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Table 1

Decay-corrected activity (as of March 2011) of

/N, B, BTER M REL FEE R, R BTR : BRA-REECLY 1 ERAS IS EHER T OREDE A 70 - A X BT R AILEEROBE 253

'"Cs and "Cs in radioactive particles 1-7

separated from soil collected at R-area located at the area northwest of the FDNPP

Particle 1 Particle 2 Particle 3 Particle 4 Particle 5 Particle 6 Particle 7
Cs (Bq) 101 £0.47 42.0+0.47 35.0£0.2 30.2+0.2 42.8*1.7 66.6 2.7 35.8+1.4
Cs (Bq) 109+0.03 45.1£0.03 38.7x0.1 33.3+0.1 46.3t1.9 71.3+29 38.8+1.6
s/ Cs 0.93 0.93 0.90 0.91 0.92 0.93 0.92

L7z, WSESAMEATHIZEY I L 72, ABFZE TV
HAPXBOT AN F—1X7.0 keV 2D 37.5 keV T TLIH
Jhv7z, WS AVE—H (17.1~375 keV) &K
IANF—H (7.0~15.0keV) D 2[DYE =21 ¥ £ 5|55
FTiTo 72 B ALT—HEICBWTIE, AHXHD
E— A A4 ZIEFELE T 1.0 um X #E 1.2 um TH D,
BLELAG 90° 12 #% 18 L 72 Canberra # Si(Li) 3-8 A0 H % % H
W T SRAU-XRF M OF SR-U-XANES %475 72, KT RV ¥ —
HWERED ¥ — 2 A X134 0.6 um X #E 0.8 um TH Y, #%
FLA 90 IZHRE LYY ay FY 7 Mg (Rontec 3
Xflash 2000) % Jf\>72 SR-u-XRF J OF SR-u-XANES (2 Jil %,
TRTTH RS F IV 72 SRU-XRD 24T o 72, TRTOHEIE
B DO KA T TIFbNz, 7B, BT RVEF—llE
AR ROV F —E TR I S OB R L B DI,
W E Uiz T AV F — 0 B M R 05 B R
L, SDBLADIOZRIRL720OTH 5.

2:2:3 SRUXRF [CKBLEHBRRETRI O
37.5 keV, 15.0 keV, 7.0 keV (ZHifAL S 72 X #i %
ke & 9 % SRU-XRF 12 & 0, Kk T-DILEMK % 541
L7z, AXRZ MVIZ 1388 H720 300 BREAEL, bav Yy
BELEREIC X Y BB L2, T8y 2759 F (BG)
ELT, THTHEAT M7 — T THMEEIT -
72, MIENATFEIIOVWTERNLEEREZIT) 20,
M4 enFEa Gt 7 A MY (NIST # SRM
611, SRM 613) Z e L CHERICHHT L, Bl Shi-F 5
GIFRICOWTRERBEZREIEL, R FICOWTEEIT
EOXERMEEHN L 22TV RERME I,
SRM611 KT 613 D547 TR b N7z KK OBIEALIEEE %
HAMETH > 2D Z L IR L, ROWEICBI D E£0HE
DSR2 ERT 5. 512, XY A7 — ¥ L CHE = it
MR L TXRFA X — Y ¥ 7247\, KILFEDO5 i &2
FUL L7z A A=Y U 71285 AT v TIEIEAE 3.0 pm X
fEsoum &L, 18570 OBERMZ208E LA 4
A=V 7 DBROFHE X RO T 3V F— 13RI 375
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B 72912 86.5 keV 12, R % L F — BB R F Ot #
A & F0IR Y B BT 15.0 keV 12, CrK, #5% OF Mn-K,, #
DA R WET ZBETIE FeK, MOBEL R 72912 7.0
keV IZf¢E L7z,

2:2°4 SRU-XANES [CEB{LERBEBOMMT  SR-U-XRF
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TRETHEY BV TH RS fTbhTsY, %
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N5 HE R - CREICRIE S -0, ik L
TRELL. TAVF—DZAT v FiEiE1ev & L, BRI
DHif% 100 eV OHPZWE L7z, 1 8D 720 OB EREH
2, R SNBSS LT 2~6 B TRELZ. 2Ry
HeLTHnRosm, By, FoxE2HELL F
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TAHY—FHIKT T ACKEROBAIZHIML, BRI
ICCTERE PR TR L CAB L7, WEidFalE LT
BT OFOFETIT - 7275, B RRES RS W7 0H
IZDWTIE, ZORETFTICOVTHMELRITo 7.
2:2:5 SR-UXRD IC K BHERBEDOI  HEHLE
25200 mm B HIZCMOS 7 T v h2S R bt v — % iE
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FEmiEE L O L7z, A XGEROZ AV F—1315.0 keV IZ
B L, S@RR % 440 2 VB OMIE % 100 HREE L 7-.
WAL TE 1L SRU-XANES LB TH L. 2B, SRPEL
LT Sif#K (NIST SRM 640c) % F4fFCllE L, Mt/ <
y—rhoHEMEINIKTHBR () ITFhokznwa
LR D T,

