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Pd/C-catalyzed Suzuki—Miyaura Coupling for the Synthesis of Symmetrical
5-Arylisophthalate Derivatives

by

Satoko KEZUKA™', Xijie CHEN"? and Tomoharu KURAHASHI"™
(Received on Mar. 31, 2021 and accepted on Jul. 7, 2021)

Abstract
Aromatic dicarboxylic acids are used as precursors for polymers that have excellent thermal, chemical, and
radiation resistance. 5-Arylisophthalic acids are such precursors and can modify the aromatic ring in various
ways. Various symmetrical 5-arylisophthalates and 5-arylisophthalic acids were prepared by 10% Pd/C catalyzed
Suzuki—Miyaura cross coupling of the corresponding 5-bromoisophthalates or 5-bromoisophthalic acid and
arylboronic acids. The reactions proceeded at moderate temperature to afford symmetrical 5-arylisophthalate and
5-arylisophthalic acids with high yields and high selectivities.

Keywords: Pd/C, Suzuki-Miyaura coupling, 5-Arylisophthalate, Transition metal
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R — IRBREBTERR UG T EIL A OB 5
THFREETHY, ERLOEIK, A EL B2 O
LR DOEGRICB W TEERMEZ HO TS, FFIZ
Nyt/ﬁﬂ@ﬁkﬁbtt7:#w&k® %%m
Bex e G EHZ b A D, BHONE TERITHES
BT DT OO FEOHRBIIARARTHS. RENR
FEE LT, 2010 FFIC ) —_ AL EEZE L7 g A
BTV TRIENETOND . 201 2ThiHE#A
—BEHRIG SNTERAR TR EMERHE A AT A
OBy TV T RINT, WETE T T/RT VT A7
W L2 72 = o A VR A iRt & 3 B RS - IRBRESE
RS THY, ZHNETHEEE SN TEE sp? RFEE K
o T HEEEH ARG EFREE L TEZ. ZOK
WX, BB SR - BSFES Y TV o TIET TR,
ANTFTOEFBEEON v T o TRA~T a EEERL DA
vV ICHEAFNETH D, S5, KK E B
#é:am;D%@%@ﬁ%%&wbﬁ%%&%@%x
052 LR RN SR EIT TS, 2 E TH
fi i A R U 7o BOSBINEZ < B SN TE 720, R
— R, REIZ PA/C EFIH L72WFEE IEFRITITHI T
W5, 1994 &, Buchecker 51341 T, Pd/C % filllt &5
HEAR—ERKIGERE L= D, Gala B 1997 £z 2
FEZHWTFa SIS ARy — LT 4-7)Feb 7 x

N e
w2 TAERIER LRL R s e
*3 LI L

= VEERZ S, 1999 4E{Z1E Ennis HbF 1 J T AR —
L CERIRRFREORLE 21T > TW5 9. 2002 4, EREH
Za— K72/ — e Tz RarEohy Y s
T Pd/C fRIEOFEAMNARETH D Z L2 HRE LT 10,
2005 1TV, IR B DSBS A CBLAL T D TR % &0 3
E L7 WMo HEFA O AW EFRERLEY &
xR ua L gEDON ) RIS L 111D
(Scheme 1).

R1
R R2
Y pac O
+
base
g
X HO™~ “OH v
RZ
= CHO, CN, Alkyl, OH, N(CHs),
R2 = H, Alkyl, CI
X =Cl, Br, |, OTf
Y=HF
(Buchecker, 1994)7
COOH
5% Pd/C, aq. Na,CO3 O
H,O/i-PrOH
cooH Ho B0 O
x Br
=H, OMe, F, CI Y

(Gala, 1997)®
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HO
N Br + IBOCozH
HO
Pd/C, NaZCOg, . .
T MeOHH,0 Q COoH

93-96%
(Ennis, 1999)”

OH OH
0.3 mol% Pd/C, K,CO4
‘ "N+ ArB(OH), ho Z ‘
X 2 XN
X X
X=1,Br

(Hirao, 2001)'9

10% PAIC, NayCO; _
"EtOH/H0(11), rit.

= OMe, COMe, NO,, CHO, CO,Et
R? = H, 4-OMe, 3-OMe, 2-OMe, 4-COMe
(Sajiki, 2005)!12
Scheme 1 Pd/C catalyzed Suzuki-Miyaura coupling.

WHFIEE CIE I NE TIZ, HxREREEZ RTINMICA
TAHET7 2= VT BFLUVHEEATF LTS L — FDE
=8tz e, GO THMEoE, ~—L LTHH
FRE/R 3,5-U T Y — NV EEFBERL IO T —A Y
THENBIEO G AR T . 3,5-T7 U — L2 BENE
MO AR T, [Ir(cod)Cl]o/F-dppe $ERfREEZ W5 Z &
WXV EIENOEBINN 2GR EATREE Lz, 5-7
V=LA Y7 ZNEBEOARK T, [Rh(cod)Cl]s/F-dppm
SER NI TH D Z L2 RH LS ODOFIERY
B 30%RRAER LTZ. FD7D, 5-7 UV —A VT ZLEE
FOFTmEHEE LTAR—8lKEE 5-7 U —nA
V7 ZVEEEE O A IR T AUE, ZhERA Tl o

MO ARARREICOCS LOVARIEIZIRIRTE 2 LB 2.

%ﬁ BHENERHT2AY v LT, 2HOME
ICEWHEZEAN LT HOIEEA DN E THREAZ
TERTE2h 7 U TORBRERHATLZ EI2L VAL

ERMEAEDEREBEET DLENRRN L HETOND.

FIT, AR BREZETIHFEHEARn VL 5-7 0
AV THENBOT ) TEBIZR\N, 5-7T U —)v
A V7 BZIVEBE ORI G & R AT

2. EB&

2.1 BEBLU—MOBATESZE

VEF N =TI, TIROEEIZHKA E L TERE
FTRUULEMA, ZRRERBEARETAZLICEE
7= hoRE L, FlRAEZOFFEH W, TLC 1T AV
IR EHENLEALZT U B Z IV 60Fsy, TV =D
Li—+rE, hTorrua~< T T7 0 —FBEEAFEHKK
MM BEA LU AL (U B AL 60N (BRIR, h

K AAR-EHRIEERA LI 5-7 Y — A Y 7 ZAFBEOERK

), 63 270 pm) % 7=, 'H NMR ¥ £ O °F NMR ®
HEIZ X7 v H —48 DRX-500 (500 MHz) #fEH L, 7
~Z )‘ FNT T NI E & L.

2.2 BRHEDERK

5-TaEA YT ZVERIISTERICHE Y, W~ T R
Vo AEHWD 5-7 0 F-m-F 2 L Ok WignwLA
VT ENAVBEORFL NI ERKR L. 5-TuEA VT
BN AF N, 5-TrEA Y T XABO=AT L
INZEVERLE. 4-AFNLT7z=LRa g 19 4.7
NAda T o= Ra U, AHVRF T T =R n
VERIO, R T A r T =R e iR DX, SOk
O HFEICI VAR L.

2.3 HAR-—BHRLE
231 5-4-b RuXT AF AN T 2=, VT X VEEY
AF v (3aa)DA K

50 mL —HF A7 F 222 10%Pd/C (30.4 mg, 0.0288
mmol), 5-7 2EA VT ZIEET A F L (1a, 273 mg, 1.01
mmol), 4-(E RE X A F )7 ==/LRu U fE (2a, 162
mg, 1.07 mmol), KEET Y 7 2 (399.3 mg, 2.89 mmol) % A
n, BREBHLLE, AHX—/ (4 mL)EK (0.4 mL)
EMZT 24 BRI THBE L., T RXAT7 404 —
(GCHZEHAWTKISEZIEB L, ABERELZ. U D
< hZT 74— (CHoCly : MeOH = 1 : DIZTH
R, A@EA 189 mg (INE 63 %) & iz,

'H NMR (500 MHz, CDCls) 8(ppm) 3.97 (s, 6H), 4.75 (s,
2H), 7.46 (d, J = 8.2 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 8.42
(d, J= 1.6 Hz, 2H), 8.62 (t, J = 1.6 Hz, 1H).

232 5-T7x=)uA Y 7 HIVER (3eb)DA AL

50 mL —_HF A7 5 &2 3|2 10%Pd/C (36.1 mg, 0.0289
mmol), 5-7 12EA V7 XN (1, 280 mg, 1.14 mmol),
7 =)L u R (2b, 141 mg, 1.16 mmol), KEEH U ¥
2 (84.9 mg, 0.601 mmol)& AfL, EHREML =%, A¥
/=L (5mL)E /K (0.5 mL)%Z N % T 48 Bp=iE CTH
Liz. BTAT74NZ— (GAHERH W TRIGEEE® L,
DEOFRMRKREBKZET N U AE AN, REBEY
pH=1 (272 5 £ T A 7=, hEW & i L CHEZEE L
7282 A, ABEE 268 mg (IR 87%) & 157-.

'H NMR (500 MHz, d-DMSO) & (ppm) 7.46 (t, J = 7.3 Hz,
1H), 7.54 (t, J = 7.4 Hz, 2H), 7.75 (d, J = 7.4 Hz, 2H), 8.38
(d, J=1.5 Hz, 2H), 8.47 (t, J= 1.5 Hz, 1H), 13.4 (brs, 2H).

