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Behavior of very small amount of metallic ion in molten alkali chloride mixture melt is very
important information in pyrochemical reprocessing of spent nuclear fuels. In the Synchrotron Radiation
Research Center, we have investigated the local structure around metallic ion in molten salt mixtures by
using a high energy XAFS (X-ray absorption fine structure) technique. In addition, a molecular
dynamics (MD) simulation technique has been used to analyze XAFS output and to simulate mixing
behavior from microscopic vewpoints. In the present work, mixing behavior of molten LaCl; in
LiC1-KCl cutectic melt was simulated by MD simulations using polarizable ionic model (PIM).
Similarly, simulations of molten YCl; systems, which have a smaller cation Y3+, were performed to
compare with the LaCl; simulations.

It has been reported that molten pure LaCl; has an 8-fold (LaClg)” structure. The coordination
number of the 1st La’"-Cl correlation in molten LaCl; decreases by mixing with LiCl-KCl eutectic
mixture melt and indicates a value close to 6 less than 31%LaCl; composition. It suggests that molten
LaCl; has an octahedral coordination structure in the mixture, as shown in molten YCl; systems. In the
MD simulation, the mixing effect was different between LiCl and KCl. By the mixing with KCI, the
octahedral coordination (LaC16)3' structure is formed and stabilized. On the other hand, LiCl does not
promote the formation of the octahedral structure. The coordination number of the 1st La*"-CI pair is
always more than 7 by the mixing with LiCL. It is due to high number density of CI" ion in molten LiCl

comparable to molten LaCl; and strong Coulomb force introduced by a small Li" ion.
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1. IXC®IZ

B LUMEHBE R OFALERIE & U T, KR E M U 0 Ea OB O B F 3 R ot
Do TWD, BFELIEEICIEE < OFERFET L0, BT 7 At D X 5 25
B A U BREN RIS TWV D, ZOBM7 o ATk, & 2EEMEHO L I
ER LV EH SN TE I ERER, TAh U o P ALY OREHEFIC BN O R 2 RR S
EIoRENEIEHEND Y,

Bk 7 AL AR DRSO ZEIE, KCl D X 5 REARZRLNMCED b T -,
1Mli@&R THET NV U a A b, ZME&R v 7 Ak T% < OEBREOREEDN,

XD b EdT Y, S BE Y. HTFEIEEE I b éh(%fwéo hb
DOWFFRIZ L 0 | BUROIRBE O EDRFEMZIEHA SRV o20h 5, —F ., IBRAEEE O
ELPHMEIT O T OEFHEA TWA B, %H%ébﬁ@ﬁﬁ%@m{mﬁ%%ﬁﬁ“é &L BRIz
f\“fﬁﬁ% 72 KHBNEL T2 BT DI D e M EZ R OVORBIRTH 5, Frio, Xk« PHFE
Pid, BEOFETHERO R TH HIRGEREOT — F TR TEE L < foaz.’)m%) N E Y
o EEA TRV, IBREERIE OMERNT IR 1 2 R8T 5 7 ~ VBELIE, A A T ERRECENL
Bl Vo EENREEERE L X220,

Fox ik, DRI X D IRGSROBEMEATIE & LT, BUHYE XAFS Lﬁéﬁ LT e RBBEm E T

h VA OBRARE P OICHELZBERTEL ), XAFS BE OTHBRIEIC LY ZROFKT
BB EETIET, FRERXBRAERBICHATIZAMCRARBE N EFIHT S Z Lick
0. BAWREOHEERTICER AN ZRE L CT& e, ULHhLARB L, BIEOHEMED XAFS 4711k
ZDEEFHEIRTHRIFICR D RIZ, FHMBUREIZIRSCLETFEORNE L 2528, 7
— HfEAT - RN EOFRE S 2\, £ 2T, T — % Ot LRI T8 1% (MD) v 2 b—
va VEREEH LTS Y, AR5, U XAFS BI5E % 52 L7z LaCly @ LiCI-KCl 35
WA ~DORAZEE OV T MD SHHEOKEREZE LD LD TH D,
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2. ®RBE

