JAEA-Review
@ 2025-011

DOI:10.11484/jaea-review-2025-011

EHEEEHAIIC X SMFEEREONRY > A7 LADHAERRE

(E£5EHR)
—SHSFE RAMERELLETHRSREN - AMERIEEESE —

Development of a Cooperative Operation Robot System
for Radiation Source Exploration

(Contract Research)
— FY2023 Nuclear Energy Science & Technology and Human Resource

Development Project —

BERFZETI MR RIFRE
RIEbKRFE

]

RIEREATR > 5 —

]

Collaborative Laboratories for Advanced Decommissioning Science,
Fukushima Research and Engineering Institute
Tohoku University

August 2025

Japan Atomic Energy Agency | HARTHIFZTARERE




AR LA — MIESZAFFEBFEEN A AR AR B AR E NS HAT 9 D RS H T
AKUR—=MIZVZAT 47 « TR FR 40 HE 74 B AD FICRESITOET,
ALUR—FORE (F—%Z2E8) [CEEEPRELRWEETH, FT7 AR LFEEED
TR LT 72 &V, (httpsi//creativecommons.org/licenses/by/4.0/deed.ja)

B, RUR— FORTH AR IFEHFEERE Y = 7% 1~ (https//www.jaea.go.jp)
IoRESNTVET, KLR—MIBE LTI TRETBHAEL EE0,

ENZHFFERRFEEE N HARJR - B FEEA F6 R IFJERA FEHEMESD Bl B i ek
T 319-1112 ISR IREUARHAEAS R FASAL 4 i 49
E-mail: ird-support@jaea.go.jp

This report is issued irregularly by Japan Atomic Energy Agency.
This work is licensed under a Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by/4.0/deed.en).

Even if the results of this report (including data) are not copyrighted, they must be used under

the same terms and conditions as CC-BY.

For inquiries regarding this report, please contact Library, Institutional Repository and INIS Section,
Research and Development Promotion Department, Japan Atomic Energy Agency.

4-49 Muramatsu, Tokai-mura, Naka-gun, Ibaraki-ken 319-1112, Japan

E-mail: ird-support@jaea.go.jp

© Japan Atomic Energy Agency, 2025



https://creativecommons.org/licenses/by/4.0/deed.ja
https://www.jaea.go.jp
https://creativecommons.org/licenses/by/4.0/deed.en

JAEA-Review 2025-011

BHEFHNC L RIRRE n AR v h v 2T AOBHFENIZE
(ZFEAIFFE)
— AN b AR B KSR LT T R - A RS2 —

R T IEPHSE R & S BEr & TPt et
BEtF R E BRI R TE v & —

HhRF:
(2025 £ 2 A 28 AHY)

A AR S FEBR Fe s (JAEA) BENFBRBEEIBRIL RN FE o % — (CLADS) T, &fn 5 R 5
HZAEE LT R R EdN - AMERHEESRE (LT, [RFE) 2vwH,) #FEmL D,

REHEIL, HENR—NVT 4 v T AKRKSHE S R IR EFTOREFEZIILO L L
155 8 OSBRI E RS 272, ENAAOIER 25 L, AR 22508 0O %0 R0k Bk & 1ERT
DOREBESC /) B O BE 2 2 CEB ISR A « 145 X7 SRR - JURAOMFE K A B & #HEtET 5
ZEEHEHE LTS,

R 30 AR DFTRERAREVE D & FEh EIR 2 TR A 20D JAEA ICATT 52 L T, JAEA L7
AT IT EoEELEL L, BEFICET DR RIZRIERZE - AMBERE L ZER DOk
WL FEftE 3 2 IR 2 5L L7z,

ARFZEIL, BF0 3 FEEICERIR SRR E D 5 b TEEEFHHNIC K 28 RRE e RNy v AT
L DOBAFEMIFE] DO 3 L DTN b AR DA FERRICOWVWTI]RD £L b DTH D,

AWFTENL, T ~BORKIT Mz rTae e tise 2% L. Zhaif L 7cioe Ry b
DOEHEIZ LY | B—t b =TI/ ONRWVIAHE « R - 207 B IRERE 2 £ T 2 v R
v R A7 A (Cooperative Operation Robot system for RAdiation Source Exploration :
CORRASE, =7 v&) ZB¥THZLE2HANET 5,

A5 R, 2N E TOMIE TR BT Z 558 S TRIRRE I3 2 Eiralii 2 .l
(CHFgE 2 FElE UTe, o~ MOS0 Z W ATRE 22 FE mtEM Has & L C, 8 il BGO > F L
— 2 LR MW ieZH AR EREHS AR E L, ZoMitdE L IMU (Inertial
Measurement Unit), LiDAR (Light Detection And Ranging) ZZfia AR v MIEH L7 AT A
Z 3 RAMEEL L. HEEEHINC X AR E SRR A T 572, 7.8 X 5.3 m* OB ICEEEY K O L
SIRETHYLIR & LT 10 MBg @ YiCs BEMR A B E L CRUIEREERO 7O ORMBETE L Lz, K
VAT K RAOCTEREMKOER., REFEONE, BB T Foe— b~y T1ER, FHE
SN EIEBIBLE O OFEA A —T 0 T x24T o7z, FONTCREEHIK & BRIFEA A — 2 @s
SHCTERTDIEITHIL, 3 BOBRR Y b AT AOBHEIC L0 EEE BRI IR OALE O
FEEIZRRS LTz, BLEDORENS . A2 CTIXIARE « Uk - 2l 72 iR 2 284 5 m
RNy M AT LOBRFITHRPI L, SO BARITER SN LR TE D,

AW EIL, BARRE BB OB RICB T 2 EEER & LT, HALKRFERNEhw L 7=
REREZID FLEDT-HLDOTH D,
FEIF B E PR IL R 2 o & — ¢« T979-1151 & 155 P A EERR & [ T K - A [ 7 £4% 790-1



JAEA-Review 2025-011

Development of a Cooperative Operation Robot System for Radiation Source Exploration
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— FY2023 Nuclear Energy Science & Technology and Human Resource Development Project —

Collaborative Laboratories for Advanced Decommissioning Science,
Fukushima Research and Engineering Institute
Japan Atomic Energy Agency
Tomioka-machi, Futaba-gun, Fukushima-ken

Tohoku University

(Received February 28, 2025)

The Collaborative Laboratories for Advanced Decommissioning Science (CLADS), Japan Atomic Energy
Agency (JAEA), had been conducting the Nuclear Energy Science & Technology and Human Resource
Development Project (hereafter referred to “the Project”) in FY2023.