5-(4-E Fa X AF VT = =))A V7 ¥ )VEE (3ca),
5(4-A FXT T == L) VT ZEE (Bee), 5-(4-AF L
T == W)A YT ZNVEE Bed), 5-4-7 AT = =)L)
AV 7 HI)VEE (Bee), 5-(4-TNVHKRXT T 2= )V TH
JVEE (Bef), 5-(NXF TN Fa T =AY T X IVER
(Beg)lx, LAY 3cb L RIKEICAR LT,

5-(4-E Ru X AF N7 x2=))A V7 X )VEE (3ea) :
=K 83%, HEIA.
'"H NMR (500 MHz, d-DMSO) & (ppm) 2.58 (s, 1H), 4.58 (s,
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2H), 7.48 (d, J = 7.4 Hz, 2H), 7.73 (d, J = 7.4 Hz, 2H), 8.43
(d, J= 1.6 Hz, 2H), 8.47 (t, J = 1.5 Hz, 1H), 13.5 (brs, 2H).
5:(4-A XV T == W)A Y T ZIVEE (Bee) :

=R 76%, HEAEIA.

'H NMR (500 MHz, d-DMSO) & (ppm) 3.82 (s, 3H), 7.08 (d,
J=8.8 Hz, 2H), 7.70 (d, J = 8.8 Hz, 2H), 8.33 (d, J = 1.6 Hz,
2H), 8.40 (t, J = 1.6 Hz, 1H), 13.4 (brs, 2H).

5(4-AF N T == )W) A YV T FIVEE (3ed) :

=R 90%, HEaEA.

'H NMR (500 MHz, d-DMSO) & (ppm) 2.37 (s, 3H),
7.24-7.38 (m, 2H), 7.55-7.73 (m, 2H), 8.36 (d, J = 1.6 Hz,
2H), 8.43 (t, J= 1.6 Hz, 1H), 13.4 (brs, 2H).

5-4-7 A v 7 == )A Y T ZIVEE (Bee) :

IR 84%, HAEIA.

'"H NMR (500 MHz, d-DMSO) & (ppm) 7.35 (t, J = 8.7 Hz,
2H), 7.73 (t, J = 8.0 Hz, 2H), 8.36 (d, J = 1.2 Hz, 2H), 8.45
(d, J= 1.2 Hz, 1H), 13.4 (brs, 2H).

19F NMR (471 MHz, d-DMSO) § (ppm) -114.0.

5:(4-INKRFX T T ==V A Y T X VER Bef) :

IR 95%, HEREIR.

'"H NMR (500 MHz, d-DMSO) § (ppm) 7.24-7.38 (m, 1H),
7.55(d,J=7.5Hz, 2H), 8.34 (d,J=1.6 Hz, 2H), 8.43 (t,J =
1.6 Hz, 1H), 13.4 (brs, 3H).

5-(RF T NA BT =) A Y T ZVEE (Beg) -

IR 73%, HEFIR.

'"H NMR (500 MHz, d-DMSO) & (ppm) 8.43 (d, J = 1.2 Hz,
2H), 8.47 (d,J = 1.5 Hz, 1H), 13.5 (brs, 2H).

9F NMR (471 MHz, d-DMSO) & (ppm) -162.3, -154.1,
-132.4.

233 5-4-E FRFXFTRAFNLT 2= ) ) T ELBEY
NPV (3aa)DE K

30mL A F AT T RA3T5-4-E R AF LT o
=/W)A Y 7 FVEE (271 mg 0.997 mmol), [REEH Y T A
(881 mg, 6.37 mmol)% AL, ZEHEEH LK, B~
UV (359 mg 2.94 mmol) & VA FINEHENLLT IR (6
mL) ZNx T 40 FER IR TR L. #7927 414 ¥
— GHEHWTKINREETZ A FABRL, AIRET I 1
o A% T3 EHI Lc ISR & g~ 7 % U A
(VTSR L=, YIUATFNI T L Ia~ NI T 7 4
—(CH,Cl, : MeOH =9 : 1) IZTHHRI L, AGEEK 369 mg
(X% 82 %) &7,
'"H NMR (500 MHz, CDCl3) 8(ppm) 4.72 (s, 2H), 5.39 (s,
4H), 7.32-7.47 (m, 12H), 7.58 (d, J = 8.3 Hz, 2H), 8.43 (d, J
= 1.6 Hz, 2H), 8.69 (t, J = 1.6 Hz, 1H).

3. MRRUEER

3.1 B - BREOKRH
AR — E SR TR & eI A FIR 32 2 & 23 Al RE

RS - RGN

THHN, 2L OFEKEARBED "B 28T
ZEREW., TOHEMBE LT, KEEoEmOEEE LY
D5 & ViR U CRIGDEITEMRIET 5 Z ERET bR
5. Fo, AL BEEOMAE DY, BREEOEMESS
FOSHEIZ 52 DB LEBETHILERS L. 2070,
Pd/C Iz K A8 AR-EiH IS EFIA Lz 5-7 U —A
V7 NVEEFRO G R BT DR A RE L7z (Table 1).

EIEAR D OWE W22 2B, WOV H IR &
KEMBEDLDEHNTYT ATV 5-TaEA V7 X )VEE
(la)k 4-BE Rax v AF 7 c=)biha U (2a)0 Kk
BRI LTZE DA, AX ) =L EKOMBEDERRD
EL 7o 7= (Entries 1-4). &KIT, KDOEIAZ22 2 TREOH
FELEZEZA 4mML DA X ) —LIZ% L TKE 0.4 mL
INZ TR Z DD GBI 63% &b BWRER %
5. % 7z (Entries 4-8). W LW EN L2 o
(MeOH/H,0 = 10/1) TOMRBEEREZ KRG L7203, IR
M 63%% A 72 h > 7= (Entries 9,10). KOEIE 721 T
SHAPRIHBENINRICEB L Z L0 b, RESHENR
T HLERHDH OO, VEELO NI il o &
ZHEORTE R DN EOIRTICENR -7 L EXT
Wb, WIEOAFRG I BEET DL, Entry 6 IR LT
FECTHF LIz 22RO REFRIGETHMIINE LR
22 b, UMOERTIZIZORMEA2EATIZ &1
L7z,

Table 1 ® Effect of solvents.

MeO,C CO,Me
B(OH), O
10% Pd/IC

MeO,C CO,Me
K,CO4
"
Solvent O

Br r.t.

HO
HO
Entry Solvent (mL) Yield (%)
1 DMF/H,0 4/0.8 46
2 DME/H20 4/0.8 34
3 EtOH/H.0 4/0.8 32
4 MeOH/H>0 4/0.8 52
5 MeOH/H>0O 4/0.2 35
6 MeOH/H>0O 4/0.4 63
7 MeOH/H>0 4/1.6 47
8 MeOH/H>0O 4/3.2 45
9 MeOH/H>0 2/0.2 44
10 MeOH/H>0O 8/0.8 36

a) 10% Pd/C (0.03 mmol), dimethyl 5-bromoisophthalate (1.0 mmol),
4-(hydroxymethyl)phenylboronic acid (1.1 mmol), K2COs (3.0 mmol), r.t.,
24 h.

3.2 AVIENLBEVNLLAYIZILEBEIRTILOKE

CAFN S-TaEA YT HIVEE (1a) & ORE T
L 63% THRIBNE NN, AR LAY A FE &
L CMOISICRIAT S & &, T AT IVOBIRHEN S
WCRDBENDD. £1-, TATADOEES H —HFD
BRERZ LM T 5 & Z T HIREEOLF X LV 3tk
TAHZENRARETHD. £ T, AFILVZATLEMD
TRAT NIV LHNVRVBICEFETHZ LI DA —
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B BN OISR L& B Lo LA T &5 2 7.
FIT, AFNS-TOaEALYTHELE (la)k oI
5570 A Y THAE (I)BIY 5-7TutAf Y74 )L
B2 (1) AT, 48 FrF U AF LT ==bie ViR
(2a) & DEKR-FIH MG % Z 72 5 7= (Table 2).
FORER, ROV AT ICER LESRAICITAR
MBIEE AL/ LNRDST=DIZK L (Entry 2), FVR
VERIZAETE LT AITIRIEN 90% £ Tk L7e. Ak
¥ 3ca MIUSTRBEICIE & A CVERE OGS ICHT L
o ehn, ERYMBRISERET D Z & < il o
7 VDB BED LT L TIERB M E L LB R
bihd.

Table 2®  Various 5-bromoisophthalates.

R R
10% Pd/C O
_ KOy
MeOH/HZO O

HO
Entry R Yield (%)
1 CO:Me (1a) 63
2 CO,Bn (1b) Trace
3 COH (1¢) 90
a) 10% Pd/C (0.03 mmol), dimethyl
5-bromoisophthalate (1.0 mmol),

4-(hydroxymethyl)phenylboronic acid (1.1
mmol), K,CO; (3.0 mmol), methanol (4
mL)-water (0.4 mL), r.t., 24 h.