2.1 MEMERET IV

MD FE G, 7 —m /1% Born-Mayer DRI 82 M A ToRAD & 5 72 HAMEH

INANE I g LAY (e

¢, (r) = %Q_, + B, exp(—a,r) + % 4 % -------------------------------------- S (L
T, QRERAAY i DEMTHY, L'k YUI+ 3, Li'e KE+ 1, ZLTCIA A V-
1& Ui, BRI @ 7 — o v HOFEICIE Bwald D7 P& AV 2, By IIRFEORE S &,
a; IHED “TES” BFT, CyRUD; Ik, EH LN BT — T8 AR & - 00 BT
AR THS, SFETI, DFAVITEY CIA AV S i, IURTBFHE S5 5508
5 L(Polarizable Tonic Model; PIM)% FA\ 7z, Z Ui, Wilson & Madden (2 &> TERSWIZET
NG O F B EOE PN RFTIREICS U T B FORAE LIRS ZHET LT, CIv1 A4
N L BDBOBBREFHET D, B 1I12A A MCLIERE DS DOHBIC & %2R 2
W2 LCORT, CU-MP-CI s S ER LI, CIa A o4piiic L v OB FiAFESh, @
EATSOIHITOND ., & DIC@IMET DL MM % D3R K FMEM &k L TR Y
BESH L EZ NG, MIA AVBNSVBER I OBRBEL 2V . BRIICIEOD &
512200 MAF N2 o0 CIA 4 v 2 UET HEBEHERTEREND EEZXDND,
PIM-MD ZE Tit. RT 22 TD ClA I OSIRE% MD 2T v DA 7 DRSNS
LR B, 2o, BIBRET L(Rigid Tonic Model; RIM)IZ 5k U CH) 2 f5F2 BE O R (]
BETD, Bxid. 3O DEHLYIARE R UCL OFE YYEBELC ZhbD XD
77 Al BRI TIE CIA AV OB REZBR LI E | BolcE e iD=
L—ya VREREBZDZ L MR LI,

SIRBIE. A A DRERC. L FEIER T o\ & ViR L, AFETIE, 2Mh0HktH MCL
LRBE =742 EEE LY,

b=—o" . @
o,+0_

EIRYEOMR TR ThH 5 KCl OFE CiE, Tosi-Fumi BF ¥ v VBTN O EM LT, ERE
21X, Tosi-Fumi 7 > ¥ % /L% Born-Mayer O R EEORBEN R 2 H5DT, XTI 4 v b
L7285 A—F — & A=, Tosi-Fumi R7 > ¥ /L& MH L7z MD §HE TiX, XBREHT-CHHE
FEHF 72 Eh B S N BT R ERE A A R R CETEDICH L TLE ) | JRBREK
22 ¥ OBIME 238/ NG A AN R 5D 0, R EWEBIM A b7 b3 RER 2R EER
RF LA E LTATHIBEL NS TS D, LinL, EBREL 0TI, 42 ERED
INS VB DT A LYEREIE ST D Z L 5B LiF X LiCl TIXE OB HED
BREH SN C& -, F2C, RIFETIE, KCLIZ DWW T Tosi-Fumi R7 > ¥ ¥ v &, LiCLiZD
VNI Wootton 12 & o THEE SN BRIRT vy WEER L, 20 LiCl DET VT
Wi, EEBERBIBIEE A ERNDT, AIRFRCILE DM HEDRIL BT 720 LaCly 1201
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Tﬂ\ﬁﬁ@ﬁW~7T?TK¢ﬁ¥Eﬁ\Xﬁ@%&@ﬁ%ﬁXM&&E#B%?V?%W%
FABBRRLUTCEY YW, AL EFREHAWE, HBEOEDIZEHE L YCL 22T,
Madden HIZ L o THESNTWAE DEFEHALE, ELIIRTF Uy VDENT A —F —%R
E