The Project aims to contribute to solving problems in the nuclear energy field represented by the
decommissioning of the Fukushima Daiichi Nuclear Power Station, Tokyo Electric Power Company
Holdings, Inc. (TEPCO). For this purpose, intelligence was collected from all over the world, and basic
research and human resource development were promoted by closely integrating/collaborating knowledge
and experiences in various fields beyond the barrier of conventional organizations and research fields.

The sponsor of the Project was moved from the Ministry of Education, Culture, Sports, Science and
Technology to JAEA since the newly adopted proposals in FY2018. On this occasion, JAEA constructed a
new research system where JAEA-academia collaboration is reinforced and medium-to-long term
research/development and human resource development contributing to the decommissioning are stably and
consecutively implemented.

Among the adopted proposals in FY2021, this report summarizes the research results of the “Development
of'a cooperative operation robot system for radiation source exploration” conducted from FY2021 to FY2023.

The present study aims to develop a robot system (CORRASE: Cooperative Operation Robot system for
RAdiation Source Exploration), realizing radiation source exploration with wide field of view, rapidity, and
low cost. In FY2023, our research efforts focused on verification tests for radiation source exploration by
summarizing the results of our previous studies. Polyhedral type gamma-ray directional detectors were
fabricated from 8 BGO scintillators and shielding bodies. Radiation source exploration experiments were
performed by developing a cooperative operation robot system consisting of 3 multi-legged robots carrying
the gamma-ray detectors, IMUs (Inertial Measurement Units), and LiDARs (Light Detection And Ranging).
An unknown test environment for the radiation source exploration was constructed by placing obstacles and
a 10 MBq '¥7Cs sealed source as a simulated radioactive contamination source in a room measuring 7.8 x 5.3
m?. The developed system was used to create the environmental map, to formulate the exploration plan, to
create the heatmap of the radiation counts, and to image the radiation source from the calculated optimal
observation position. The localization of the simulated radioactive contamination source was successfully
performed with the cooperation of the 3 robot systems by displaying the image of the radiation source fused
on the environmental map. It can be concluded that the initial goal of this study has been successfully
achieved by developing the robot system realizing radiation source exploration.

Keywords: Directional Gamma-ray Detector, Cooperative Operation Robot, Radiation Source Exploration

This work was performed by Tohoku University under contract with Japan Atomic Energy Agency.
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Intensity
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(3. 1-4 3 BERRIRIREA 2 — 2 7 DEBRO R
(3 RENOD SESASE ORI B DA B BT AR Tl - 72
RIS e IR AN OB F MR RHEE DA 7,

DT, BRIRDARRIREIZ T 2B /A L-, BIRBREOISE Y I 21— a v
THERB L7z, 3. 15122 2 b—ya rORRERT, OAARIEIT C3-6 205 3 m B
TAICREBE L, MOEESRIEF2n, 4m 6 mD3HEY &L, Hor~vomgrL¥—%
662 keV 2R E L7,

FRR AR IR
X 3.1-5 FRRGIFEA A—2 0 o2 b— g VORR

BRI DA A—D 0 7 a2 b—3 g VOFREREK 3.1-6 [TRT, FREARE S8 &
DOFLE . EOMIESAOFHH L CTWDOMNEHLPE L W) BTl L, mEgEO£ s
YL DFGREAEHE L L7 ML &L RS ROBESR 7 FLRE | EOMGR

HATOEIG7 PAT LB LERESmR,T) = i CERSND, 007 bAD

T HE O ICET AR THDH, MANTEEIC B LEZBEESImRT) =187, BT
HEEIEISIMR,T) = 0L 725, A A=V THERERD & BHOM B TR
T&Tz, AT aT77ANVERDE, E—7(E & FRRBIROK IR L T
L5000, HHOE—7 TR SN HREARER & 0o T, EWICHRIRIC SR
T CTE 2ol
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SRS ROBE AWM ESE 2720, FkR T VI ) XAOREEREH ST, &M
BOIGEZE VI 2l —va r EERTHELIZEZA, VYIalb—varTIEEELE
TV o T ORHE X D N Z K PEINTWDH Z ERbooTe, £2°TC, Ml
WOX Y VT L—ya VHEERORE X RESZBE LI HFIEIEE L, £i2, HiK
FERITNALITY XLADINKHOBE T —N—=T 4 T 4 VI NRRAELTHAD I EHHBAL
oo £2T, HBHBET VIAY ZLDEZFENRTA—=F (Zm2a—FNVFXy NT—T D)
— RN, LAY AT v—va ) b L, dEEZOT VT X AEH
WT 3 EERRFRIREA A — 2 2 7 3B L ORIREIR IR DA A= 7y I a2 b—
3 VAR L, REL LEEBREER T LT X AR 3 EHERRA A —
VT REBROFEREZ K 3. 1-T 2T, ®ELRTORER (X 3.1-4) LT, Lo Ehwn
RISCRS AL DA, AESREESTH E L, BEUREHEOBE S BN o7 2 E B3R T
77

662 keV

662 keV 662 keV/
10 . = True

SAvIFua 774N

Intensity
Intensity

180 210 20 270 00 230 60 180 210 20 27 00 30 60 180 210 240 270 00 130 %0

AE AR AR
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Intensity
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3.1-7 3 KEERERIREA A — 0 7 O EERE R
BRI DS N E OB E, A4 OEBE OB TFIIHRER T - 72
FEIE O FE iR CHEIMN O BRI IR O 8 o8 2 71,

BRAR - IR AARRE DS 2R 2 L— a VKR ZK 3. 1-8 [2R”T, #f. HO—UDOEE
RiZ2m 4m 6 mD3@EY EL, Ho~BOTR/LE—T 141 keV & 662 keV 2T
L7

