JAEA-Technology
@ 2023-022

DOI:10.11484/jaea-technology-2023-022

KIBY—T7 v NBRERNED
FrET—2aVESHRRICEAT SRNER
(2) FvET—2 a3 VEERSDAIE
Technical Note for the Cavitation Damage Inspection

for Interior Surface of the Mercury Target Vessel
(2) Damage Depth Measurement for Cavitation Erosion

BT R BHE KT FZ WIIILT
FEAR 3 PE BF

Takashi NAOE, Takashi WAKUI, Hidetaka KINOSHITA, Hiroyuki KOGAWA
Makoto TESHIGAWARA and Katsuhiro HAGA

[RF DRI Z T ERPT
J-PARC > % —

Y - ERRST EY Y
Materials and Life Science Division

J-PARC Center
Sector of Nuclear Science Research

January 2024

>
[T1
>
3
.
=
=
=
O
oF
\<

Japan Atomic Energy Agency | HARTHIFZTHAREE




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,

[ESZAFZERR T E N B AR I s JAEA 1 2 X—2 3 T WFRRCRAIE R
T 319-1112  ZIRIRIREUARHEAS 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 Institutional Repository and Utilization Section,
JAEA Innovation Hub, 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, 2024



https://creativecommons.org/licenses/by/4.0/deed.ja
https://www.jaea.go.jp
mailto:ird-support@jaea.go.jp
https://creativecommons.org/licenses/by/4.0/deed.en
mailto:ird-support@jaea.go.jp

JAEA-Technology 2023-022

KEBX—4y FRBREDX vET—> 3 VIBEHRICE T 3 EMER
Q) FyYET—a VEERTOAE

HARE e eE B+ RPAIEEF  J-PARC > &2 — Y8 - Amfl¥ErT s vy a v
EIL 2=, @ B KT FE I RAT. R B, D e
(2023 4£ 10 H 24 H=Z¥H)

KR RG T I E AR b 7 ftiR% (Japan Proton Accelerator Research Complex, J-PARC) D& - 4@k}
FRBRMRR IR E STV SR L AP FIKER & — 7y P T, BT R F—D UL R G+F
Y — A ASHRIC, BRSO & 2 T O34 & AIRHICKIRO MR BMZIRIC X o T, 1%
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Technical Note for the Cavitation Damage Inspection
for Interior Surface of the Mercury Target Vessel

(2) Damage Depth Measurement for Cavitation Erosion

Takashi NAOE, Takashi WAKUI, Hidetaka KINOSHITA, Hiroyuki KOGAWA,
Makoto TESHIGAWARA and Katsuhiro HAGA

Materials and Life Science Division, J-PARC Center, Sector of Nuclear Science Research
Japan Atomic Energy Agency

Tokai-mura, Naka-gun, Ibaraki-ken

(Received October 24, 2023)

In the liquid mercury target system for the pulsed spallation neutron source of Materials and Life
Science Experimental Facility (MLF) in the Japan Proton Accelerator Research Complex (J-PARC),
pressure waves that is generated by the high-energy proton beam injection simultaneously with the
spallation reaction, resulting severe cavitation erosion damage on the interior surface of the mercury
target vessel. Because the bubble of pressure wave-induced cavitation collapsing near the interior surface
of the mercury target vessel with applying the large amplitude of localized impact on the surface. Since
the wall thickness of the beam entrance portion of the target vessel is designed to be 3 mm to reduce
thermal stress due to the internal heating, the erosion damage has the possibility to cause the vessel
fatigue failure and mercury leakage originated from erosion pits during operation.

To reduce the erosion damage by cavitation, a technique of gas microbubble injection into the mercury
for pressure wave mitigation, and double-walled structure of the beam window of the target vessel has
been applied. A specimen was cut from the beam window of the used mercury target vessel in order to
investigate the effect of the damage mitigation technologies on the vessel, and to reflect the consideration
of operation condition for the next target.

We have observed cavitation damage on interior surface of the used mercury target vessel by cutting
out the disk shape specimens. Damage morphology and depth of damaged surface were evaluated and
correlation between the damage depth and operational condition was examined. The result showed that
the erosion damage by cavitation is extremely reduced by injecting gas microbubbles and the damage
not formed inside narrow channel of the double-walled structure for relatively high-power operated target
vessels. In this report, newly-developed technique and results of cavitation damage observation on the

mercury target vessel and their correlation with the operational condition are described.