3 RREEH

31 RFOMSEER UM

R-area O 13K & 0 258 U 72 Btk + 7 R+ o ™ Cs
&0 o & BUSRE IR, K& O ™Mes/Cs ST RE I %
Table 1 I2F & 07 wIFhd 'Cs/"Cs BUEHFEIZH 0.9
Y, ZOMIZETREY I I NSEES—ER 1 5
XM SN BEEDEICE LT L2I0TH L. Lo
T, HBOIRETHI L7z MCs/VCs BB L D 15
BSOS ENEGE TN Z ERTR IR TV,
T S N2 R 2l 2 T LT h, 1 5k
HIR & HIC & 2 st avR S .

NS TRTFDH L, REWE 4KT (Particle 1 ~4)
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® SEM 4% Fig. la-d (IR Y. JeATHIZE” 12 XU, 2 5H%
HkE S5 CsR— NN b EEE um OFIR T T
otz THMITHL, 1 THEEEOBEHER 7 O TERIE
BeeThy, T/KEEH50~250um & Cs K=V &Y
HONIIKREDR 72, ZOWELRYIEIRDZICOWT,
AREROEROE:, ThbE HEN S FHES N2

-

100 ym 50 um

50 um

Fig. 1 SEM images of radioactive particles separated
from soil samples collected at the area northwest of
the FDNPP

(a) Particle 1, (b) Particle 2, (c) Particle 3, (d)
Particle 4 separated from soil collected at R-area.
(e, f) Radioactive particles separated from soil
collected at G-area.
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KRI7a Ve LTHESRE»E VI EWTEEL T
LUREEAE 2 b5, £ TFig le R fIZ, Garea ®
TR S B S NIRRT O SEM R &R T, Z
D3I P Cs/VCs HREILIC X ) 2 FHE F 713 3 SRk
ROBEEWEZ GO LM SN D TH LA, FEBRIC
INSOTENSLFHES NN T (Fig. le, £) 1, KA
TRVHERLIER SN 2 SHREED Cs R—v & [k
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L Cs RN DOHOYHEIRDE NS, TEPRKZT
T NREN)EVORIGERT Z2HIFTIELENWI L2
BRLTWwWA. 72721, Rarea & Garea & TIIEESE I
POOWMENRLR L7280, KREVHTOAD L D FERITE
W Rarea IZHREKE L2 REME D BREITTE v, 1 5%k
ECHITT & B U PERF OB 5 DS ABIAEE 2 5 2
ET, THLHBHLNI B RIS,

2 SRR L SND Cs K=V 1R TH72) 1 BqgF—
5 —OfEHE Cs 2 E&E7Y. TSR LT, S ESHT L7z
1Ak ORFIZ 1R FH72) 10~100 Bq A — 5 — 0
BUHE Cs & A (Table 1 BR), 1 KT HAL CTORGTRE &
LCRZZEEICE, BEOHFVPHLPITE . LA Leds
LRTORESHEEL L kikd 5L, bTh
Blum 121 Bq LNIVORBEHE Cs 2 &8 Cs K=V D J575,
LR EORE W 1 SR L 0 b, WS REAE
WEEFZ5.

1 5k EEND 7THTFDH B, HlL LT Particle 1 ~4
® SEM-EDS A~XZ b V% Fig. 2a \Z7R LTV 5. EDS AR
7 MV E B CRIELTWA. TR ENTWE
WHLTF D ED, 1 5HHRONFIETRTSi & O % F W5
LB ENRHLEMNE o7z Particle 1 LU 212200 T
11572, EDSIZ& % SiK#o< vy ¥ ¥ 7t % Fig. 2b, ¢
WRT. WTRORTICBWTH, Si D5l Fig. 1 1R
FTSEMGEMIELTHY, PRI SiAFENLI L

-
a ) v v
= [ O & .
3} < ¥¥ = 38
A ;
8 M \o & 2 ﬁ
= Particle 4
g Cr-Ka
= Particle 3
<
§ Fekp Particle 2
r4 Mn-Ka .
) o Particle 1
"Logarithmic scale
0 2 4 6 8 10
Energy /keV

Fig. 2

(a) Comparison of SEM-EDS spectra of the four particles emitted from the FDNPP Reactor 1.