> il R ———
cal ™~
/ R \ P
Q-r
ﬂ AR
= 3
| y
C3-G €3 G
FRAR R AR FRIR

X 3.1-8 HLIR « IR AAFEDO T I = L— 3 VKR

BRESARIRDO Y 2 2 b — g URERZK 3. 1-9 (RT, kAT (1 3.1-6) Ltk
i LC, HEPEIIREL M E L, £/, 141 keV OFER L BIFCTH -7, X 3.1-10 12
FALTa T 7 ANVERT, 6 m OFRICOWTIEKIRE L TREBOENDN R A= D
O, mEEACRTE il 5 SRR E R B L, RO O Y R 2 L— 3 VR
I 3. 1-11 1T T, AW EORIE DA 2R LT D, SRIRERIR & ik LT, Fi
FRAEE D L X —(RAFMEN TR Tz, 141 keV T, BEEEIT Y5 L 0.82 TH
DN AA—TV U TREREZ R TOR—E LRI EGEONTWD Z bbb, — T,
662 keV IZIHWTIX, FEHFHELIEIL 0.59 T, 141 keV LB L TR einole, A A—
VU TRERERTHRLI NI EDRDbMD,
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EWFERE I 2L —va VI VEEZME L, AT A0EERERST-O L,
Ry MIA A=V vy —%#H (X 3.1-12) LT ¥ICs BEDOA A —V 0 7 FEBr & FElii
L7, BRE CORBTB EZ 1 n T, BERMIZS /0 & Lc, K3 1-12FrA Y MC
BHLIZEKERI A TOEBREA A= TR EZERAEDLEERTH D, AT K
WZiEe Ry hEBEH L2 —F v bR a—T7 8, A =T v —D— B L OBRIENEET
HRIBNG.>TWD, INSbiD & 212, BN EICHERIED A A — V) FE#
52 L EMR LT,

2m 4m 6m Intensity
A o ey

Intensity Intensity

141 keV
662 keV
Azimuthal angle (degrees) Azimuthal angle (degrees)
Y ~ E Y S S~ S N Y
3, — M Y — ~ —
B13.1-9 BURBEA A= 7 I ab— g VORER
= N ° - - dids
A v a7 r4roli
5 true = true = true
104 s | ® 141 keV 104 o Tl N ® 141 keV 104 T e ® 141 keV
] 4 662 keV " A A 662 keV » : 4 662keV
08 08 S 08 ANY
. : - . A
" H \
206 206 2086 - N\
g ¢ # ] s o
3 8 5 A
o044 Zo4 Zo04 “
°
A
02 02 0.2
A L]
I\ A
04 & & & & & & n s s s aeadl 004 & & & a8 &8ss 004 & & & & f8ea
180 210 240 210 300 330 360 180 210 240 210 300 330 @ 180 210 240 210 300 330 360

Azimuthal angle (degrees) Azimuthal angle (degrees) Azimuthal angle (degrees)

Zm 4 m 6 m

X 3.1-10 FRRARFEA A= T DITA 0 Ta 77 A )L
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Intensity

2 m Intensity , 4m

DHEIRSI A
Intensity Intensity Intensity
141 keV
662 keV .
'\/unulh
3.1-11 EREIRA A= Vo ab—y g VORTR
Intensity
M F 9250
»n 80.94
Q
< 69.38
on oy
2 SRE 57.81
o 46.25
2
5 34.69
&8 23.13
.’2 . 11.56
o= T
0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuthal angle (degrees)
3.1-12 mRy MIHEH LA A=V FEBROER
3.1.2 E£&®

B4 FEETOR-RE L LITA A=V y—OFHERYEL -, BUYEL-EBITE
600 g LA T, RES10X10X10 em AR &, ARy MIHEHARERY A XA TH D,
BISEMN 2 RAR A -SRI A A —2 0 TR B L OOTREA A — 7 a
L—3 g xS LT, FREREEBRORE R A 7 ¢ — RNy 7 U, B iR T v T Y
ALDOEE K 572, °Co(122 keV). *Na(511 keV). ®'Cs(662 keV) DFIRFA X —
VT ISESREER 100 TITA 5 Z L 2R Lz, F£/o, ER&MHMEOAREME S RS
77 BRI, HRDAARRIRD A A= 72BN TH BEORIRDAR IR LA A—
VIRERNEOND Z L EMR LT, B EINTV AT AR TEAR Yy ML
THEIARBRAIT o 72, TORER, BURAMEIC PCs A A A—T 0 I T&H L%
R L7,
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3.1.3  fRMMR RO BAE L3 [SF0 3 R ~BFn 5 ]
[5Fn 4 5 & cooffs]

TR 3EEITIE, AT Y= NTHFEATT 5 CORRASE ZHERK T 5 FRmMEM: g O BR
o R L L YT o7, IR0 S & bICHmET LR, Z2miEion o
~ MR A & 7~ R R A LA DR e Z HARBR PR SR OB R 21T 5 Z LT
RE STz, B 3EE T, RO EAEBIERMMR 2 RIEL ., 2O Z1T
o7, BUE U 7o/ NEALO 2 i (R FR M MERR (AR D 2 AT T o~ Ml i AR 2 13 gh 7
FEL, Ho~vBBHmIy v Fr—a vt as N EA Lz, 72, Vv
Fl—va VRHBEER TS F L —2IiE, EVRE LRV RE RS,
DAOIREEIRER 2N 42 ns LML, BRI O E WM Z B LYS0 (Ce) o F L—
% Wz, BUWE LTl N O Z i (R R PR H AR ORI 217 5 72912, ¥Cs (1 MBq)
BIRA 10° AATEH I, ENENOMFENE TOL o FL—a Vaifiso e —7
T NEEER LT, FORER, T L—a VSR L BCs BIRORIC T v~
RN o HHEPATIIRELS AT Y MDA THZ L 2R LTz, ZORERE D,
VE U T i/ NRAL O Z AT R M M B 3Gt 2 B 7 AR L7 b D TH D Z &)
Do T,