22 VIal—varHE , _
BT, BB T 5 LICIKC] 354 & & 12 LiCl XV KCl BRIZ OWCEE R T 72, 2
6 OFE DB | Tosi-Fumi &5 /W2 & 5 KC1 & Wootton &7 /LI & 5 LiCl D% S A HERR L7z,
BT, LaCly K DEHE 54T 572, LaCly I2-oW ik, X BRIEHT 9% OVt e XAFS™ D B
BLHEE L, Zh b DOIRAARE Oy OF HER 2R L2 LT, LaCl- (LiCI-KCI 3
FRHE) BAROHEEZEMR Lz, HAEITHEROZ®IZ, LaCl-LiCl XY LaCL-KCl @ 2 2D 2 jf
SRAZLREE Ui, 77, SEOHEDZDIZ, LaCh R & -7 R UEHET YCLEER
DEEEZEM LTz, Zh b DBV THER LI EAR LV OBERA I 200 TR 2187
L, RE - ESH—FED NPT ¥ 2 b—a VEFER LN, BEOWMEHEOH HRITON
TIRRE - BB —EDONVT VI 2 b—Ya Vb EM LTz, ROREIX Nose DITETHIEIL, &
FEVEFEIT LiCI-KCl IBA % Tid 1096K, LaCL-(LVK)ClIEA R TIX 1173K & L7z, NPT /I = L —
va Tk, EAEEaCRE LR,

SHE T, BOBRNMEK G E R, I A A4 HERE L BB A RE LT,

1 & ny(r=Ar/2,r+Ar/2)

G.(r)=—
y() N, ,Z:I: 4mp v’ Ar

€)

VO & 5 TR O T, 55 1 FRLE & 55 2 RALBOSER AL & ) LRV — 205
Vo DD HEOBRMTEIUEESER S LT B8, AHFECIE GO | €y %Otk
L U, WO, A A O E RO AR HIRRH D &R,

o1 2
I

ERAEE T 2FEEOFETRDE, 101%, ISR 718425 D % Nernst-Einstein B£RZIZ
BWALTAEZ RO L FETHD, BREORA., A AV HOMEEROBRNRTIZIZOHM
FRITARSE L7Zevy (A +#0),

2
2= = (Xp 0 -D)i-A) ¢
: B

iz, EEWBEOEMP RO D A 2RO D FERH D, Z DOJFiEIL, Nernst-Einsterin BI£R
R BROAFTUEOMEERCEEINLROD, RERPLEDLND 1 DOFBROEMEEIT
LTW5, ZDDIT, HERA A OFHMEL L TRD b2 IBIRERIC KD HEL Y b RER
METRZET D,
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K = | ;
Vk, Tl,lgl 61 ©)

A5, MEOARE W TEEREZ RO, ZIUX, ST > Y VOIEA RS T OFHEIB%
DORESMHERDBND, Z OB HBLEEE A FRICRESEOKO 8 B Z EIZ LTy
HOTRERFHEBEEZLEL TS,

0

@

0

AL, PIM S EOOBAEEETHNRERD CIAF L OBEBRERTERLIOTELD
XM BHBHH, VPPS000 LD AWHIFETIMD AT v I 0.05s BEAE L, 2FV., 3
BFE35°C 20 5 MD 25 v P& FHET A Z LAY T 5, BRI R & oE R I
20 5 MD 25 v ZOMEHEN DL, BREEECHERO X 5 2RI S CFHREEIZ W
TIL 500 5 MD A7 v 7O EN L ENENRD T,
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3. BRLEBR