X7, NUDUNNTZ AT IVEINT VT LR LTk
RIRMESIZ L > THHRETE DL Z L n, KL
T THBRPEECTELS IS T 2EREZEALTH
BN EE 2T, 22T, XUV AT IVIEERD
7212 Table 2 @ Entry 3 IZ/R Tt & X PNV AT )V
fbEMAGDLEHNSZ 2B 2T, METO/BE, AW
W& IR 81% T 5 Z & 3 T & 72 (Scheme 2),

HOOC O COOH BnO,C CO,Bn
bezylbromide O

KoCO;
S N
HO HO

81%
Scheme 2 Esterification of benzyl bromide with
5-(4-hydroxymethyl)phenylisophthalic acid.

3.3 BEO®E

K —EROGTIE, WEER e VBB E T — MEAL
THBEMTHERT L. — IO REEEZ AW
5T EMBNN, KB E W & S IR RS
B ET 3B b MESH TS, £, HIVFFT VB
IGHEICEBT AL AN Z D, KEES-TrE
AYTENLEE Qo)k 7 =R B (2b)IZHH{ L
TR Z MG L7z (Table 3).

L AMAR-EBHEISERMA L2 5-T Y —A Y 7 ZABEOSR,

Table 3® Effect of bases.
HO,C CO,H
HO,C CO.H B(OH), 10% Pd/C O
Base
.
MeOH/H,0
Br r.t. O

Entry Base Yield (%)
1 K2COs 87
2 NaxCOs 77
3 KOH 70
4 NaOH 68

a) 10% Pd/C (0.03 mmol),
5-bromoisophthalic acid (1.0 mmol),
phenylboronic acid (1.1 mmol), base (0.6
mmol), methanol (5 mL)-water (0.5 mL), r.t.,
48 h.

TORR, MtHF A EF NI U A LGS (Entry
DKL & H 72355 (Entries 3,4) & ik L C,
Table 1 35 KO Table 2 THIH L CWREE D U w7 A3k
HREL, HEOEZEEICHLT06 ®mETHS LT
HIUINRIC K E BT 2o T2, KR X 0 R ED
IREBME NS U B TICEAL LT — MEREZ R
T 5720, mﬂw)?k#* PERHINL b T > A A Z AL &4
ET LD EEZTND.

3.4 BABTU—ILKROVELEDRIG

RESGMUT, x5 B/ERa B E 5-7axl Y7
LV (1e)DEAR — "B % 3 278 o7 (Table 4).
ZORFE, TNETRHFLTEL4E R AT
Tz AR iR Q)T == AR E UEE (2b)7 1T T
<, BrHGEMEEZATIHFEBRFR 2 VR EOKIG
(Entries 3-5)CE T REMEEZH T HHEFBHRAn B &
@&W(me6ﬂ#ﬂ@ ETL, @mNEETHRYD
HBohi.

Table 4%  Various arylboronic acids.

HO,C CO,H
HO,C COzH B(OH), 10% Pd/C
K,CO4
+ X B —
@ MeOH/H,0
Br “R r.t.
Entry Arylboronic acid R’ Yield (%)
1 2a 4-CH,OH 83
2 2b H 87
3 2¢ 4-OCH; 76
4 2d 4-CH; 90
5 2e 4-F 84
6 2f 4-COH 95
7 2g pentafluoro 73

a) 10% Pd/C (0.03 mmol), 5-bromoisophthalic acid (1.0 mmol),
arylboronic acid (1.1 mmol), K2CO; (0.6 mmol), methanol (5
mL)-water (0.5 mL), r.t., 48 h.
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4. ¥R

AL TIE, PA/C I X D EsAR-EI OGS Z R L
725-7 U= A V7 Z VRO RN IS RIEIZ DN T
KIS ERE L, -7 0T, Y 7 XABEELATT =
=ARa UBEOKSICE D L R ERREEET 5 5-T
V— LA V7 ZABEYE-. BoNT25-T U —1LA Y
T HEALVEBEEHIT, EH o MPBEICHRE L L
[Rh(cod)Cl]»/F-dppm & il i 4 FH V2 BOG T b A Rk 7T RE
TH DN, AT LIz RIS S8 IR CE R
EHAFEMENREL, BAERBLECICS WERERLTWD
EEZTWD. £, PA/CIEABO K TREMHICEINTE
LROBUHEARSTHY, RERLELRGEAELH DN
BAMOBER BHD LD, BEICRLS LWEKE
EWz b,

BONTALEDITIX 2 FIEE O RO EREBIL N 3 EirT
ET 5720, TNOOEREZEEE L2 &y
FAEEHOARITIGHTE D EEZ, BIERFFTH 5.
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Evaluation of Optical and Mechanical Properties of Low Refractive Index Optical
Thin Films Prepared by Combination Deposition
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Abstract
High-performance optical devices are being increasingly miniaturized, driving the demand for higher-
performance optical thin films for optical components. However, the mechanical strength of low-refractive-index

optical thin films fabricated by conventional methods is insufficient for practical use: the films peel during ultrasonic
cleaning and are easily crushed. Combination deposition can be used to deposit low-refractive-index films with a
columnar structure by performing sputtering and electron beam vacuum deposition in the same vacuum chamber,
controlled by dome rotation. We fabricated low-refractive-index optical thin films of SiO,, MgF,, and ALO3 by
combination deposition with refractive indices of 1.35, 1.34, and 1.50, respectively. Lower crystallinity resulted in a

lower refractive index in the films. The films could withstand ultrasonic cleaning and had mechanical properties

suitable for practical applications.

Keywords: Thin films, Low refractive index, Sputtering, Electron beam vacuum deposition
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WEEEZHAWD Z &L > THBARE NG < BIFRN
1.35 LLF OIRE ST Si0 O VERUC I L7 V., Z ol
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BREDHDEZERE L ANy Z ) 7 e F—HERHNT

THORIZHD. TOd, BEEELARNy XY T
NENOERT & - 72 # IR & (ERL T & 5 (Table 1)
28R TR S L, BB E SRV 2 RIS
DTFERDRLT S WIS NS VB ZHE-> T b, —
Ji, ARy Z Y IS L0 MEREE LT MR O R
R L EEERT. WA ME TS CER LR,
BWEITEEZ L RN L @O RELZ R Lz D, L
ML, THIE TOME TITEA M FECER L 7= #EiK
1L Si0, DA TH Y, SiO, IS DM ETHEAKBETIEE
FH D AUIETE OB 5 & B o TR R I R MERL T &
LS NS o TRV, ARG T, HEREFRE
ERWTHEBEMEE LTESHWSLIR S MgF,, ALOsIZ
OWTREHI R EZRARD & & HITSIO L ER L, &
B L7z SiO), MgFa, ALO; BED e 2R, BB 51
BROEOREEICSOWTERET 5.
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Table 1 Comparison of characteristics of electron-beam
vacuum deposition and sputtering.

Deposition Film |Internal . Depos'ltlon
. Adhesion | particle
method density | stress
energy
Electron-
beam Low Low Poor Low
vacuum
deposition
Sputtering High High Excellent High

2. RBEOHE

2.1 EEEH

ARBFFE TR TS BRI E OB X 2 Fig. 112737,

COFEORHIL, ANy XV T LBETE—LEEER
F—HEERBANTITI) ZETHD. TRENORKIEAEE
BEERBICL TR TWD. £/, EHRITER
BYfHF F— 2RI -> TEF B — LfEK E A8y
&2 EEITERTS. ZOMEETIE, BEFE—24
AL ANy B T i F 12 X FREICAT 9 HN AR
T D, ARUFFETIE, BHTIT OB ZHpi ik, Rk
AT ) BEZFRERIE L ER L. EEECIXE LY
—LREEL AR XY U T ERAEICE#RSES. Fol
B DY TERE ZN TN OMHEE CE 1L S CTRlkET
5. FORED, ERNENORBEIZLD2ERERIND D
TLEME L Fro I IR MERL T X 5 (Fig. 2(2)). — 7,
FFFRIE CIXE T E— AKEFE L ANy Z Y T &R
EExEs. 20 ETEERRY T F—2a0bisE kD
TN ZENENOREEEIRICERZ B SE 5. 20720,
R EMR I EF ©— LB RF & ANy Z Y v TRAFD
BRIV Ho-REERbER TS Lk, Gohiz
BIXTHEBROBEZ 7~ L EBBRRIZITZZR 52\ (Fig
2(b)). AEBRTIIEFE—LEEL ANy Z Y T %k
RRICBE S, F—LAEERS LD WRIEEREEIZ L > T
BB A ER L 72, pfEER o B3 N-BK7(SCHOTT #k
BT T 2 02, 7o, H LB OELEHE S
Ra 1% 0.8~09 nm TH5. ZORMHSITHEDOHIEIC
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Fig. 1 Schematic diagram of the combination deposition system.
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(b) Simultaneous deposition
Fig. 2 Structure of thin films by the combination deposition