AR, B3 HEICH &R E, MM EE LR b a Ry MIEH
THZ e AME LIcfRmMmitss O E LR LT 70, B4 FETIEI o FL—
va URRIHEROE E 8 [EICPER U 7o 2 AR TR AR Hgs O BUE & BHASICHL D FLATE,
A A 8E L 7= 8ch version D Z AT MMEMR I A v MEETH 2 2 Ei L,
100X 100X 100 mm* D7 /L X & — AU E D K H1TE%EF Lz, BUE L 7= ZmAA e mtEm
HEZ BN f o — R U 71X 100X 100 mm* T, EEITKI 1.65 kg &2 o7-. Zh b
X, By ML OEETH LA v— F= U 7K T 132X 150 mm, A 72— R|X 2
kg AT & OB 6 D & 7r o7, BUYE L ZE AR R ORI 21T 5 72
DIZ, REOGETIZI N ¥Cs #RJE (1 MBq) DONLEHEEEREZIT 72, ZORR. %
T ARBLFE PR R 2R O HEE LB X E ORFNLE L ITWVIBFTIZ 2> TWH D00, 2T
NOMEIZIT TR D 7=, ZOFREIZIE, LYS0(Ce) DA I/ Ny 7 7T K (BG)
DRENE 2 Hivlz, FEERBRCIL, 325 YCs #i% 1 MBq 705 10 MBq IZEH T 572
B, K0 BIRAEHEE OREER M BT 5 B2 b,

[5Fn 5 4R TN A F L OWER]

AS AR, FEREABRICAIT T, vy AT 2 2w AR MR AR 2 3 Al
BUWEL7z, mAy MEEGEER 21TV, BUE L= Zm AR Mt s Ot 217 - 72,
Z ORI, EFERBRIZWT T, ZEAEIEmMERHG EER T D o F L— g VR
MOV T L —HEHCDREIEBC DH D LYS0(Ce) 225 H EFE BG D72V BGO IZEE T 5
Tl &L, Fio, FEFERBRIZAIT T, B B0 ¥ o F L—F LR AR A
3 HMUE L7, EiFRERTIL. 3 BOr Ry MIBCO v F L—& L AT AR
sz ZnEnas L, fRmfEs s 27 A0l 217 - 72,

@ 3 HOZLEARTIFE PR s O RAE

BN 4 R RUYE U7 i AT R MR s & SERERRER IC ) 1) T 3 AREUE L 72, S
(RAIFR PR 2R 2 U ET 212 H 72 0 | BAATICEE A L7 80503 B 8ch SiPM &r— 7 /L7324
REOEL VW ESINME L eoTclod, F—T7NE% 30 cm 225 70 em ~ &gl L7z,
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AR EUE L7z 3 Lo S m AR IAPER H SR 2 X 3. 1-13 12”7, BUYEL -, 2HE
RGN T » F o H o~ BRI LYSO (Ce) 3 o F L— & 80503 5 8ch SiPM 7 — 7 /L,
80470 B AR » MEHH 8ch SIPMFEHHEIRK, TV — A 3D 7V & TR L 72k
MEBEABEN BRSNS, AREYWE LT 3OS EAERTEE MM HIL, S0 4 45
BT - BE L= b0 L [AREORERIC /e > TB Y . Ry MUOESE 2T 7= 351
R EHEBEITWNE > TS,

i
A\
‘E.

===

S

———

e

X 3. 1-13  BYEL 7= 3 MO L m AAES i H 2

@ ZiEARBRRMERHEROZ IR o R > b ~OHEHGER
&I FEREICC, ZEAERRRMER RO ZHA v Ry MEEEBR AT o2, £
AR PR AR X IR o 7R R OVERACERE LT, A Ee MM s 4 5%
HREETER Yy FOEITRBREIT o728 2 A, ZA ¥ TOETRREE LT TOETH
MEER A TH DL Z L2 MR LTz, £7o, vARy MIEH I TV I AH PC @ USB
A— M TOZm AR MR IR OGRS L OGEEZ1TA 5 2 & b THEFE L=,
WIZ, 1 O vRy k& ZmBRTIERPER g2 O TSR A A — 7 E %
1Tolz, EBRIERZXK 3 1-1412F L DD, 100X100 cm D7 4 —/L ROHLLIZ PCs #R
JR(2 MBq) ZFRE L., 2Ry MI3ODORY Y 3 VJEFICBE S ER20n 5, FHRY v g
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> T 1000 BB 21T o 72, ZHENDIR T g o TORRIRALE OHEENT B 5 2 X
31715 ICE & D, HMHORNKHOENEDKRIFNE TH D, Rovar 1 ERVY
3V 3 T, BRMLEE X< HBTAMEICNRT RGO NT, —FH T, Ay
3 V2 T, BEOMRALE & ARJED DHEE SNTALBEOT NN KEL oolz, T,
BRIEN D ORFEENAMLOR Y > g o KL mWZDICh U > BRI BE bR 722
LR ASTAEEE TOMETH S K& L2 LYS0(Ce) DHCFENBC DEENEZ N5,
LYSO(Ce) v v F L —F U UNLmMES THEHT 2 L2 BMELTEBY ., ZOACHEN
BG OB A TE 5L LTRHALTW:, LaL, FEirRBR Clis SR 235
7o, ZOBGC DEENEETE NI ERARERICE Vb oTo, 20, Kikibk
(2N CHEHEYE BG D7aVy BGO v > F L—& B8 L= ZmARIR R R 2 3 #
BEL, Tha AW CERRBRICER Y iz & & LT,

position2
100 cm
position3/|
137Cs : 2 MBq
E (Center)
S ®
—
positionl

3. 1-14  ZHEAERFEAMEREGRO LI 0 R >~ ~ORHEGUER AR
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@ BGO v F L— & L RBR AR H#s O BLVE & B

