownin

Point ar
R b ati
ang%eet%é%’la on

| {As specifiedin4.3.2)

o AL T AN G ) | e PIRTRE Ch) ot
___________________________________________________________________________________________________________ :
| [STEP3] :
: 3 ¥ ;
: Setting calculation condition Evaluated represeqted condition i
i — Evaluation of collecting data (database) — Evaluation of collecting data ;
! — Setting interval/distribution condition — Fixing represented input condition i
i (Basicprocedure is (As specifiedin 4.2} {Basicprocedurs is :
: showninAnnex C.) . showninAnnex B.} :
; Sampling and fixed input condition :
i — Random sampling from database ]
: — Fixing input data for calculation j
! i
! i
! i

| [STEP4] LR
: Activation Calculation
| it i i — Select verified calculation code
Key Index / key nuclide ' |_Calculation (concentration/coefficient) |iAs specifiedind.3}

1
1

— Burnup record data i
' \— Key nuclide concentration |

1
]
1
1
ll
1
i
: I
i
1
i
1
i
1

Evaluation of activity
— Multiply key index and evaluated coefficient
— Concentration of waste packages

M) 1SO16966:2013 Theoretical activation calculation method to evaluate the
radioactivity of activated waste generated at nuclear reactors, International Organization for
Standardization, 2013%*

2231 HEmFHRIEOBEMER 7 v —

Fig. 2.2.3.1 Basic flow of application for theoretical activation calculation method
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Fig. 2.2.3.5 Calculation of counting rate and response function for Concrete block model
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Fig. 2.2.3.7 Calculation of counting rate and response function for Concrete pieces model
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Fig. 2.2.3.8 Influence of the number of measurement points on radioactivity evaluation
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Fig. 2.2.4.1 Computational model simulating biological shield concrete for batch measurement
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Fig. 2.2.4.3 Calculation of counting rate and response function for batch measurement
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Fig. 2.2.4.5 Influence of radioactivity distribution on radioactivity evaluation (Casel mixed)
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Fig. 2.3.1.1 Event trees for assessing exposure risks during decommissioning activities.
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#2.3.5.1 NRCIZ K 2B IERFE O % 2Rl T ORBEHERAOIRBICBE T 5 27 U A
Table 2.3.5.1 Overview of scenarios for radioactive liquid leakage in decommissioning safety

assessments by the NRC

L7 7 L v A PWR L' 77 L > 2 BWR
=G JEUT 18 B4 Y o 0D R LA 72 R T ARG D KRB 72 R,
A Medium (1X105~1X102 /y) Low (<1X105/y)

U T I 30 43 1R (RN R

BATHEES - MR E REHH GBE O T ) AORE) - @ ORRED 10 5 (BREBER O

1%)

HEPA 7 4 )L % 99.95% (FHtEZRh=R)

B : High>1.0E-02, Medium>1.0E-05, Low<1.0E-5 (/y, TZRY72H|KF -3 X 50#0)

i)

JAEA(2024) (—imtE) 7
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H)  JAEA(2024)7
#2352 BEILHER ORI ) ARA~DOHPIT < FHERFE (L7 7 LA PWR)
Table 2.3.5.2 Assessment of public exposure due to accidents during decommissioning (Reference
PWR)
DECON  (RIIREfi#{4) SAFSTOR (%42 f7%) ﬁ‘ 72 ;;
_ KA B | BE<HRE | BRIBIE | KA B | BaE<mm | BRHIE |
(uCi) (1 1) | <HE (uCi) (1 M) | <=
(mrem) (50 4E[#) (mrem) (50 4 f#)
(mrem) (mrem)
LPG D% 3.6E+03 3.6E-02 4.4E-02 — Low
JE )75 e g R o oo .
H T L DR 3.6E+02 4.3E-05 6.9E-03 — Medium
;% j}j‘j BB O | 5 gpi01 3.8E-04 4.6E-04 — Medium
VAR A s
E%{;‘?ﬂ AR ORF 5 1pron 2.1E-04 2.5E-04 2.1E+01 2.1E-04 2.5E-04 Medium
Spray Leak 2.1E+01
Liquid Leak 7.0E-02
Spray Leak (il &7 ) 7.0E-01 5.4E-07 8.1E-07
Liquid Leak (i & ) 2.3E-03 1.8E-09 2.7E-09
Brye/e L CORTIA - .
BHIF A 7 DA 1.1E+01 4.6E-06 4.8E-06 High
[E 7175 2 fR AR v o0 5
uar br— LHERE | 2.3E+00 - — — Medium
DR
vacuum bag DOTH - 1.0E+00 1.1E-06 1.2E-05 Medium
BRI N TD B B .
%5 1) 72 G 1.8E-01 High
WS N =B B -~ .
B o LTS 1.2E-01 1.5E-06 High
— : <1.0E-6 mrem
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