3.1 LiCl RO KCl

BARROWREFR Th 25 LiCl HMMBERIEKOIMO B SME AR 212779, K Tik, Howe
& McGreevy 23RN ARE# A PEFEIHTH 53K D 72 RERE 20, Tosi-Fumi RT3 % /Wi & 5 MD
HEOMKREL T uy b LTS, T VY Th D EERL LiCl OSBRSS E. R
A F ot Th D Lit-ClxIBHrBAEE TH Y | 2T 2800 1 ©—2 28 22AFE2H
%, FOE 1BMO 3.8AMTICAMA 4%t 0 LivLiskt e Cl-Clut 0% 1 B —2 28355, =0
KO REL RAMEDOA 4R REICE =27 ERMETRTORT VA ) FCHBIEDORHCH
%, SHEOERIE, LivLisH O B —2 Bt W TEFOR—ERBO bR, ZOMIEL < —
BLTREY., HMhidoEERLERL WS, B2 Li-Clat Tk, My —o 2
Tosi-Fumi K7 > & ¥ VET AT, EBRIE (2.34) LV b2 &y (220R) Dizxt LT,
AWFFECHEA L7z Wootton £7 /v (2.835A) HERHFIZ—HK LTS (K14AL), LitAf Z D)
DO ClA > OREE, 51 AMECOMET, W4 Thot, Ei CI-CIHDEL E—7
2N 3. 78ATH YV, r(C-Chi(Li*-Cl)=1.609 & EVHEEHEEZRE LZHAD 1.633 12TV 2 &
P, IENEARMEEE &> TnE b0 EEbis, Bt LiCLIZ oW T, iE-o% 0 L2k
PREE DFFIEIXE B L TR D2 e’ B ORIREI O 7 < U HELFRICB W T HEBRMEM OE
WEIEE RN H 2 Z L RFRRENTWNDS 29, ZOEFANLEON-EREYE L RO
REEEIIRT, bo & bBEWT AN Y TEKTH S Li 0¥k LiCl iX, BEbREETE VW ERIE
WREAZRL, BERLEVVEELZRT, K, Janz F—Z_XR—Z#HEE 9L Ty P L, B
SEBEECIIETHEEDBERTHY | MERTITETRE RENE LN, B EBRHERE L
—H LTS, : |

b 9 — DD BEMBOWERER Th 25 KCl HMMERAE OB AL E X 4 1271, BT,
BALIZE D XMEPFTT—# 204 7y b Lz, Tosi-Fumi RT ¥ Wik, 7Ah U a
(LRI BT T CRERT UV Y VEFACH AR, LiCl THETH -7 & 5 & XEE
ProH T EBR TR LN E LT EEEER LV b ETEVVEEZ LTI 235N T
Wb, EOMEMIL, NS, F U EELRTEEILRD, BRE KCl OFEIZ W TN )
WEND D, FirE K-CIEBEERL, 2\ 2w 2.95~3.15ATH 5, Tosi-Fumi R7 v ¥+
MCESSAHEORERIZ, 292ATH Y ETE, K418 Lz XRREFTERHBE CIX, $F1
V' — 7 LEIL 8 1ATH DD, N &2 EHEMEEIHALNIZE Y, LnLAaREs, Z0ER
INENZ L Tosi-Fumi R7 V2 v VET AN Z ORITHEOETF OE S 2T IE, B2k
REIEE DL I 2L —2 3 VOB TEL DERF 1125200355 2 L b AFETITEDE E
FRTAEZLIC L, M40 ThH, &L L THIRBFC—ELTRY ., B EL 510
BHTETWBELEEZLRD,

AFEIZ L 2% KCl OfitE K-Clat OB S Th Y, K4 o XREH O X 58E
4.1 XY bREpoT, KEIRMEOSMREZRY, WEl LiCl OHEE, H1AMETO
R Y IZRNE 4 OFIG DR S Z VA, ¥ERE KCL TS 20 LT B OB H 5%,
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H£L LT, [ Tosi-Fumi &7 >3 % LEFMT & 5 ¥R CsCl OFHEREABE L7z, Cst
LA LVOEYD ClA AL OEIHIL6 B DBV, DX DI, BBl I T v U A A
VOREEIZEST, 405 6 DREFETELLTWD, D Tosi-Fumi K72 ¥ ¥ /LET /D)
58S AR KCl OESGE LRMEROFERZK 6 17T, BRGEE TO0EKITHHS
LB, ERAERE 29 L DRSPS HER T X/, |

3.2 LiCI-KC1 J&A 7%

B3\ T, LiICI-KCHE AR DM EHE Th 5 LiCl & KCl OBMBRADFFE 21TV,
L7 EFA0MEE L T BV THETEAERE B LT I LR LI, RORT v T E
LT, LiCl & KCl DIEAERAOFHE Z £ LT,