BGO v > F L—& L RRR MR R A JUET S 729012, LYS0(Ce) v v FL—4 %
T AT MR e & L T X % 80470 Ml AR NE#EH 8ch SiPM FEHI AN LISk O FE
FS—Y BT Lz, BT LS FHE LT X—20%, 877 v T iRk, SiPM 7 —
TN BGO T TFL—F TAI S —A EEHBERWER D U L FETAMTH o
7co FE72. LYSO(Ce) & BGO TIFFENTEANE D 72D, HFiAH LITITHT 7212 80503A Y 8ch
SiPM 77— W EEH Uiz, JHE LT/ 8= B AT, BGO ¥ v F b — & LR fE
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PERR g 2 BUE L 7=, LYSO(Ce) ¥ > F L— & AR R MR 2R O S, &
F U= VRIS DI (VFL—F ERFAH LI Lo TRY ., A -
A X - ERIE, LYS0(Ce) ZHEATIIR MMM AR & FETH D, BIELTZ BGO v F L
— & LR ARRFR MR AR ORI 21T 5 72bI, BRIRALEHEE EBR A 1T - 72, FEBRGA:
ZLUUTMICEED S,

BGO > v F L — & i (R BRI PE AR R EAT SRR N 2
FRIEACRE A 0 = 55° | Jifiifh ¢ = 315°
FRIEALIE 2> D AR 0 % COREEE : £ 35 cm
BRIE : ¥7Cs (1 MBq)

SRR : 900 sec

BGO ¥ > F L —& LR AR PR 2R A O TR E 2 HEE L 72 /5 3R 2 X 3. 1-16
T, B3, 1-16 HOSRKEENEORIFAE Th 5, EORIRNEDFITIZA v kA
Ry "R TE D, AFEBRICEY, BGO o FL—FZHNHAETH LYS0(Ce) TH
FRRICHRIRA A= v T RATZ D 2 L s LT,

Intensity
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:"3\ 20 37.80
%Jb 40 32.40
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180 0.000
0 30 60 90 120 150 180 210 240 270 300 330 360
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X 3.1-16  FRIANTE OHEERER (BGO > > F L — & L (KB MM H 28)
@ FERERABRIC I D L R ER R A
FEREARER 2 [ 1 I BEHE CLADS [EIBRILRINFZERR 2 P == T1T o 7o, ERERBR TIE, M
ek L LT3 AD B0 > F L—¥ ZEAAR IR IR o, B DV T,
3. 4 WD HKFEABR TR~
3.1.4 F&®

SRR GO v o F L — g URHER T S 2 o F L— 2 2 B 238 BG

DI 5 LYSO(Ce) x5 H EFE BG D72y BGO ~ET L7z, EIERBRIZ AT T 3 #Ho BGO Zhi
AR mMER e 2 B UWE L . FOFME 2 T o7, ZDOREE, BGO > v F L—& WA T
H LYSO(Ce) TH FRRICHIEA A — 0 T HITZ D2 & MR LT,
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B - AFHROELEINB S (FBEREE  Bilime) [ 3 4R ~5n b £ L]

3.2.1 [} - [EHRLELEANBA%E [5Fn 3 FE~5F0 5 FFE]

[5Fn 4 5 F CoME]

AN 3 AL, 3D-LiDAR & W2 REN O FHA X R AR O BREEMIKI AR & 5 DAL B
BEHIXAZ S L CH BT EIT ) VAT DORT21T- 7, BEEMK/ARS L OH
CNEHEE S AT LDV 7 "o =7 @ 8EL, BRBHAa Ry ML Y PEHIRGEZ{T -
77

B0 AR, A 3 FEEICR W TER Lo BREEHIK A R RS L OVA CALEHEE 217 5
SATFLADY T NI 2 TIZONWT, ROBBEIT-T-,

1) HERRSEE ) BT Emt o 7Y o ZRTREZR IMU (BRIl = » k| 3DM-GX5-
AHRS. Lord MicroStrain fE#d) 2 Bh#E# 95 & & 12, ROS (Robot Operating System)
Ry = LIO-SAM1] 2 LT, AR LAN 8255 FICBW T, BAFRBREHXEZ Y 7
JWHEA NTERABETHD Z L 2R LTz,

2) Ry hOHCHIEHEEIZOWT, NDT 73 Y XA[R2]DO~/LF A Ly RIFAIALE
BIETHZETERBLT D L L I, PEEICR T D B OATEHEE O EME A Ak
¥,

3) 1) THERK L7 BREEHIXNC % LT, v > MIHESH L7V A Z @ RGB T & DR
BT — 2 %2WAT LT 7 U 7 L, 3D-LiDAR IZ Lk B BrEEHIXAERRICRI S5 2 &
T, REAMNZXOEREHXZERTH L oI L, LR EXET,

H—u Ry s OFRBSBREHIEED D5 DD BRI IS & | BREEHIX]
RtE~—F 0 VT2 FEEEBRL, B—aRy bOBIINED S R S SRIRL E %
BREEHIPUC R S D S AT A EEE LTz, TORER., BUHBROFET 2 AL L g
BELODAMIRNEZ BB LEHEETE L Z & 2R LT,

FLEERBR S T- 2B E 2R > b (X 3.2-1, Hexapod Robot Loiter2020_verl. 1, ¥k
ADthv~ ) #8EA L7, FEERRBRICHITTrR Yy NOBEHEAITI & &b,
BB L CE 7oV AT A EFEL, (EREFAZEORRENHEOND Z L 2R LT,

3.2-1 Hexapod Robot Loiter2020 verl.1 O#4E
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[0 5 R RN A B L O R ]

O H—umARy AT LOEHR Ry MR ~OLR

TR T, 3 AOBMe Ry NEERTLEHEE LTWAHD, B 4 FEET
WCH—mRy hexRELTHBLEVAT L%, BHEEB T L ICIELE
(I 3.2-2), TR LAN X hTU—27 ET3HEORR Y MEFRIFICFERRERERIECEX 52
EEMERTHELDIC, HxOuRy NORRIWUET — % 2 — BB TX 5 L%k
BT,

— T, 3EFEREOEMT A MZBWT, DK 7 oM TONET — % &8 30 GByte %
M HWRNN DD Z &, 2) IR LAN R > U —27 OFfk % 58 LlE A 7 VR REE
IR DA NH D, O ERNBEAEL Lz, 2 OFIKOKF:1E 3D-LiDAR 35 L OVERE
NAZT—=HIZELDbDTHY, REMKERIZED 5% T A 2D 0 fERed KO~
TV T L= DONRTUAFREE, FTEALTWAET IV EARA L FOARy 7 BE L