method.
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R O FEAR IR EE 12 200 °C, R — A [EEREE 10 rpm,
OWEFEEIX 500nm THE— L7z, £/, K#ETOEE
RIED AR L — M X 12A/sec ThH 7=, HEENOHZEE
¥ Fig. 1 IR ITMEICB W T 10X 10~ 1.0X 102 Pa TH
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WHADEEBZ L > T, ERMEDOEEENET LT
2EZBND. BEEZHEL VD HEENOHEZEG
DONLEND, TOEZEREITH 1.0X10" Pa LLTF L HiZR S
N5, Flo, BT E— LAKEFIBRCOELEE TR KE
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To. ZHUE, MgF, 2 AR X2 U v ZIETRET 5 & pldie
HFIZMgF, D 7 v B8 L CEM{b~ 7 2 T A2,
R 400 nm 1355 5 R FWIBFEA T 5 L 5 BN
NHDHZDTHD %10, MgF, DAy XY 7 H—F
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Y o TREWNTEFERIND 720 Si0r ZEIETE 5005
THDH. FH I, Si0y 73 MgF, & RREICIE TR ARV
BrCchrZenBFonsd. F21T, Sio, THIITER
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LT /100 BRETH D. E-T, BEhITEDD Ay ¥
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EThb. O, SEIOERTIZZ—4F > M Si %
AW RIS AR ) o 7 %47 H 2 LI & 0 R
INZIMx A2t BELE. £72, ALO; TIZZ—4 v b
12 ALOs Z W=, ZhiE, AlZ ¥ —4 v MT LK
P2y B T DG, ALO; LLA Db B HIAL K
NOHT NN ET D RERHINHLTH D,
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Table 2 Deposition conditions of each thin film.

Electron-beam vacuum deposition
Film

Sputtering

Material Beam current (mA)

O, (sccm)

Target RF power (W) | Oz (sccm) | Ar (sccm)

SiO; Si0; 120

12

Si 50 5 160

Mng Mng 25

0

Si 50 1 160

AL O3 Al>O3 450

12

Al>O3 50 1 160

2.2 BEOFEM A E

VESRL U 7o I oD 53 S et & 4 Y B EEFH(V6T70, B ARGy
FHEYZ THIE LT, WU 72 W TR FHEE ng 2
M4 DEIFEIZZET D L AT PV E =7 BRD
5. TOE—=7IZBIT 5 KHERLBREOMHENE, £
DWEICBITHHEROETREZRDD LN TE S, K
EERTIX, ROZEHTERE S & IC Hartmann D%

HAWT, fER L 72K P O R TRy e B L7z 12,

Hartmann O 73 % DL N IZRT.

c

no R AICET S EEO TR
A T EP—IEE
A B,C T K

HELEZIEBZBBARYZ AL, BFROFREICEA
72913 Si02 : 399 nm, 518 nm, 724 nm, MgF; : 389 nm,
542 nm, 899 nm, ALO;: 422 nm, 601 nm, 962 nm T&
L., IRHOMEERMDMEHAWCCTEITRSBEREH L.

Fio, (ERL 7RO R BEE 2 X BRI B (XRD,
X’ Pert PRO MRD, Philips)& W CTEHEI L7z, 2L T, &
D 2 1 K OVEE W7 i 8 23102 13 B A R E 1 B K 85 (SEM,
S4800, HITACHD A L7-. F£7-, OB EEE 7 1
ANy FIRBRASO 9211-4) DT, T BT % $4E 1 L A BR(JIS
K 5600-5-4) 'O CHITE L7z, & 512, BEEERBRE(TYPE: 38,
HEIDON) % i\ Clif BEEEE 2 571 L 7=, BEEERBR I ISO
201-4 IZHEMLTEHY, ERICHLF—X7m2%2E]Y
FHF e B~ > R 2R BERE S W72 BEFERBRIZ T Table
3 TR TRBR S 01) & (02) & H L7z,

Table 3 Abrasion test (ISO 9211-4).

Degree of | =, 02 03 04
severity
Cheese Cheese
Abrader cloth cloth Eraser Eraser
Number
of strokes 50 100 20 40
Force [N] 5+1 5+1 10+1 5+1
3. R -EE
3.1 BEOSNEMH

Fig.3 1%, AFEBR TIER L 7= Si0), MgFa, ALO; KD 4y
WART MLV THD. ZDOART MBS ND X HIC
AIRBIRIC B W TBE R FRIPIIFE D by, i

797
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Fig. 3 Transmittance spectra of each film.
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BDFHART MADLEEEOEIFRLEN Lz, X
ST, B LB RN LA EEORHEE LK (2) 12
XV HEH L7 (Table 4)'S .

nf—no

P= - (2)

np — Ny
P B
ng : BEPROZER O ETE
ng N7 ORBIER
ne o RO BT OJE TR

T, BAPOEMOBEIEn I TEZRERETHD &
EL, ng=1.00 & L7 19, ARIOFERICBIT 5548
WO JEPTRyE0E Hartmann OBk v HE LR
WROMEN S, W 550nm (2B T Si0, : 1.35, MgF; :
1.34, A1,03: 1.50 & 72 o 72, — 05, fEkFiETHEREINTE
% REIERT L JE T 2R IL Si0; 1 1.46, MgF, : 1.38, ALO; :
1.63 ThHbH. LieinoT, T XTORMRBEMEHI W THE
kFETERSNZEBRL YD IERBITROKEZ ER 5
Z RS LT

Table 4 Refractive index and packing densities of the films.

Material RF |Refractive Decre;n ent Packing
(re.sfractive power | index refr:c tive density
index) (W) | =550 nm index (%) (%)
SiO, (1.46) 50 1.35 7.5 76
MgF, (1.38) | 50 1.34 2.9 89
ALO;3 (1.63) | 50 1.50 7.9 79

Surface

Tokai.Univ 10.0kV 16.3mm x50.0k SE(M) '

(a) SiO,

Tokai.Univ 10.0kV 8.0mm x50.0k SE(M) ' ' "

(b) MgF»

3.2 BEOHEE
BERRETIER L 7= # K> SEM ®ig % Fig. 4 12777,
SEM §0: 643 % K 512, 1ER L 72 AR 47 3200 i i 1 X
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DR TFIXEEEOILT & L CHH &, Pulker ®ET /L
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. AERLU - E SRR 2 b o B R & LT, AN
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Table 4 & Fig.5 £V IEMEED S NKESER LV b IR
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Fig. 4 SEM images of each film.
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Fig. 5 X-ray diffraction pattern for each film.
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Table 5 Results of crosshatch test, pencil hardness test and
abrasion test.

Crosshatch test Pencil ISO 9211-4
Material (Test number/ enct (01) and (02)
N hardness
residual number) test
SiO, 25/25 4H No peeling
Mgk, 25/25 2B No peeling
Al O3 25/25 Over 9H No peeling

4. HEEm
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Abstract
We developed the educational code "S-Decay" on nuclides generation and depletion. We used Microsoft Excel

and VBA to fulfill an intuitive and user-friendly interface in the compact code. The neutron cross section library
ORLIBJ40 based on JENDL-4.0 is used for reaction calculations in the code. Verification calculations with the S-
Decay code were performed for changes of nuclide mass, radioactivity, decay heat, and emission rates of neutron or

gamma rays in light water reactor fuel, and the calculation results were validated with those of the ORIGEN2.2 code

and the ORLIBJ40 library. In the S-Decay code, discrete gamma ray emission data are also extracted from
JENDL/DDF-2015, and the data table is also available. Since the code has compact calculation functions and
visualizes the data of calculation inputs and outputs on Excel, it is easy for beginners to learn and handle the code

properly. The S-Decay code is open for the public, and is useful for both students and trainees.

Keywords: Generation and depletion, Nuclide, Neutron, Gamma ray, Decay heat, Excel + VBA, Bateman method

1. FANE

E B BREIN OIS RO E &, Higtae, BEZ,
R T BRETIC & 2 i b &7 & OREMIXRE T A iEk T o
WIS MRER EOLEFTFMOEBEL 22 BETH D, ik
FHEMBEOERERMBEZFHAETIHE— & LTI
ORIGEN2'"), DCHAINY7z ENBEICBAAE S 4, EHTDH
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b (FEAEFE 9.9%), YCs ORERD v MO BHERIT
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60Ni 137Ba
Fig. 1 Decay scheme of °Co and '3’Cs.
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Table 1 Types of decays and neutron reactions in S-Decay.

JRFIERN e ETHIEFIC &0 R S D FFe DAL
2L LCRT 5. SFe ZLEMTH Y, Fe DI
AT T L ORISR b D . TS & ORBOS
EEE UM | OFDRETEE L 2 Q) TELRT .

A =2+ 0q; d(). 3)

Bft i O 1 BEOWRILWEmAE o, (barn=1024cm?), KgZl ¢ T
DO HFPEF-H ¢ (£) (1/em?/s) T % . ORLIBJ40 D 9, 25U
A 4.7% O PWRBRELH Z 4 7 Z U PWR47J40 12L&
LTS 56Fe, S7Fe, 8Fe O 1 FED Wi fE % Table 2 127K
4. Z Z T, Fe, Fe, ¥Fe, D4 i=1,2,3 & T 5. Fe
z;t(n, Y), (, 20)JG72 EEE T L, SFe ORE T miAH
BEFLTE 1 BEORINBE RS 0,1 = 0.1837 (barn) Tdh 5.
56Fe D =0 &Y HMETH ¢ =10" (1/em?/s) D H 121
"=1.837x101 (1/s) & 72 5.