EP. BEOFEEE Janz ORERE DL L B 7R, BEHRIL, MD #HEZENE
O OBRE TIT., EDEAKREX SOFLE LA AV BHBHE Lz, BIRICRDITHNTH
NREL 2D BETIEELOEXPETFREVVERSRELNID N HRARFIC—ELTND,
KIZ LiCIKCl 2SR OB AR OB A B GOE R 81T T, KTk, MELIZES
X@REHRT— % PE—fgic7ay hLThd, RBENICRIFIC—BLTEY, Afi TR L
LiCl & KCl DEEEFAN IRERICE N TH ERHERE L RIFICHETE 5 2 L b ol
, X 9 . LiCLKC] 35 MR D BLASEES & MR E R T, BRUSEE &RMER L b IR
LR —HLTWA, F1 012, 1096K I2331F 5 LiCI-KCHEA R AR DR MR 2 7R,
LiCl & KCl BETIEETFRXWETHHH, Hh—EH L T\5d, FRHC, EREEMETY 5
DB/ NE R R E 2 A EBLTETVWS, K9 & 1 0B\ L2 BB EIC &S <L
MEVRR R A M < . BT & T 21230 TR 2 72O T Janz HIZ Ko TIREZIN
T REIR BRI 2% T RIS 2 AME Le (RHBHY . )1 112 LiCI-KCHEA R 2 ik
DEEAEE %59, Nemst-Einstein BRED HROMAITIBRIZ/L o TWHD, ZidA F
YO LOMEMEAICL 255 E2bND, —F, RBRMEEQMOEMD 6RO T AEITRBHAE
P L k< B LTV B,

PLE®D X 91z, Wootton 1= & A BA LiCl RT3/ ¥ /b & Tosi-Fumi iZ £ % KCl RT3y b
7. LICLKClEA REMAOREE L HiE RN BEELTE 5 Z L 2R LT,

3.3 LaCls

LiCI-KC1 2 ¥57> LiATe 3 DML LaCls BMMRAIC VT, XARET 19, k7 Ef
29 B XAFS20, 5+ L BEL 308072 EORBRKE RS HE SN TV D, BIIFIERNLIE, 20
A | RS XS RR P O 7EE % R85 % FSDP (First Sharp Diffraction Peak) MR S TV 5,
—F . T EEICB O THRHEND LV OBEEDHFE DR IN TV D, bhvbiuid,
INLOEBRBEMEETRTHMET 2O FEARHETT VERBE L 19, R1 21T, Wk
LaClsny I 2 b—arvDAF v Fvay Mard, BT, KiE#ED Las+-ClHEBICK LT
A ETRTHRENT THD, D, 200 Last{ A2 kb ClA AV OB, Wh 554G
MBS S TFIET D 2 L 3D, TOX v b U — 7 WEDOFEN, Bl LaCls [ B L
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R B2 5T, £l2, ZOAFT v T a v b Ladt A F DY O Cl-A A OEf %
PRI A, SEHNOEENR S - & bEh 0T, _

ZOHREET N RN, XREHTRERE Qi(Q & XAFS B 3y (IZ 2Ty I ab—va
U BROERERER 1 3ICERMEL L HITTT, QIR T Q=1.247 T dh 55 e —
27 B FSDP T 5%, FNENDEHEIT OV T MD 82 5 OB HIEIXIC, TR 2) & IDIZFEL Y,
| XARIREERI QUQIE. MD BHEA B EHEERD BB BRI G0 T — U =2k
MHRD, XAFS B, LastA A Z2Hié Lics 7 AX—% MD #HHEER» OB
I L C FEFF 22— R 2T T L2 b D& FHEEE Uiz, XBRETTIC L 5 5MERK
QM@M@%@@wﬁﬁ%ﬁ%LTEU\%ﬁ%@Lﬁﬂlﬂk%¥ﬁ®§wL£ﬂmﬂﬂ®W@
IOV TR B E & A TV D, — 5D XAFS BT EIHE Last-CLsHic W O & 2 %
=51, DWThOBKICEN TS, YIalb—ra itV EREZ ICHERLTNS, K1
412, YRk LaCl, DBRIEE L Kk E LR T, Rl LaCLiZ T v BELTHERES LD 1Z & Old
MHEEE AT D b, A A VHOBEERARIREVWEE LMD, £0TD, BXIEEED
St51%. Nernst-Einstein BIRAR TII2 < . RBEMEE S OEMP DRI,