Zﬁ ‘JZ‘%VG &) é o
Wireless LAN Network

‘ﬁ Operation Command J
l
Tl

Radiation detector l

H E,PEL-JUDAR HT

Depth camera g _hia
N e
Stiwase Robot 1 Robot 2 N

3.2-2 VAT LD R v h~DXFI

Robot 3

@ WMHHeRERE — v v TERMEE DIk

FRANOPRIREREE T O MR 20 RBITEN L, BRI ICHIBRO & 28 = A > F AHRE T
a2 YV 27 B35, EOBRMNG, ARy MR U 72 BB s DR R 51 5 5
T—H EEREMX EOa Ry N OB A& MY S0 e — by T
AERRBRE A FEE LT, v ARy MIHEE SR ER T — 20 1007 7Tk
DOER T Y MEIDIG U2 TRI L, B OMEHREE THEON-BEBNITIEY 7
R LTRIETE DL HIC LT, [ 3. 2-3 1T B s 7 — % 2 W CERK L7-
BICTH D, BEWEKE LICBIT 2 RENDBERZICIECE ., HANREREEIEDH
WrcHIAREE B2 B 5,
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§ Robo?2 Start High
Intensity
Area

Robo2 Finish
Radiation

Source
i

Robo1 Start

4 3.2-3 BEM A Wi laiERe— b~y

@ EEHS THIE U7 ORI A HEE RS R ORI~ S R 5 A7 LOBFE

BN B T D BRI A e E RS RISV BREBEHNK O Lzt e 2
TNELGDE, SOICGHERBICEXYEELZEYOAGAMNITT5 2 LT, BREMX E
OB S5 ik E AR L U CRREZITo 7,

A4 BRI T D FIE T, AR AR OBLE D & BREEHIX 2 Hk3 2 sl
I LTRWE D7) o 7 EE L Tz, i o34 L 15 5 5 BB I
G DI T2 CWe, £2C, RBULOX Y B 7Y 7T 5 &L
(2, RO E R Eo-d, BT AT Y XAORE L E{T-> 7,

AEERHE, B SATERE L C—EDFERE LB X 57 — & OHFAA - 4 % K&
e+ HMEEE L, ZOMMEZESFIICHESE TV ZEiIcky, HENICEE
O RBEAHIMN T 5 (X 3.2-4) . BHBHRDAHEE 7 — Z O L3 FRREDS 10 deg TH 5
ZEMD, FRICEDETZOM#HADHE S 10 deg & LTz, Ll [M3.2-512
AT X ITRRIRNGEIRNE T 9 5 2 & 28, M#EEMAZ 14,1 deg ITHEEL TV D,

N Search cone

| Origin of
/" observation

X 3.2-4 {RFRMHEC X D AR X 3.2-5 $RBIWIVKI TR

i LTV DB EREL Tld, MO ¥ A L Ml 2 AR — F L Tunian
7o, BRERMSEICNEET D EKimIA 2B 2 Bdl 7 mIBEREER T 5 Z & TR
SO Z1TS 2 & & Le (K3.2-6), MEEORE#ZFMBIcoH L, M#EICNET
ZERAER OO ERE A RS, M#ERA DR E S & LI X0 BEREERO R ZIRE L
770
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AEY BICRA SRR R E R DT — 213, U720 TORFK LY L=
A BPRE, TOTD, FIRAINC 8 TSN DL TIRT 3 RocZEH z FEEHIIC R I3
D & T, FFEDE Y ZER 2 N RANIRE T E D858 % b Octree 7/ X L[3] %
PN Tl AL B £ 7 2 AT L 72

Origin of TADEX angle
observation

X 3.2-6 ERMEIAIC L 2 5L SRR

FET X bOTew, EEMATHE LcRgo r ITr —2 2T, ToRS
L 7= 2B pr OB X @ L7z, X 3. 2-T DKV F T —Z 3B L O
(KIEZ 0 deg £ §2) TREND 2D~y T THY, EFTHR (FATe Ry bnd A
THEHRID # IEE %) TRESR W5,

Measurement time : 10min

g3

8 8 o

3840 o 3430 Azimuth O deg
%0 g 30 300 direction Source distance : 3m
20 2 2513
L 240 I 60 ] 2144
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H—nmRy MK HHFER (K3.2-8) 726, BER U7 O S EI I #ERh 23 8 E
WOICHEA SN TWA Z 2R LT, fitld T, 4 Ao aERE%E2K 3.2-9 (21,
KRS O OFHFE R B 00365 LTl 0 | BURBE A E- R A A £ R T
HZLEMER LT, -, XY Tk D BREEH RS R L bk & AL
BRIRF ] oD R & flERR L 72,
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Q;;;\
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DOEFER Ry FOREFEAME L, TOREICK L TrAR Y M3FEEY & Bk L7
INHRBENT D TR - LT,

[0 5 R FRENAE R L O]
S5 EE T, S 3 FEEICTHEE LIEHWEROZD O X 27 EY B CRERB O
4 I LA Ry MC X 28RS GHE T2 I a Ry MCEE L,
SR 25 L CRGESEBR 21T > 72,

O TAIY XAOFEKILE

FHoRy hE LTI S~ 2 8o 6 EEmH oK > b Loiter 28 MH L7,
7R MZIE 3 RIT LiDAR (Velodyne, VLP-32C) 36 L OMEIMPERH g 2458 L7 (X 3. 3-2),
Loiter IZE & 15 kg, ¥ A X W490 X D490 X H250 mm & i/ MDD o R v T 5,
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3D LiDAR (Velodyne, VLP-32C)

BRER AR

3.3-2 6 HHEET 2Ry N Loiter

Flo, YT P U= TIZOWTIE, M3 EE, SM4EEZICHRELET VY Xh%k
N—=RZ & LT, ROS ZHWTHIHTEHEOICL, rARy MIBlichlcaryBa—X
(NUC) & PC O CHERR LANIBEIC LV T — 2 DoV WMY 21TH 2 L & L,
BHE R Y hADOZ 27 EN) ETRECHOWTL, 2 WoTHIK 7 7 A V& GRIAT
RERE OB T REFER AR LN AN T 57 7 r—va VR LT,
TS 3EEICIRE Lo, Multilevel k-way Partitioningl4]Z#X—=A L L7-#
7B Y CTRELEE LT,