Table 2 One-group neutron cross sections.

Nu- Abun- (n,v) (n, 2n) (n, o) (n, p)
clide dance [barn] [barn] [barn] [barn]

SFe 9.18E-1 | 1.83E-1 | 5.62E-5 | 1.20E-4 | 3.83E-4

STFe 2.12E-2 | 1.79E-1 | 6.63E-4 | 1.84E-4 | 1.69E-4

8Fe 2.82E-3 | 1.16E-1 | 1.92E-4 | 9.57E-6 | 5.09E-6

Decay type of Nuclide (Z, 4)

B decay (ground / excited level) Z+1 A
B" decay (ground / excited level) Z-1 A
o decay zZ-2 A-4
y decay i.e. IT (isomeric transition) Z A
B~ decay + neutron Z+1 A-1

Spontaneous Fission - -

Neutron reaction type of Nuclide (Z, 4)

(n,y) (ground/ excited level) Z A+1
(n, 2n) (ground / excited level) Z A-1
(n, 3n) zZ A-2
(n, p) Z-1 A
(n, o) Z-2 A-3
(n, H) - -
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3.1 HEmk - BEAERX
T VERZTE | OFREEEEL A4 (i =12/ Ty, 1/s), JRTFEK
N(HE T 5L N ORBZEIZRDRRE RIS .

MO TE N E T 5 & N@IiFQ2) &7 5.

N;(t) = N;(0) exp (—4;t). (2

T3 ¢ =10 (1/cm?/s), 100 H [&](8.64x106 $)iZ T M5
L 72 10g @ 5°Fe O JF T-BUT A RTD N, (0) = 1.07663x1023
NE, RN E Y BEH%ZD N (1) = 1.07646x105 L 72 5.

S6Fe 13 (n, V)& #2 = L C S'Fe ~&{b T 5. Fe O
FH N>, ERNFHEEER 207, °Fe—>Fe D3I fi_, &3
D &g - pEFERIIR@DIZRS.

dNZ =1 A
T = N + fio241N;. 4)

KA DRI E 72 b

N, (t) = N;(0) exp(=2;t)
fl—»Z 1

+N; (O)W

[exp(=Ait) - exp(=A38)].  (5)

STFe O EIMEARIL 12°=1.799x10"1(1/s), FIER fi_,=
0.9970 & 725728, 100 H ] D BEH1£ 12 S'Fe DI T- 3 No=
1.703x10"0 & 72 % .
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dN3 = A
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Ny IZHG)ZHE D 7=, FFe—"Fe—%Fe IZxtILT 25 N
—Ny—N;3 2R D D IZIEH(5) & K(6) %8N L TR 3
Db, ORI ERD.
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N3 (t) = N3(0) exp(—43t) + N; (0) A+ N, (0) B,

exp(—4it) exp(—A5t)
A = - - l* A* * * * * * * * *
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B D Fe DR - BEET R OmITRITRE®) LD, 2
T, (n, 20)SE THEREND Fe O EN BRI E L]
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7=, 3Fe 7> 5 SFe %M1 T Fe \ZR D SSIZLL T D X 5 i
MERICHES Z & I272 D, ZHUIIFEERRIE & RiEh, fiENT
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BHERMEICSOWTIL, ZhzabhEE L= ffiTfEzRDd 5
ZENRTE AN, HEREEOYA, “EHR, —ERARL
DIAEL, TR ZRD D2 L3 THEMEC R 5.

S-Decay TiIA} Z &M E L (i IEfE=1.0001 72 £ %
HETS. iEEEs AL TRETE D), ER, _HEHR,
ZHERMER EE2REE LTS,

MEERIEICOW T, FERSIOBRKRTEx D &, it
HEH 1 TIE(2) T, B3 TliX Fe—3"Fe—5Fe & 72
D, LEMELEZXRQ®)T, ThENFETED. BEK S
Tl 6Fe—57Fe—6Fe—37Fe—36Fe & 72 5.

Table 3 1Z/R T & D ICFHHE B D Fe OB EA{LIT,
EETDHBRENENT S L RIBICEBTS. Zokw,
HEEBEEREEL, oL HERTIVTMHRMEEIZD
WTHEBWICHERE i OFTHE N E2H52ENTED.

B i=1~j OFEF =4 T, 205 OO F 15
X N—>N— - - 2N,— - - 2N R DS, SHET =4
DN FEHOBEEDOIRFE N DG jEHEH OBEREORTF4
N, ~DFF513(9)® Bateman O — X CTH A NS

J
N () = N(©) ) dnexp(~230),
n=1

dp =1, fos1=1 (n="1,

j-1 Jj
dn = | [Aifiron / [[oi-% a#nnz2. ©

k=1 k=1

HET =4 n ZHOBEMOFE A N, 5 N, ~D%H 5
b, FERIC N, B N ~FtEF oA v 2 EL, X0)%
HEICFRTES.

W 10g @ SFe FEEA 100 AR, HEFH =101
(Vem¥s)IZ CHRE SN -BRICAER SN D EEREEOY
B & 3B BRI Table 4 12777, #121% ORIGEN2.2 @
FHEMRE O LRT. FHEE3 L 4O TEEL LR
Mofot=®, BB 3 U ETEETIIE, Fe RS
BOEBNLEROEE - RTEASELN5.

Table 3 Mass changes of initial 3°Fe 10(g) by decay step.
Step 1 3 5
1.59E-3 4.54E-10 0.0

Mass change [g]

Table 4 Nuclide mass in sample of initial *°Fe 10(g) by decay
step after neutron flux 10'*(1/cm?/s) X time 100(d) irradiation.

Step 1 | 2 | 3 | 4 | o
Mass [g]

5SMn 1.61E-8 | 1.61E-8 | 1.61E-8
56Mn 5.12E-9 | 5.12E-9 | 5.12E-9 | 5.12E-9
Fe 4.61E-7 | 4.61B-7 | 4.61E-7 | 4.61E-7
ke | 9.99841 | 9.99841 | 9.99841 | 9.99842 | 9.99842
STFe 1.61E-3 | 1.61E-3 | 1.61E-3 | 1.61E-3
Fe 1.27E-7 | 1.27E-7 | 1.27E-7
0: ORIGEN2.2.

3.2 MHEFzAUDEE

KR i I DR j ~OBERFRE T DRI, HET
A VEBRETDHMLENH D, Table 1 IZR LT L 9T
FOME, FHETRISICEEY 2 b0RH 5. 2850 b
29py AT BRI > THET = VOREHEE
T 5.

28U (22T Fig. 2”7 & 5 72l & ptE 1 SO
ZH Y 5. Fig. 2(a)-1 TIL 380 % a AREEC 24Th 24
b L, Fig.2(a)-2 Ti% 28U 23(n, 7)G T U ICELT D
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FREE T 2Pu ~Z b T 5. 2Pu D7 IE, %0 H AR
CTHABDHETF A L THESHS.

S-Decay TII#EfE i il & LT, #HEEKFICHE
FxAf ERETH. FEEM 1 054, XQ)TERE i
(Fig. 2 TIX 2%0) DR N Z3HET 5. FHHEEBK 2
TIX Fig. 2(2) DIREFE (4 BFE) IZOWTHEAETF = A v %
FHEL, NEZERETNXO)THEAET S, FHHEEKS T
Fig. 2(a)® 4 D> DEEFEIC ST Fig. 2(b)D L 9 7R 1ALk
~OEALEEZB L, FHTF = A4 5T 234Th ORI
U DR, ¥U OBRZREE, B°U OB O A
FtE7e b, ZOARHEOERIZOWT N, 2 ERZEnX(9)
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(a) 238U

| 129th 2290|3270 | 4%y

(b)239

| 12¥Np |220u  [3280 |

(c)*°Np

| 1:23%Pu | 2:240Np | 3: B8Np |4:237Np | 5: 240mNp |
(d)239Pu

[ 120 [22%pu |32y [ 4:27pu |

Fig. 2 Examples of calculation chains from 233U to 2*°Pu.

S-Decay T34 % Excel ¥ DECDATA ¥ — b (Z Fig.
3DEI)BRBERET—2DTF—T A ETOREL, M
DRI E T EH > TWD . EREEKS 327 @ 2380,
312 : 2%4Th, 328 : 29U, 326:2%7U, 325:2°U L L, #Hf
WOEMIC IR (4 ) OFRA 52615, ED
BREEZIZIIMED, AOBEREE S IITHET IS0 5y
73R fNZENZEND FEIZREND. ZOf, 28U O
ffi 1D: 922380, HAEE & %k 1=4.92E-18, W IV Wr i F5 0,=0.995
(barn) TH 5.