3.4 LaCl;-LiCl )2 () LaCl,-KCl 2 4y RiE& R

LaCl; 7% LICI-KCl 25 TR A ATE VbW 5 3 R4y LaCl-LiCI-KCl IR A Rk O
PEWZ BRI BT 20, ¥R, BB L Ciddx 0 F— 10 L D HUR G XAFS ZBRE L7
ERMEDHTHD, FDTH, 3EORIBEREDY I 2 L—r = LV OREMEE +S3ITRFET
X\, I T, 3HEOROFHEDOENZ, LaCl; ZHulNZ L7z 2 20 2 fisHEE % LaCl-LiCl &
U LaClL-KCl A DHAEEZIT Vo T2, ZHHDORTHIE, HHBREOYHENRRE SN TEY
eI al—va v ORSHOBRFPFRETH 5,

B1 512250 2 ARBARAD T ARRE R, FH T LICIKC] 38160 & R
FEHERICRELEZEEY I 2 b—a VETV, BEREAVORE IOFHE»LRDIZ,
LaCly-KCl %Gk, LaCly U v FRITIES | KCL Y v FHITE < HAERBH 588, WINORIC
BWTH Janz DHELEE P& L —HL T3, K1 6122202 BoRBARBAOERIZEE
R, EBEEESAOEMN HROIZFEMIL, TAN VIEAD TRERELRTETRY
DELEFRTETNS, |

P EDORERNIS, Frxr MBER LT LaCL ORT ¥V & LiCl KRKCl DETAMNRD, 2%
SREBEAMAEPLELLFHEIR TSR EEZOND,

3.5 LiCI-KCl 3 &u @R o LaCl; & YCL

3.5.1 HHBIDIRME L R & 7

LiCI-KC! & RHRAIC BT IAA TS LaCls R YCL O JRETEIE 2~ 5 72 DI B XAFS
BEZFEM LTz, ™1 712 LiCIKCL 33k 30%LaCl; & 5%LaCls J2BE D XAFS Bz, &
HAEETFAPLEB LAY b L BITRT, WTHORETYH, EREZ RIFICHBLLT
Y. MD FHEI BV CRAK L RIHEEELL Y2 b— LTS, R, LCHKC
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HELHEREMAIT 5%ERI1T 72 YCL; @ XAFS B%k & MD FHEMEAX 1 812777, YCL IZ DWW T h  XAFS
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Rl RFLIRN/NTGRA—F—
A Z 5t ay/a.u. Bj/a.u. Cy/a.u. Dy/a.u. bla.u
cr-cr 1.5717 71.3445 130.0446 932.5154 | —memee-
La**-CI’ 1.800 450.2 97.22 600.0 1.258
Y*cr 1.800 273.0 41.51 450.0 1.336
Li'Cl 1.732 26.9518 0.0 0.0 1.720
K'-CI 1.548 57.7257 50.1377 272.2945 1.340
La**-La*" 3.000 15.0 47.0 1001 X —
La*"-Li* 3.000 15.0 9.398 L1 2 —
La* K" 3.000 15.0 9.398 T S E—
YLt 3.000 15.0 9.398 L T S E——
YK 3.000 15.0 9.398 L1 T —
Lit-Li 1.4907 0.0 0.0 (11 J E——
L'k 1.569 10.54 1.3892 3.1668 | e
K'K* 1.562 54.493 25.3822 89.5215 | e
Cr-Ccr 1.53 100.0 200.00 50000 | @ —e———ee
K2 TIal—TalriZBIAEEEA T U

mol%RECl, RE* Li* K* Ccr

100 84 0 0 252

75 72 14 10 240

50 56 33 23 224

31 40 52 36 208

17 24 70 50 192

10 16 30 56 184

5 8 89 63 176

1 2 96 68 170

O(LiCI-KC1) 0 99 69 168

LiCl 0 168 0 168

KCl 0 0 168 168
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