ZOMIKE AT UTRIEARL - IBIET 2 FIEE LT, B 3 FEITHEE Lol
AR FIEERFEOT VT Y XL TH D, Backtracking Spiral Algorithm[5]% ROS
X lr—Ab L7= Full Coverage Path Planner[6]Z K L CHEMa Ry MIFEIEL =,
Fo. BRERERICESE, FEHIET REXMELZIEET S Z LT, Bt uaRy ho#l
S Z . S 4 IR L FECESWTENT A7 A r—3 g VAR T 5
Ll bz, ZOBIIHE~OBENZOWTY, S 4 FEICIRE LI HEL, ROS /Ny
= FAWTEREe ARy MOEELT,

BT, PC RiCiFe Ry hoREEAERD DHE TE 5 X 512, MATLAB Simulink %
FWT GUI ZAEE L7 (1K 3. 3-3),

&
A

ﬂ Derivative Discrete
DS4 Joystick D

UNIT: mmis _

X 3.3-3 wmAR v MMlfEA GUI
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T E CHRESET F TREREID DD > TV D RRIZ, 7 8 TIZEDIVTZRIRD & 5 729,
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Position(x,y,z) [m]
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Posture(xy,z) [deg]
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-0.178440469
-16.4487892

Radiation Source
R it

g

Position(x.y,z) [m]
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Posture(x,y,z) [deg]
-0.087858422
-0.27381711

207.0596725

Position(x.y,z) [m]
2.16175, -0.477772, 0.0464036
Posture(xy,z) [deg]
1.462255865
-0.037631589

9274543866
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VII. LiDAR CYERK L7zHiE & A A —2 v ZHEROER A DY

“ER - TEEALEREANBEAE” TR L 7o BT A2 FV T LiDAR 38 L TOVRGB 1 A Z 12XV
VERR LTZBRBEHI R A A — Y v 7O BERE DY 2T o7z, £uRy MIEHS
Nz m Rt ER A Z S0, REHK EBFA A —Y 7 O@EREbEEITo 72
FER A 3.4-15~X 3. 4-17 IZZENZEINRT, FXO BITHEA A —T 0 T ORRTH
0. FIIEREHX EBRFEA A —Tr VOBEREDERERECTH D, ERHOEITIE, IR
A A=Y OEKRBEMT (P ORI OBREHEH L, Ziux, BFRA A=Y
JOfEGRRE, ARy OB CNEOWERZEREEEZBRTHE, BFA A -V 71E
HIZB W TR ARIBEMTITRREZEDREN R VRN TH 5, [X 3. 4-17 D Robo3 D
NPEDERRIMMO L O &, HRGbOEHrR V7o TRADZDE, vl y b
DR ZE B BT TV 0T MRA A —Y ORI VDZEMICEEL SN TWENETH 5D,
KIZ. Robol~Robo3 L& L= X EOREA A — DER Y A - - FEET O & % i
L7ofE R 21X 3. 4-18 (T, P ORT/REN TV DEPHADIIRA A =V DERD E -
TECTHY, BEPEKESNTEIERERETHZENTETND I ERDND,

3.4.2 Fi®

“FEmPERR HEREEE” CBAR Lo ZmiA BRI R N AR, iR - H AR T B 5
THRSE L 7= BREE HIMERL « HU L SR A A —Y v Z O EREDE, “aRy Ml 2T
LBHFR” THE L3 HEOER Y haADF AT EIN YT - A A—T 0 7 D= D
RN E AR A D T U R R & FEB T S v A v 2 AT A (CORRASE) D FZRIERAER
EAToT- L 2 A, 1.8X5.3 m DEIFRER T ¢ —/L FIZHEE L7 10 MBq D ¥Cs Htge o
BEVHYLE DAL E DR EICHRLI Lz, 2O Z LIicky, By HEL LTIV
PN L 2 IRARE - iR - 272 B RRRIR R 2 KT 20 Ry N AT A%k, AIFET
AR D2 LTk Lz ik LT,
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Radiation
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Radiation
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3.5 WFgEHEdE [ Fn 5 EREE]
e L O T C/IFZEIE H K72 5 ONT CLADS 2 L O 2222 U CHFE & HEd 7=, F7-. BF
ZeEMEETE A HEMET A T2 D DI AR A B LT,

3.5.1 Xk DBAfE
O WHoEHEtE
HEF: SFfn546 H5H
Yt A o140
WA« FWFEE E ORI BT 2 S B K ORGE. 4 % OWFEEHERRGT.

© WFgTHEES

HEF : 5F1 5456 H 23 H

Bt ¢ & e

WA @ FEREABRIZ AN 72328, IR T 2 6 L OMREL, S 1% OMFZEEH IR,

@ WFgTHEtES

HEF : SFf1548 A 10 H

I

N FEFERBRIC T 72 328k, AFEICBE T D i 36 L OWRRY, A 1% OWFFEEHERRG,

@ WrseHatESE

HEF: 5Ff 5411 H 21 H

L BIlEE

N - FE 7 v —%5%F, 5% O 2 R,

® WMt

HEf : 5f1641H 17 H~18 H

T BT JIKE CLADS [EIBS 3[R ZE

N PIREERBRZ 1TV, A1 OBFSEE R & fF,

3.5.2 ZH
HFRFELE CTh DI bl SM64F 11 A4 Hb 11 HETH T4,
N7 —N—TRHfE S iz, ERSA# 2023 TEEE NSS MIC RTSD 128\ T “Experimental
Evaluation of a Novel 4n Field of View Gamma-ray Imaging Method” &/RHL THREZLZAT
V), Student Paper Award Z5%E L7-,
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4. FEF

AWFGETIL, T < RROREK T A Z R RER g 2B L, T a#S#f Lo Ry
FOEHEIC LY B TS S RO AR < F G - 2l 2R B HRIRIRE A EBR T S e
ANy A7 A (CORRASE) #BA¥T 25 L2 HIE LUt Z 306 L=,

LITFIZ, 3 WEHBORKEETHLITMEEDOEREE LD D,

(1) FEmIPERE 2R BA %S
DO vIal—a 0k bgR:

A A=Y —DOEEEREL, MEHEEZ Y IaL—val il —F KRy 452L
T, VAT LAOEENER ST, TORER, 27 M AT TEHMENHE#E LVES V¥
— A<t (122 keV) 225 1F BRERICIHIT 2 HEREFED PCs (662 keV) £T, [FIRFICA A —
VUTTR DT L aER LTs, £o, BUIRCEMRIS O LICHRIRICKH L Th A A= 7
PITRAHZEH VI alb—a TR LT, £lo, BREICeR Yy MR L TA A=Y
TIMTA D Z & & FEBRICHER Uiz, LEX Y | BUGER % WLIE 2 72 ERE O BE & PHEREREN,
BT VY XA AOEE N, FEIEBRE W) By ER L, BREMIC IF FEEEH A~ %
21560, BIRCOHMBIENAEEE B A oD, LLARBL, AT AORY FNITIE
TAREGERA LI L 72D, 207, 5HOMEE LTV AT AOMRAMEOR ERE X RS,
FEDT=OITIE, EDOGRHT S RE & 72 D7 — X OHMGHFE Y 7 b U = 7 Ok L OVGUT v
7 MU =T ORI RO LD,

© FR R R O BAE & B

L ARE R R AT 2 v F L— g VB U F L— X EEEHE BG
D5 LYSO(Ce) 5 H EFEIE BG D72V BGO (ZAH L7z, FEIERERIZMIT T 3 #10 BGO %k
WHRR MR e 2 E L. ZOFME 21T o 72, T OREE. BGO o F L—F Z Wi E
THLYSO(Ce) TH . [FAEEICHIAA A= T 24T2 D 2 & e Uiz, FEiEikBr & LT,
2 AR A A HH R A CORRASE Z A3 2 MR HARICHE L 72 fetE 2 o Z & b o T, &
BOEE UL, ZmEEAR MR o @t &S~ O I T FEM 2 Ret 2175 2 &
DT O D, EiEBRTIX, 10 MBg OFEHRIFIZE L72 5 mm 4 BGO > F L— X &£
LR, BRESCTOEREZZEX BT VT L—% OB L O A X% fai{b3 2 4
N5, FlZIE, 10 mm D GAGG (Ce) ¥ > F L—H AN A A=V X —DHE, /AL
7y 7 HBE LTS 100 mSv/h TOMENRFAIRETH D, ZD7d, I LI/, mdlle s v
F L —F WA, ZEAEEFEER HERO 100 mSv/h L EO&E#R &S o H FHE
ThHoHLEEZOLND, KRB IERICB O CERES 2 HH L, MHESRORETHEC XY
BRI TZDbDEEZLND,

ABFFETRRFE LIeH <A A =2 ZRHaRE, BEILRTE LIS T O — R #rs e
B LTHIRFARISHARG TE 5, MHERIZBT 2 IR e BT OB S 13, ABFSEIC
FVET LTS, BHEMEBIATON T DME « 7 — Z 5l - #RF R 2 HET 2L
1792 LT, AWMEORAINATRETH D EBEXLND,
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(2) g - 5 WALEREL AT BE %6

HonRy AT ha2RR L, #B0Ry FOFEERFRELS LOEST 27 —20—5T
EHAWRE L IR o Te, MHERT — # Z BRI OB BN Sk S, 5 i ERe — b~
v THERSRE A FEE LT, o BB A TIE L& oY o I T — 2 2 TG L1253
BRIBETOBREEHINCE M T 5 2 & T, SRR MHEER Rz AR R TE 5 Z & 2t LT,

(3) mA v Ml AT LBHFS

LiDAR IZ Z > TH LN HIMIZESEEEE 0 Ry b~ Z 27 FND HTEATWV, £EI10 4T
TR AR T T HRREE A AR - BT D FEE T R > MCERE LTz, £, FEET R &AL
BERET S 2L THEAE R Yy NOBIIMSZFHE, BEh) 25 P2 RE L, EHae Ry b
ZHWIERGEEFERICE D, # 27810 4T B4R, BLHLSEHE2SE YT hi D 2 & &k
BLT.

(4) SEFEER

AMFFETHITE L7cdamM iR K OZH e Ry b 3 Bl S/ A7 A2 T, #E
AERABR 7 4 —/L R (7.8X5.3 m?) (2 TRRIFEZRARABR 2 320 L. 10 MBq 0 "'Cs B ESRETS
JIRONLEDRFEICHKEI LIz, 2O LICE D YHREEL LTHBT TOCEEERHANIC X DA
B o O - AR O ERIRIRA A FBLT D e AR Y b AT AOBFICEE LT &R LT,

IF RN O ERES, P&V 9 MBS 2B IS BT HRRIRE A2 BT 572012, AT
R B 2R R PR R & 2 e ARy R OMAGDEZEESE DL LV ) | JERIZITRVETL
VBRI S A7 D& B Lz, R HHER I35 LT v o RVEMED 8l & ek D A
FIZHARTIHEFITD RN E DD LT, HBRA A=Y NARETH 5 Z EMAMPRIZ LV RS
Nz, B2, ABETIE 3 ARy M AT ATEEFHIZITH Z LIk D, SREREZ R
IR L, MM EEZFFET 2V AT LORBITHI LTz, AFREO BEYIX, 1IF BUG~DH&A
WCETHZEEHME LT, BIERELZIT ) /e R MORSHRGHIESR 2B L2 AT A
% 3R OFHEHE TRHISER ST A 720D EITH Z & Th Y, ERROREENLARFED B
T HRIEE N SRR TE 5,

ST, RFEORRZBGEAT 2 2 E AR ML RIBEEE 2 5D, AT, 10
MBq @ “Cs #EHRIR 2 W CIRERBR 21T o 72203, IF 8RN/ EOERES~OAKR T AT LD
RAPLEEND, S 6T, RFR TR EAT S T2 GMBIRDOA A=V TIZONTHET 4 — L R
TEDMRPBHETEDL LD LEEZEZBND,

F7o. ABFZER L O IF EEMZEIC I L2 & LT, @BRAN TOBEREDOHE, ER
BRIEOEENSBZOPEE LTEZILND,
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