Keywords: Pulsed Spallation Neutron Source, Mercury Target, Post Irradiation Examination,

Cavitation Erosion, Remote Handling, Replica, Narrow Channel, Microbubbles
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1. I3 ®HIZ

KR FERG TS FEER%  (Japan Proton Accelerator Research Complex, J-PARC) O¥)& - A= di
Bl #ZEsfia¢ (Materials and Life Science Experimental Facility, MLF) IZRZE S LTV 5 0L ZHIE
TFIRTE, PHETERET 22D0ERZ -7y MCRIASETH 2 /KBEAVTWS [1]. BT
MO T REBREICB T AR OKIB e OR_GEELOF —2TF 4 FVRAT VL AMTH 2
SUS316L HZ BEEEEAR M OKRE -7 v PER) IKREFTHI N, WH O 7 DB &
Z BRI cER I T3, KIBX =2y Midid, 3 GeV, | MW OFE T 3L — K<L R
e —2225Hz TART 2. ZOXI RKBED VARG FE— LK AFTT 2L, AG=
FOVE — DKL G & B ET OREICESP SN, B OPEFEFBCED S, KT
BERFREOCHE S B IRIC K D, KRR ENED R ET 5. EEAVKIRP 2 RIE T 28T, K
AT VLV AMOEE A, Y E—X VRO KDEHEFETIIEREICL2F v T — a V%A
T3 2. Fr T —a VICKRKUEAHEHE S THE T 2, Al oitiIhd <A 2
0y FOEEEICERET S ZLICX o T, ARNEICIEERENIEREI NS, G — a0 A5t
FTBKIBE—5 Y MEBROII (B — 80 1%, BT — o ASHIE S PEFREUSER § 3 Ut
NEWHIFT 27-DWEZ 3mm ICHFTENTWS. Lo T, RIFHOEIKIC X h R UEEEE
DR EINZ b, BREEES L U 22U X 27, BAREPEET 2 ko TNET
BN/ T 2805 5 [3]. Fr b7 —a L 3BBHEEDEMRIZ, BTFr—sntihic
el LTINS % 729, J-PARC BRI FIEO BIEETH 2 1 MW TRIABOZRE U 7 Ein % 5
Mg 2720121%, FYET7T—YarOREZLEIEBRGOMRENZ 2 0ELN D 5.

INETIRE—F vy VEBRNCEREIN Xy LT —> a VI 2 BEEREZRRT 272012, &
IRNEEANDORIWENH 4], v T —> 2 YORERTH 2ENMEKET 2 720 DKEHAD
<A 7 aNT A (5], SEIRERICAKIRME B W IREE & fif 2 72 2 EEEREIE DR [6] & BBERIC ML
T&7.

FEROBERBILROMBOMR L, KIBKX—7 v MAS T 2B F L — 207 — xR 72
Yo&My, WRENZEG L OHBZIHL 2L, SROBFEI 72 H A E5RIC A1 78 iRt o i
NSRS 2720, IR 7K A —7 v FPAEBRO L — 28EH» SaBRA 2 UI L, WEICER
SNIEREGEOFMBIREEML TN D, ZORRE, KBPFAKIEZIEATLZICLoT, HL
WG EBR RS FEE N2 Z e PRI . BRINCIE, KB OENEIC X > TEU 27KER
2 =7y MABARBOREEE N, -2 NCHELTIBEEEZFTRRITZZ 2 HERELTY
% [7]. %72, MNEEOEBIZ, [IEEZEAL TORWEHEERE THE SN EBEGOHS ¥ K
LT, ZIAZFEALRETIE, E—2a2E RSV EOLLT, BRI EEEEDOFES AR
MEEICH 2 2 ZHEELTWS. BT, Jeldl % KRk H Wik % i 2 7- 2 ERERE(L T 2 2 & T,
PHNRBEHTIEE — 2L L TIF LAY F vy U T — a VI 2 EEIER IRV L &
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R LTV 3 [8].

MR IR ZTKIB R — 7y VEBOYI LFEICOWTIIAREOS 1 38 (9] 12 R L. H2
HRTHZARTIE, KREX—7 v PEBABEDEGICOWT, ERGHIRETOBRODITHFEL
7Rk, ThETIBLNLERBHOBEHERICOVTELD 3.
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2. K& =7y MR
2.1 K& -5y P EIBOMIE

Fig. 1 1TKER& —7 v &% 3 B (BUERS) OBINERT. X—7 v FMERIKRZTEHT
2 KRR AR B HIKE 2 BT 2 IREAIRCTE 572 SUS3I6L 2R 7 ¥ L AMDIBHELERMTH 5. B
FR12m O T 5 > D TKIEERBR MR T2 —7 v PRELERINDG. 77 VI LA
FTIHETORZIIN 2m THD, HREIN 1.6t TH5. BTL—sdB AT —2BLMIN2
K =5y PRIIE X, 3 BRETOREAR LSO TES 3 mm O 3 HEEHEE, 5 5RUMEE
IKIRE R D NEBIC HIZHIERT 2 mm ORDH W Z R T T/ES 5 mm OBEZR T 4 HEMETH 5.
¥ 7z, KRR & RERZROENICIZNE 5 mm OV v A ZET, BRI v — R OH#EiRH
DAY T L HZAFORERETHTIC K DIKIRDINHZ R TZ 2MiE L LT3 [10].