327 922380 312 -328 -326 -325
4.92E-18 0.995 1.00 8.87E-01| 5.38E-03 3.12E-05

Fig. 3 Chain data of 238U in DECDATA sheet.
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DEERRFPEREEZ IO P 5> LN H 5. oA
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= _A;Ni +ym—»iFm- (10)

Fo \ 3B ERETE m DB RBUGE, ppoi ITEHE m 1
FDOFPEM i OBBHENETHD. BORKIGE & HIT
FP &EHE D [l +%0 N \ZHER At 181 pusiFndt DINZ S 1,
Fe MEBIZ X > TR T 2728, NOITXQ)Z W ¢ £
TORBEHE s TR LZARADE 2 D.

t
Ni(©) = Vst j ds exp(—1s)
0

{1 — exp(—Ait)}
= ym—»iFm 2 - . (1 1)
L

FP & i=1~j OFHFEF = A LIZHIE LT, FHFE N
— . oN; EET DA, REBS I OHREFERIGIC
£ N B N ~OFHIZR(O) DS exp A IR CTHE
L7212 E2 5.

Jj

{1 —exp(—25t)}

Nj ® = Ym-1 Fn Z dn—?1
n=1

A, !
dn = 1: f0—>1 =1 (n = 1)!
Jj-1 Jj
do =] [Aifioros / [[a-% &#nnz2. a2
k=1 k=1

P 10g @ 250 FELS 100 HR, EETHR 6=10"
(I/ems)IZ THRR SN TEBRICAER SN EERT 7 F=
R¥ifE & FP %M O 'E & %, S-Decay O 51 5 B¢ #5 f#: |Z Table
512”7, ZOFRITIE ORIGEN2.2 OFERO)H/RT. 7=
72L, ORIGEN22 Tif U R FOXHERT 7/ F = Fik
Tl oD W T B 2 R BEE CHIIE T D H8RED BV, ZORTIX
TOBREEZMHIE TR VWEHERREEZ AT, HEERK S
&6 DETHEREICEN 72 <, ORIGEN2.2 DFFEERIC
HL—H L7, FHEESE SEUEETIE, EBEN
REROERK - EERNEG LS.

0Sr 72 ¥ FP K DO & I21% ORIGEN2.2 & bl L T
2%FRFED RN B o 7=, S-Decay TITRBEEHIM F i
PmoiFw= (—7E) & LTWDEEER, ZoERAD—RLH
ZHnb.

Table 5 Nuclide mass in sample of initial 2>U 10(g) by decay
step after neutron flux 10'*(1/cm?/s) X time 100(d) irradiation.

sep| 3 | 4 | s | & | o
Mass [g]
234U | 3.90E-5 | 3.90E-5 | 3.90E-5 | 3.90E-5 | 3.90E-5
235U | 9.65E+0 | 9.65E+0 | 9.65E+0 | 9.65E+0 | 9.65E+0
236y | 6.87E-2 | 6.87E-2 | 6.87E-2 | 6.87E-2 | 6.87E-2
0Sr | 5.87E-3 | 6.39E-3 | 6.40E-3 | 6.40E-3 | 6.30E-3
0Y | 2.44E-7 | 1.43E-6 | 1.57E-6 | 1.57E-6 | 1.60E-6
137Cs | 9.73E-3 | 1.05E-2 | 1.05E-2 | 1.05E-2 | 1.03E-2
O: ORIGEN2.2.

3.4 MEEHE

BIU RAMEE 4.7% O PWR BREFH O U 10g (3¥U 0.47g +
238 9.53g) % 2000 H ] 300W OBV /) TRREEL, T D%
2000 H M # #(cooling) L 72855 % S-Decay IZ L WEEHE L,
ORIGEN22 (Z X 23t AR L i+ 5. B2 HET
DA, U R YOS R m O RO R /E T
INVFX—PNUETHD. Em OBSRBET VX —
KX, B8 27 EEHK A5, ORIGEN22 Tl &h
TWAUTO 7 4T 7RICEVEHEENS.

K =1.29927x103(Z% A°5)+ 33.12(MeV/fission). (13)

RIEEMWA)IIEE S HE L & HICRETIRM N &
WUBHBREDOT 7 F = NEROWIOGHEREND,
B MW X BRBE A 3 (d) " BEROTHEIND Z &N
WBHITH S, 2,000 HHEOBRBEER IZEAEEE X 60(GWd/) =
0.0003(MW)x2000(d),”0.00001(t) & 72 5.

S-Decay Tld, ORIGEN2.2 & [FIFEIC U e EDEE
7 U F = NEEFEO WA & PR BEEE CHHIE 3 D H%RE & 25



L T\ %. ORLIBJ40 Tl 34U, 235U, 236U, 238U, 237Np, B8Py,
23°Pu, 24°Pu, 2‘“Pu, 242Pu, 2‘”Am, 243Am, 24Cm ® 13 RO
(0, V) EU& B L 85U, 88U, B9Py, 241Pu @D 4 ZFED (n, f) X
JEIZDOWT, BREECHETI2WEET — 4y &2
B L, /K7 LWR A 24 fifH, =347 FR A 36 FifEO &
v he7u T MNIHMBIAALTVWD. S-Decay TITEE
OEFO(n,y) KIS &M, ) KIGIZDWT, BREEEIED
WEET — 2ty bbb haz AL, FIATHH
HEZ L TW\a.

B3U BHEE 4.7% D PWR BB D (n, v) Kt & (n, ) K
JDOBRBEEMIEOWRMET — 2y FEHWT, ZTO%)
RAEMR L. 20 2Py, 2Py |25V T, ORIGEN2.2
DOFEFEF(0), P5U,28U,2%9Pu D 3 KEFE O W iHi il & PR 52
JETHIIE L7z S-Decay DFFHEFEF(S)& S/O H(R), Witk
A RIBE R TE L 72> o 72 S-Decay DR EfE H(S) & S/0
ER)ZZNZEH Table 6 (2779, 25U B L 2°Pu OE
BIC, WA REE CHELZDRESR SN,
20py OB EIZIE, WIREAORBEEM EOF DL LT
R 20%DFERENH - 72, BEEICE b7 H 35U, BPu,
240py OE B D H#E A Fig. 4 IR, S-Decay Dt
TUX 2350, 280, 29Pu O IR BEEE R EO W T — & &
v MWy, 2pu OFEFERDOERNS 240Py 72 &
OWIHEORBEEMIEDL LEIZRDEEZEILND.

7R FP &% 0°Sr, 20, ¥7Cs OB 1220 T 60GWd/t
DIRBERL O vy FITHIRE] 2000 B £ CTO L % Table 7127737,
S-Decay & ORIGEN2.2 O FHH#E R 1T 4% A0 D 26 T—3
L7z. 25 D FP D FHERE B2 1%, 235U, 838U, 29Pu
DO WS 2 RBEFE CHIIE L7228 BT/ & v o 72

Table 6 Mass of 23U, 23°Pu and 2*°Pu in fuel of initial 2>U

0.47(g) and 2*®U 9.53(g) during PWR irradiation to 60(GWd/t).

Burnup [GWd/t]

| 12 | a4 | 36 | 4 | 60
235U [g]
O| 3.43E-1 | 2.44E-1 | 1.67E-1 | 1.08E-1 | 6.65E-2
S| 3.44E-1 | 2.46E-1 | 1.70E-1 | 1.13E-1 | 7.07E-2
S| 3.34E-1 | 2.47E-1 | 1.71E-1 | 1.14E-1 | 7.26E-2
R| 1.00 1.01 1.02 1.04 1.06
R| 1.00 1.01 1.03 1.05 1.09
239Pu [g]
O| 3.70E-2 | 5.42E-2 | 6.13E-2 | 6.35E-2 | 6.32E-2
S| 3.78E-2 | 5.46E-2 | 6.16E-2 | 6.37E-2 | 6.35E-2
S| 4.03E-2 | 5.63E-2 | 6.21E-2 | 6.38E-2 | 6.40E-2
R| 1.02 1.01 1.00 1.00 1.00
R| 1.09 1.04 1.01 1.01 1.01
240
Pu [g]
O| 5.16E-3 | 1.29E-2 | 2.01E-2 | 2.59E-2 | 3.04E-2
S| 6.21E-3 | 1.47E-2 | 2.07E-2 | 2.42E-2 | 2.59E-2
S| 6.05E-3 | 1.47E-2 | 2.09E-2 | 2.42E-2 | 2.56E-2
R| 1.20 1.14 1.03 0.93 0.85
R| 1.17 1.15 1.04 0.94 0.84

O: ORIGEN2.2, S: S-Decay, R=S/0,
S: S-Decay without burnup correlation, R=S/0.

NS
1.OE+00 ¢
®
_ LOE-01
@ L 4
% 239Pu
s
240
1.0E-02 | Pu
3 — ORIGEN2.2
O S-Decay
10E03 b
0 10 20 30 40 50 60

Burn-up(GWd/t)

Fig. 4 Comparison of 23°U, 2°Pu and ?*°Pu mass between S-
Decay and ORIGEN2.2 in fuel of initial 2>U 0.47(g) and >3%U
9.53(g) during PWR irradiation to 60(GWd/t).

Table 7 Mass of ?°Sr, °°Y and '*’Cs in fuel of initial 2>U
0.47(g) and 2**U 9.53(g) during cooling time 2000(d) after
PWR irradiation to 60(GWd/t).