Results

of SEM-EDS elemental mapping of the Si-K line of (b) Particle 1 and (c) Particle 2
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Fig. 3 Comparison of the SR-U-XRF spectra (excited by 37.5 keV X-rays) of bulk parts of the four radioactive
particles emitted from the FDNPP Reactor 1, Particle A (Cs-ball) emitted from the FDNPP reactor 2% and the

background part of particles

Table 2 Comparison of 21 elements detected by SR-U-XRF in radioactive particles emitted from the FDNPP
reactor 1 and Cs-balls emitted from the FDNPP reactor 2 (O, detected in common; &, detected

from some particles; X , not detected)

Cr Mn Fe Ni Zn Rb Sr Zr

Nb Mo Pd Ag Cd

In Sn Sb Te Cs Ba

Pb U

Particles from

A O O A O A OO0 O O A OO0 & OO0 o0 0o o0 0 a

reactor 1
Cs-balls A O O x O O x O x O x & x o O O O 0o O a&a o
Bbhsb. NSO, Cs K-V EREBC, 1% BRI G ICEORESEAET D5, TITRLEARY

BHEOK TSI OxEHG LT rMEATHLZ L %
RTLDTHB. T/EDS AXRY FIVTIE Fe KW Zn b
BTSN TwaH, IThd Cs K=V EEUT 285 THh
5. 72121, CsA—=IVTIZEDS A7 P VIZBWTDH CsL
Mok S 7S, 1 BRRERORFICTBWTIE, EDSIC
X 25 HTld Cs LIRS N o7z, T O@EWIZRLT
D Cs DREITERT2HD0TH Y, Jeiko LB e D&
WELHIET A, Zhid 15 e 2 BROFNIRIL O,
TR FOEK - BIEEEOBENE B L TWwWa L Z 2
b,

3-2 LM & TR ORA

1 5B D 7 R T 122 T SRU-XRF 547 % 47 o 724
R, MBS NIRRT EEMICEM L Tw, 22 TiEM
MEN7THEZ TR TE 20K W% 4 KT (Particle
1~4) & LT, 875 keV e TH 5 M7z SRU-XRF &
K27 MV% Fig. 3 IR T. TNHDANRY MVt % xf
BCTHRELLTWS. &b, HBilT5LHICITNLDORTFIC

PUIZWITNB NIV 7 G THONZD D TH A, T2k
D702, FATHIZEY THM Sz S KT O Cs K=o
95 Particle ADAXRY bV, THTHAEH T b0
DANRZ PUIZDOWTEEDLETRLTHA. Fig. 3 &1,
1 5RRHESkORF 2 H1%, y AT FIVHlE (Table 1)
THHE STV Cs DAY, Bix kst Sz,
15.0 keV X OV 7.0 keV iR IZ L B iR D GbE, —#O
SR-U-XRF 12 & > T 1 S HEHROR T T U Cs K= WV 2 5
Mot S 7z 21 JEHE % Table 2 (2 F &3, {LSHRL 2 &R
(I L 72 Fig. 3 A HaAMN S X 512, 1 oHHk DR
Fi3 Sr % Ba & EEICEPR THREMAE S b H %
BEBMICE L OITH L, Cs K— )V TI3BLSR P& THigsM:
HEL D Rb AL SNz icd, &Rl 5
PR OR T O F 5@ A TR OB E A, MK 28
VS TARYAR-Y (WS
BEVWTSRUXRF A A=Y ¥ 712k, HIEORTH
TONAi W L L7z, Bl& LT Particle 1 ® K uGER5 12

LT, RO OIS TR RESE LN, D
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50 ym
Imaging area

SEM image of
Particle 1

XRF Intensity
Low B N High

Sb-Ko Te-Ka Ba-Ka

Sn-Ko

Fig. 4 Distributions of 17 representative elements in Particle 1 obtained by SR-U-XRF imaging with SEM

images corresponding to the imaging area

DI L DWFER Y — 7 OEMD 2o 72 17 TLHIZD
WT, A A=Y V7 DORR% Fig. 4 ITRT. CsF—IZh
A IEESE, RN nm F— 5 — TR HEORE
BT LI EBBHESN TV 00", KifgeLF L
SRU-XRF A A — ¥ ¥ 7 TIERLTF PN T D SRR % 4019 R 78
RESNTY, R —2MEEZE LTV EEZ LR
5. THITHL 1 SHRBHERONFIZBWTIE, MTFNTET
VARG AL TuD DS LR -7 (Fig 4
ZH). M L-#PANTIE, Zn, Cd, Cs, Pb @ 4 THIX
HRWER L 720 2R L, AT OIMEER ClEEDS W72
O, EMICELGETHIDOEELLND. CsE—VIZH
W, Cs AW TRMCE AT LRI SN T
B B ERAFE 2B, K512 Cr, Fe, Ni,
Mo IZ W TR F R O um OFEIBITIRE L TV 5 2
EDVHOLNELRY, TORMLIEUOLBEDKRE SN
Mn (TR 2RI L TWwizds, FotboxHidens
WA OS2 /R L, —HIEETEE um OREND RS
nr:.