Fig. 1 Photograph of the mercury target vessel No 3.

INFETIKEE - FHLKIRE =7y PEBRORMEM NIRRT, KBX—F v FER 1 51
&, BRI F v BT — Y a VI K 2 EEERE KR T 3 o OREREWELE LT, IR~
BRI T 7 XA<BMNE 2L TWd. REAANCRE P RBEEOEMN 2 HET 277 AXRKRD
#%ic, REMEOREWT I A E(UEE ST 2 & T, REDHEMIH T TR S REEDE
ReFT2HNCHRORAEEZBRT 22 THFr 7 —2a VI K 2HB2MHIT2 e 2 HNL
L7z

2 5, KRBT 280 ONEEIE X 1 SHEFRETH 20, Frb7—>a itk 2E5
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IR D 72 > D N BEE AN D R HSCE I S AL TW7RW.

3EWDIRICIE, NEEORENE L LT, RRUHO—FETH 23—V AKX T 1Y 7 (Kolsterising)
WSS TWD Z AT, BFE— A AHRICHET 2KRPOENRE~ A 7070
LD - HEEEE 2 720 OFERTRASIERAELEE (N7 —) BIREINTWS [11]. Kolsterising
WUFEE 1 SHICERA U722 M P LB & Ll U CRERE LS 203, R 7 ¥ L RAHOM B ZHE
795 Z 272 LA TRl REZR REE LI . L TR Hueh, KEA -2V v PERIIFEFTNIC
B STV SRR EFIRDOIKIR X — 7y PEIFICHBEH I TV 2 RANELETH 5 [12].

5 SHLIETIX, Kolsterising N M SUEFEAELEBE I Z T, KIBAELR DFLUHH 7 ICIER 2 mm DK
D WVIREE R R /- 2 EREREZ IR L7, 2 EHEERIEIC T2 22T, FEMD 0.7 m/s LT
IR A 4 m/s D/KERFRA L IEH 2 mm DD VEEIZ X D F v T — a Y OREMKTHEGETEROH
FIERHAFL T3, F72, WEREROKE &2 L — aBEHD 2D WIRE & BIROMHIA S HHES
% Z e DAREIC 72 % T2, BREHRENC & AN S 2 M AMER L OBLE A & WEIE Dy DB JE & %
S5mm&LTW\W3.

7B, NEEOEGERICIEHELRVWEEZ SN, @M X o THE L 2 2 KIEELHR LR
ERIRDEEE T OIS 2 BT 5 2 ZHWE LT, 9 5 E TR, KIRAHRLIRERRIIY 7
WX o T—IMEX TV 2 HRAIREE, 10 SHLIRER, KIRAEDSR & RERTR R SN TV WK
HRARE LTV 5.

BIKIRE =7y PEROFZE Table 1 1RF. RAPOKFARBIHKIRT & 5 1CARNARICIE
FEAMMMETIRARE N TED, Ko M 3 R OEEFARMD 5 FA UKERIZ, ©— 285
wzEy, K B3 oBERRRATRNS. BFE— 2 ABAEIIH LT, KBEPERLRTS X5
Mingdrzuox7a—ReifIng & —>y FMERTH L. ARTIE, HEBREFIBNT, 27y
b A N OB O 1A 2 LIRS 5 701, KERMTRA S 22 LM, FRE S 5 M2 TRl e KRB
5.
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22 JKEBER—F v hEIRDELE

IKER& =2y P& 2008 4F 5 H X DEIZMG L, ASRMEECHEGEBILRIC R ZMZ 7= & —
7y PEERANORZ R EHINCER LR S, BREMCAS T 2B FE—20@BERHNIETE
2. TRETOXR—F v N EEROEEIAR L — 282 ¥ OFEEM N — ABRE LT IRIZT
7B — AT I VX —DEE% Table 2 MO Fig. 2 \IRT. X—4 v A% 1 53 — ot s
B o072 2 & h H/KBORMEBBRI SN 5 5 CHANICHEH S 25 TH o 7228, 2011 3 HOH
HAKREBEKDBIZ, NV T ARy LILE Ry FRILBOKEL RS 2720 DEMES CHRET 2 ¢
O—— DR RMER A TER Lz, HHZHIEL [13]. £/, 2—7 v MEER 3 5N
U2 BHICOVWTIE, | SHICBIT 2 BEBEOME, ©— A MEWIGE IR IEH A6
% ¥ HIWT U7 7= DEEEEE R L 7.