Cooling time [d]

| o | 200 [ s00 [ 1000 | 2000
*%Sr [g]

0] 8.976-3 | 8.84E-3 | 8.68E-3 | 8.39E-3 | 7.86E-3

s| 93163 | 9.196-3 | 9.01E-3 | 8.72B-3 | 8.16E-3

1.04 1.04 1.04 1.04 1.04
Y [g]

2.35E-6 | 2.24E-6 | 2.20E-6 | 2.13E-6 | 1.99E-6
S| 2.44E-6 | 2.33E-6 | 2.28E-6 | 2.21E-6 | 2.07E-6

1.04 1.04 1.04 1.04 1.04
137Cs [¢]
O| 2.14E-2 | 2.11E-2 | 2.07E-2 | 2.01E-2 | 1.89E-2
S| 2.13E-2 | 2.11E-2 | 2.07E-2 | 2.00E-2 | 1.88E-2
R 1.00 1.00 1.00 1.00 1.00

O: ORIGEN2.2, S: S-Decay, R=S/0.

3.5 MAtEES L U ERiE SR
JEAEAT L, BN D BE R (B3 &EHE |
BTN EREEE L » oA TEHESIND.

R= Z,uvi. (14)

FREEEN O (W)IIEEHE | OREEEOREE 0 # T
(15 THEAEINS.

Q= ZAiNiQi. (15)

3.4 i & [FIERIZ 60GWd/t DIRBES O mETHIR 2000 H
TO U10g F O HtaE & L% Table 8 38 £ O Fig. 5 1
759, S-Decay & ORIGEN2.2 @ FH-HHERIL 3%l D7
T—HL7=.
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Table 8 Radio activity and decay heat in fuel of initial 233U
0.47(g) and 2*U 9.53(g) during cooling time after PWR
irradiation to 60(GWd/t).

Cooling time [d]
| o | 200 | s00 | 1000 [ 2000
Radio Activity [10'°Bq]
6.69E+3 | 1.62E+2 | 9.13E+1 | 5.46E+1 | 3.35E+1
S| 6.72E+3 | 1.60E+2 | 9.01E+1 | 5.41E+1 | 3.38E+1
1.01 0.99 0.99 0.99 1.01
Decay Heat [W]
O| 1.81E+1 | 2.05E-1 | 1.10E-1 | 5.98E-2 | 3.24E-2
S| 1.86E+1 | 2.01E-1 | 1.06E-1 | 5.78E-2 | 3.15E-2
R 1.03 0.98 0.97 0.96 0.97
O: ORIGEN2.2, S: S-Decay, R=S/0.
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— ORIGEN2.2
O S-Decay
1.0E+01
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Decay Heat
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Fig. 5 Comparison of radio activity and decay heat between S-
Decay and ORIGEN2.2 in fuel of initial 2*°U 0.47(g) and >3%U
9.53(g) during cooling time after PWR irradiation to
60(GWd/t).
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X6 TRHFA SN D.

FSF = ZiAiNinFViSF.S (16)
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RIFEBRITAG DTz o FAERERE i 25 D (0, n) KIS D
e384 Ch 5. ORIGEN2.2 T STV 5 vi7,
R DA % S-Decay THMEH L7z, 3.4 FiL FAERIC
60GWd/t DBREE. OV EIHIRT 2000 H £ To U 10g F o

k7384 B % Table 9 127”9, S-Decay & ORIGEN2.2
DOFERERZ LI LT 10%RMEOERN S o7, FHET
HEWLKELLFETHREEDOT 7 F = FEM *Am,
MCm R EDFRFE N, OFHBREROENERERTH Y,
ENOOEEOWHEEORBEEMEOREIZLS LB X
5hb.

Table 9 Neutron emission rates in fuel of initial 2°U 0.47(g)
and 23%U 9.53(g) during cooling time 2000(d) after PWR
irradiation to 60(GWd/t).
Cooling time [d]
o | 200 | s00 [ 1000
Spontaneous fission [1/s]
2.85E+4 | 2.30E+4 | 1.96E+4 | 1.77E+4 | 1.58E+4
S| 2.57E+4 | 2.09E+4 | 1.80E+4 | 1.63E+4 | 1.46E+4
R 0.90 0.91 0.92 0.92 0.92
(a, n) reaction [1/s]
1.77E+3 | 9.08E+2 | 4.39E+2 | 2.75E+2 | 2.45E+2
1.83E+3 | 9.25E+2 | 4.33E+2 | 2.63E+2 | 2.34E+2
1.03 1.02 0.99 0.96 0.96
O: ORIGEN2.2, S: S-Decay, R=S/0.

| 2000

|| O

37 ryiEMHEE
v BRI G (1/s)I%, B i O3 N, BRETE LB
T Oy BIBHR R 25U TEAEEND.

G = Z)LiNiRiy. (18)
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ORIGEN2.2 T, MBI LV TS b y o=
FILF —% Table 10 IZ/”RF XL 912 18 BRI/, &~
Dy MOMBEGET —4 L THZXTW5. Table 10
121X %°Co 72 & TNT 137Cs DIRMZFED 3"mBa DK FE~D y
BoOBHE S Z S TRI. OCo OHEEEICEI
1.173MeV & 1.332MeV @ y ## 2 AR B S b2,
0Co @ vy M HEIAIE 11 #£(1.0-1.5MeV) T 2.00 & 7220,
Z O OFE T y #E OB EIE I XFE X AIIZ /N S . Fig. 1
IR L2 & 912 B7Cs 1, LIRS PTBa ICHEHEERET 2
Be EEIREE BB IS T A 5AE R H Y, BT™Ba )2
5 137Ba I D BRI, T 0.662MeV O y B &
5. BmBa @ y HHEIE X 9 B£(0.45-0.7MeV) T 0.901
720, FOMOBETITMAXHIZ /N Z VN, B7Cs 23 37mBa
~HEET 2 IS 0.946 & B3mBa 0 y FROHEIE 0.901
26, EERIZIE, P7Cs DREEEIZ 0.662MeV D y ## 0.851
ARFHEND L ICB#END.

S-Decay Tld JENDL A5 —# 7 7 A /- 2015 (JENDL
/DDF-2015)72 5 y O 3L ¥ — & HE& 2k EH L,
&5 y B 7 — 7 /L (Discrete gamma ray table) & & L
TWa., ZOT7T—7NERWDLEE, BlziX, °Co @ vy
B 1.173MeV & 1.332MeV @D y = 2L F—DF — X
FEOFEET—TMIIHI SN TS 720, HEnhd
YROZFI N —HBELTREICIEECTEX S, 22T,
ORIGEN2.2 & A U= )L — A & U 7z,
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Table 10 Energy groups, ranges and intensities of gamma ray.

Group Energy range Intensity Intensity
[MeV] 80Co 137mBg

1 0.00 - 0.02 5.30E-2 1.00E-2
2 0.02 - 0.03 9.16E-3 0.0
3 0.03 - 0.045 5.23E-3 7.32E-2
4 0.045 - 0.07 5.90E-3 0.0
5 0.07 - 0.10 2.32E-3 0.0
6 0.10-0.15 8.91E-4 0.0
7 0.15-0.30 2.93E-4 0.0
8 0.30 — 0.45 8.22E-5 0.0
9 0.45-0.70 4.72E-6 9.01E-1
10 0.70-1.0 7.47E-5 0.0
11 1.0-1.5 2.00 0.0
12 1.5-2.0 0.0 0.0
13 2.0-2.5 1.06E-5 0.0
14 2.5-3.0 3.28E-8 0.0
15 3.0-4.0 0.0 0.0
16 4.0-6.0 0.0 0.0
17 6.0 -8.0 0.0 0.0
18 8.0-11.0 0.0 0.0

3.4 i & [FIERIZ 60GWd/t DIRBE: O mETHIR 2000 H Rf
RTU10g FO{5T RV —FEO vy #R &% Fig. 6 12
AT 8 BELL T K= F )L —8¥ Tld ORIGEN #! y 5
— X X0 LB y BT —FEHOTEERE SR S-Decay
(Dis.)?% ORIGE2.2 DFHEFE R L X< —FK L.
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1.0E+04
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Energy Group

B ORIGEN2.2  mS-Decay

Fig. 6 Comparison of gamma ray emission rates between S-
Decay and ORIGEN2.2 in fuel of initial 2*°U 0.47(g) and 38U
9.53(g) on 2000(d) cooling time after PWR irradiation to
60(GWd/t).
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SLi, B 72 IR T — X OARR L TWDEO R H Y,
RORERT — 4%, EfEE&RT —4# % XSCOR »— ki
b PiA, DECDATA v — h ~E X 9. ¥ 7=, JENDL/DDF-
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Process % VYT GDATA @ > — k Z{ER 9 %.

DECDATA (213, BREEFI R IC LB RO RET — 4,
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IR f, MR PO T —F v FREEND. 2O
7%, DECDATA % &M XM EOREE - FHETX
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18 B y MR &, ®fEA] y #flikH T — 7 VR y 8%
i Ths. ODFHEITIT GISDATA ¥ — F23, @D
FHEIZIL GDATA ¥ — F R ZENENMETHDH. @D
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FOEERERENE T Excel DY — M EN D720,
Excel OFEREIZ LV, T o 2 EEFA LZKEDOER

(FIfifk) LREZTHD.