WA SRU-XRF (2 & D 1 5B H R OB ERL T2 & il
N7z 21 7£F (Table 2) IZ2WT, Cs F—VIZBT 55
FiFgeY % 312, ZORIBEHEE L7z U BREHC Bk
THEEZLN, 14HBEOEILHE (Rb, Sr, Zr, Nb, Mo,
Pd, Ag, Cd, In, Sn, Sb, Te, Gs, Ba) (I DWW TIIHZHR
BOFPs IZEENBILHETHS. 72720 Zr & Sn IZDOWVT
1, BREMEES O ZeSn AEICHET AT L EZ O R
5. 2B, TITSRUXRFICE DS 7z Ag ICBIE L
T, 1 5 HEHROBREEME % & T Rarea O TIED 513
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Farv s —bMIHERTLZIOLMERINLD, BARWZ
IR A SEET 2121, EBICHFNTHERShCw=E &
DOEHHLBIALTRTH 5.
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Table 3 Lattice spacing (d-value/. A) of Fe-concentrated part on radioactive particles 1-7 detected

by the SR-u-XRD
Particle No. o-Fe,Og "
1 2 3 4 5 6 7 d/hkl
1.81 1.79 1.85 — — — — 1.841/024
1.91 — — — — — —
2.10 2.11 — 2.03 2.09 2.09 — —
— 2.22 2.22 — — — — 2.207/113
— 2.32 2.33 — — 2.35 —
— 2.53 2.53 2.60 2.51 2.53 — 2.519/110
2.70 2.71 2.72 — — — — 2.700/104
— — — — 2.95 2.95 — —
3.20 — — — — — — —
3.34 — 3.35 3.35 — — — —
— 3.70 3.70 — — — — 3.684/012
4.20 — — — — — — —
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NZN a-Fe,0,'V D 0121 (d=3.684 A, HIXFHRIE 30), 104
M (d=2.700 A, MXHEEE 100), 11010 (d=2.519 A, M
xR EE 70), 113 T (d=2.207 A, AR EE 20), 024 1
(d=1.841 A, HIXIBREE 40) 1B T AL EZ LN,
Thbb, 1HFHNTH I ADOREREH um +— 5 — Dk
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Seven radioactive particles were separated from a soil sample collected at the Northwest
region of the Fukushima Daiichi Nuclear Power Plant (FDNPP). It has been pointed out that
the soil is contaminated by radioactive materials emitted from reactor 1 of the FDNPP by the
accident that occurred in March, 2011. The physical characteristics of these radioactive
particles with —100 um in diameter and non-uniform shape are clearly different from those of
spherical microparticles, known as Cesium-balls, thought to be emitted from the FDNPP reactor
2.  Three kinds of synchrotron radiation-based X-ray analyses (X-ray fluorescence analysis,
X-ray absorption near edge structure analysis and X-ray diffraction analysis) were
nondestructively applied to radioactive particles using a micro-focused X-ray beam at the
SPring-8 to investigate their detailed chemical properties. Various elements related to fission
products of nuclear fuel and components of the reactor were detected from the particles
emitted from the FDNPP reactor 1 with an obvious heterogeneous elemental distribution. In
particular, the chemical compositional feature of these particles was characterized by several
elements (Sr, Ba etc.), which were easily volatilized in a reducing atmosphere. Although a
main component of the particles was identified as silicate glass similar to the Cesium-balls,
some crystalline materials were also found in microscopic regions containing Fe and other
metallic elements. We concluded that these radioactive particles were emitted from reactor 1
to the atmosphere during 12" to 13" March, 2011. Our results suggest the fact that the
nuclear fuel and the reactor vessels around the fuel were melted together at a very early stage
of the accident. In addition, it was demonstrated that chemical compositional information of
individual radioactive materials can be a new indicator as an alternative to the radioactive ratio
to estimate the source of emissions.

Keywords: Fukushima Daiichi Nuclear Accident; radioactive material; synchrotron radiation
X-ray analysis; micro-XANES; radioactive microparticles.
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