—7, 5 ER&C T BHIE, B RERLE D SRR Y — 7 2 Lo, IR TR L
FIEA DR FER L T W5 [14,15]. £72, 8 BHETIX 1 KM, 9ﬁ%fﬂlnhﬁ,n%%f@
36 R[], J-PARC DFXFHMETH % 25 Hz TO 1 MW EEZZER L TE D, 10 SHTIE 700 kW TD
RIALREERREZER L T2

Table 2 Operation performance of the mercury target vessel.

From Due Operation time ~ Ave. power Accum. energy Accum. dose

(h] (kW] [MWh] [dpa]
No.1 May2008 Mar. 2011 3713 127 471 0.84
No.3 Dec. 2011 June 2014 7537 272 2050 2.28
No.5 Oct. 2014  Apr. 2015 1672 400 670 0.73
No.7  Oct. 2015 Nov. 2015 308 516 159 0.17
No.2  Feb. 2016  July 2017 5801 181 1048 1.67
No.8  Oct. 2017  July 2018 4179 434 1812 1.63
No.9  Oct. 2018  July 2019 3975 529 2104 3.34
No. 11 Dec. 2019  July 2020 2922 568 1660 1.36
No. 10 Nov. 2020  July 2021 3767 685 2580 2.10

23 X—7 v MNEEBOMEYER

IR 2R Z 7K — 7y AR, SEimElh & ORI U R VAR O S ER ORI, A
HIERH DR E N B R O 0 M CARE OFERARI 2 BREAE AR ERT OCHE, AE-132A 80 MU
AIVHRIUCEDIELTWD. £, @EBEHELKREX -5y VERORE - BEDLD
2, BEHMEDE L WESRICHEICENWZ H S 2 RE RSN L 72 IR THERE S RROAE 2
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Fig. 2 Operational histories of the mercury target vessel.

FEHELTW5.

MEROMENM VR IVORIZIETIYRAX—ZAL—7 Y=t a2l —& (MSM) %W TimkEiE
ECEML T2, MEREICHY 2MEFNE, EREREC X 3BT L 2 E LT, ERRA
K2 oD —T7MZEWRa X7 X2 Y, Ky MMl S Bl T S 72l U T VN E THE
L7z =70 eiERar s ZICE DT 2 X5 I1IcdusE L 7-.

IR A 72X =7y PESROMEIMOREIER & LT Fig. 3 1K EZ -7y NEHR 9 SHKICE
I BAREHIENE & SMETORBYERERT. WERZLY —ELED S 76 HRICEML 2. &
YERIE - 2REMHET LD S FHOAE L, RAMERIE 1124 Svh TH D, ZOHAMI T
DETVL—RIBHEST 22—y VREFEFNHTHo 7. T, KMKOMEDFET, X—7 v b
B8RO Ll U CRHEHO A B K E 22 Z e DRRTH 5.

F7z, TRETKHELZ—F vy PERORKMRERYBR LG T — 20BAE T 2 LF — OBk
% Fig. 4 1TR”%. 22T, Mo DIF, v—aZEroHEHSTOHMZEKRST 5. £/, HIE
FEDRIZZ72DRNER L TWRWD, Z—4y NE# 1 B, ERRECTT L7 27 2 THlE
LU7AE3R, HIE LR 10 Svh 22 T\,

3ERERL b, RAMBEYRRIX -7y PAEIRZI LG T — 2A0BET 1L ¥ — 12l L
THML TV Zehbhs. 28, 358#i%, 2011 F 12 AXD» S 2014 £ 6 AKETO 3 FERH#
HALTw22%, 1 FHIEHX Y7+ 280K 4 » ABOE — 2 FIEICMAT, 2 FHIEN
Fua Ui OEBIES 9 » Ao — 2 EILHIED S 2 79, BEHIEE WD, o X -7y b
B R U TR OME ORI X 2 EYEROKTIRE L, M EAIER > TV5.

T/, REBHRICIH L IRETORARELSER L v — A8 KT 112 & DI DBfR%Z Fig. 512
RRT. BROKMEY BRIGERE IR | TR, 2ETH RN T 22, Z2o%koZidh
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LB, AU, RO/ L I MM OFENTE D, BRMIEEE O R W ©Co g k3
SEDXBCHNCI2 57D TH 5.