Table 11 Fission yield data of °°Sr and °°Y in FPDATA sheet.

232-|-h 233U 235U 238U 239Pu il Pu 24SCm 24ng

380900| 1.76E-03| 3.35E-01| 7.36E-02| 1.12E-03| 9.69E-02| 8.51E-03| 6.26E-03| 2.76E-02

390900| 5.35E-08| 5.82E-05| 3.70E-06| 9.09E-08| 7.97E-05| 2.88E-06| 3.50E-06| 2.01E-04
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Fig. 7 Calculation flow of S-Decay.
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Decolorization of Malachite Green Aqueous Solution by Atmospheric-Pressure
Plasma Jet Irradiation
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Abstract

The decolorization of Malachite green aqueous solution by the irradiation of an atmospheric-pressure argon (Ar)
plasma jet was examined by absorbance spectrum measurement and mass spectrometry (MS) analyses. An
atmospheric-pressure Ar plasma jet was generated at a frequency of 10 kHz with an applied voltage of 10 kV and an
Ar gas flow rate of 10 L/min. When10 mL of 100 mg/L Malachite green aqueous solution was irradiated with this
plasma jet, the blue solution gradually became lighter with increasing irradiation time and was decolorized after 50
min of irradiation. The decolorization was caused by the destruction of a central carbon double bond (>C=C<) in a
Malachite green molecule. Atmospheric-pressure Ar plasma jet irradiation is useful for the decolorization of colored
organic waste water.

Keywords: Atmospheric-pressure plasma, Malachite green aqueous solution, Decolorization, OH radical
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Fig. 1 Molecular structures.
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Fig. 2 Schematic of experimental setup.
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Fig. 3 Photograph of plasma jet irradiation onto Malachite green
aqueous solution.

@ (b) ©

Fig. 4 Change in color of Malachite green aqueous solution

irradiated with plasma jet: (a) before irradiation and after (b)
10, (c) 20, (d) 30, (e) 40, and (f) 50 min of irradiation.
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Fig. 5 Dependence of absorbance spectra of Malachite green

aqueous solutions on plasma irradiation time.
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Optimization of Corrugation Pattern on Corrugated Shells Using Contour Lines of
Polynomial Function
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Abstract
This paper proposed an optimization technique to obtain the optimal wave directions of corrugated shells.

The finite element method is applied to the structural analysis of the corrugated shells. and the constituted law of

an anisotropic flat plate is used for the material of shell element to achieve the same effective stiffness as the

corrugated plate. The objective function is the strain energy under self-weight, To obtain a continuous and

smooth distribution of wave directions. The wave directions are expressed as the contour line directions of a

polynomial function. And the design variables are the weight coefficients of the polynomial function. The

Quasi-Newton method is used as optimization method. The optimal solutions for a cylindrical shell and an EP

shell are investigated as numerical examples. The optimal solutions with low strain energy, high stiffness under

self-weight and smooth distribution of wave directions were obtained and the effectiveness of the proposed

method was confirmed. It was found that membrane forces and bending moment on the optimal corrugated shells

occur in almost one direction towards the support points. And the wave orthogonal direction of the shells tends

coincide with the principal stress direction.

Keywords: Shape optimization, Anisotropic plate, Corrugated plate, Quasi-Newton method
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Fig. 10 Initial solution
(Cylindrical shell, roller support).
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Fig. 15 Initial solution
(EP shell, 4-point pin support).
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method.
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Fig. 17 Optimal solution of proposed method
(EP shell, 4-point pin support).
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Table 1—Angle misalignment per element (unit:deg.)
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Table 2—Misalignment of wave direction and stress (unit:deg.)

Max. Min. Ave. Var.
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Abstract

A method for calculating the allowable bending moment of RC beams is provided in the design standard.
The method assumes that the cross-section of RC beams will remain flat after bending. The standard provides an
example of calculating the allowable bending moment of RC beams with multi-layer reinforcement, and it is
commonly referred to in structural design. However, the example does not assume plane preservation of the cross
section, and the calculated allowable bending moment is probably incorrect.

In this paper, we propose a formula for calculating allowable bending moment by applying the assumption
of plane preservation to multi-layer RC beams. The stress distributions of the reinforcing bars are different
between the proposed method and the calculation example in the standard, and the obtained allowable bending
moments are different. The range of these differences in general cross-sectional shapes is described. In addition,
the calculation process of the proposed method is more complicated than the example calculation, and so a
method to simplify the calculation was considered. The differences between the proposed method and the

example are formulated and added to the equation of the example, and a simplified method is proposed.

Keywords: Reinforced concrete, Allowable bending moment, Multi-layer reinforcement, Calculation formula
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Fig. 1 Assumed stress distribution in cross section.
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Fig. 2 Cross section variable.
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Fig. 3 The resultant force assumed by the current method.
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Fig. 4 The resultant force assumed by the proposed method.
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Abstract

This paper discusses the mechanism of appearance of colossal magnetoresistance in manganese based oxide materials,
focusing on the essential physics of the colossal magnetoresistance of the perovskite type crystal Re;.xAxMnO3; (RAMO; where
Re is a rare earth element such as La, and A is a divalent element). The state of the electron spin for Mn(3d) of RAMO is shown
as Mn3*[3d*(t2g(3)eq(1))]-Mn*"[3d3(t2¢(3)eg(0))]. The electrical conduction of RAMO material comes from the interplay between
a strong electron—phonon coupling and the “double exchange” effect of spin alignment on electron kinetic energy and is caused
by the electronic hopping phenomenon. The magnetic and magneto-transport properties of RAMO are governed mainly by the
mixed-valence Mn ions and are less affected by the oxygen ions. This coupling, which is a type of dynamic extended-system
version of the Jahn-Teller effect, in conjunction with the double-exchange interaction, is also given by G{MR(T) =
A T/(w,zc + (CT)Z) according to the Green function calculation with the temperature parameter.

Keywords: Colossal magnetoresistance, Perovskite type, Jahn-Teller effect, Double exchange interaction
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Fig. 1 The conceptual models of the localized electrons S
and the hopping electrons s for RAMO: (a) ferro-
magnetic spin ordering at temperature 7=0 [K] and
(b) anti-ferromagnetic spin ordering at 7>0 [K].
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Table 1 Hamiltonian of the spin interaction between the
localized electrons S and the hopping electron s.
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of the angular frequency wy,.
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A Basic Study of Sound Wave Propagation Control by Boundary Structure

by

Yuki HONDA™ and Tatsuya MORISHITA ™
(Received on Apr. 14, 2021 and accepted on Jul. 8, 2021)

Abstract
The purpose of this paper is to reduce the area exposed to noise by controlling the propagation direction of noise,

in addition to suppressing noise energy by optimizing the boundary structure. Numerical simulations of the sound

field characteristics radiated from the waveguide were performed for each of the cases where the waveguide was

provided with a tapered termination, a termination with sound-absorbing materials, and a termination with an acoustic

metamaterial. The simulation clarified the radiated acoustic energy characteristics and directivity characteristics

when each termination was used. A future task is to integrate the characteristics of various boundary structures.

Keywords: Acoustic radiation, Directivity, Absorbing material, Acoustic metamaterial, Waveguide
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Visualization of Oscillatory Combustion of Wax Fuel Subject to Velocity Oscillation

by
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Abstract
In order to investigate the effect of vortex shedding on wax fuel combustion, experiments to visualize the combustion were conducted.

Due to the well-known hydrodynamic properties of Karman vortices, a Karman vortex street produced by a cylinder installed upstream of
the combustion chamber was used as the source of vortex shedding. In these experiments, we observed back-and-forth oscillations of flame
on the fuel surface. During the oscillations, pulse combustion occurred intermittently. It was found that the pulse combustion occurred in a

certain cycle. When the oscillation was strong, bumping of the liquefied wax on the fuel surface was often observed. It was confirmed that

some of the bumping caused jet drops. The bumping temporarily supplied a large number of droplets to the gas phase.

Key words: Hybrid rocket, Wax fuel, Oscillatory combustion, Flame motion, Combustion cycle
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Fig. 4 Enlarged view of the pulsed combustion.
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Fig. 6 Schematic of flame behavior in the combustion cycle.
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SN FHER R TR AR e A RN 3RS
—5 T, BYOANN EBEROMED D RS EEEAIIER
LCWo7zid, EFBTERENOALZRES LW DK
EEEZER (ERICER, THRICEESES/NR) O
TE D> TWRNWZ ERHL NIRRT,

FRT X BOR AR C 4 WU AR TR & RSB o 22 M kr
MEA L, EBAFOZER G R 2R DR 2 T
THTHEABO L D ICERYE . HEOPFTERLAR
DHEEMREN TV BRRIE, LREZEMIcHER TS,
TNE TEIRAMMN T Z ERE T HRORRBRTH 5.

S5 3

1) F&thR: A X VT « 7—=UT7Mardoiv—)
M3 T HEB LR & R O iR, RABHEE,
148, pp.9-16 (2015).

2) MINFHE: Biiziie kA ¥ U7, IEEKRFHNE, p.3
(1988).
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