Target No. 9 (2104 MWh)
Measured : 2019/9/17
76 days after operation

) Beam window | Reflective mirror
i 661 214

)

1124

Unit in Sv/h

lonization chamber
C-110&AE-132a (Applied Eng. Inc.)

Fig. 3 Dose rate distribution of the mercury target vessel No. 9 obtained by an ionization chamber.
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Fig. 4 Relationship between the maximum dose rate of the target vessel surface and the accumulated

proton beam energy. D in the figure denotes the measured day after the beam operation.
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Fig. 5 Change in the maximum dose rate of the target storage container as a function of the elapsed days

after the beam operation.
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Fig. 6 Photographs of the cutout specimen captured through the lead glass, and direct observation using

video camera.
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Fig. 7 Photograph of the setup for the laser scanner for 3D profile measurement.
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Fig. 8 Photograph of the setup for taking replica on the damaged surface.
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Polystyrene cell

Fig. 9 Photographs of the 3d replicated surface measurement using (a) the laser scanning microscopy and

(b) the 3D optical profilometer.
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Dust'pan i

Fig. 10 Photographs of the CMOS-camera unit for the interior surface inspection: (a) camera unit

mounted on nut runner, (b) access in front of cutout hole, (c¢) insertion of camera.
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Fig. 11 Photographs of video camera for the interior surface inspection; (a) Schematic view of camera,

(b) camera mounted on nut runner, (c) insertion of mirror, (d) lighting from outside.
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Fig. 12 Photographs of the cutout specimen of the target vessel No. 1. Left side image is the entire

specimen surface, and right side image is the high magnification image at the center part.

Fig. 13 High magnification images of the target vessel No. 1 shown in Fig. 12; (a) top side, (b) bottom
side, (c) up-stream (left) side, (d) down-stream (right) side.
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Fig. 14 Captured images of CMOS-camera inserted into the target vessel No. 1, (a) the view from center

to down stream, and (b) the view from inside to outside.
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Fig. 15 Results of the depth profile measurement using the laser scanner. (a) Macroscopic image of the
specimen, (b) line profile at the center of the specimen between the arrows in (a), (¢c) measured depth

contour of the specimen, and (d) curvature-corrected depth contour.
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Fig. 16 Result of replica observation at center PART 1 for the target vessel No. 1; (a) high-magnification

image of specimen surface around center, (b) confocal image of replicated surface obtained by LSM, (c)

depth contour of the replicated surface, (d) depth profile of the line in the (c).
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Fig. 17 Result of replica observation at center PART 2 for the target vessel No. 1; (a) high-magnification
image of specimen surface around center, (b) confocal image of replicated surface obtained by LSM, (c)

depth contour of the replicated surface, (d) depth profiles of the lines in the (c).
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Fig. 18 Horizontally jointed image of the replicated surface obtained by the LSM; (a) location of the

replica, (b) confocal image, (c) depth contour, and (d) depth profile calculated from vertically-averaged

value of the depth contour (c).
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®55 mm cut hole

Fig. 19 Photograph of the cutout specimen of the target vessel No. 3 dropped off inside the mercury

vessel.

Edge of mercury
vessel

/ Flow guide

@
!

Bottom side

Fig. 20 Photographs of the beam window of the target vessel No. 3; (a) cut edge of the mercury vessel,
(b) front edge of the flow guide.
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Fig. 21 Captured images of the CMOS-camera inserted into the used target vessel No. 3 from the cut
hole.
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Fig. 22 Captured image at the cutout portion of the target vessel No. 5 obtained by the video camera.
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Fig. 23 Captured images at the cutout portion from different angles for the target vessel No. 5 obtained

by the video camera.
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Fig. 24 Captured images of the cutout specimen for outer wall of the mercury vessel No. 5 faced mercury

narrow channel taken with the different exposures: (a) light and (b) dark.
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Fig. 25 Results of the large field of replica observation: (a) replica traced from center part of the beam
window, (b) jointed image of the square in (a), (c) vertically averaged depth profile of surface in (b), (d)

curvature corrected surface roughness of (b).
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Fig. 26 Results of the high-magnification of replica observation around center: (a) off-center part of the

band shape damage, (b) center of the band shape damage.
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Fig. 27 Results of the high-magnification of replica observation at the bottom boundary of the band shape

damage: (a) observed location, (b) boundary between the band shape damage and the un-damaged area,

(c) locations for the high magnification images, (d), (e), (f) high magnification images and their depth

profiles for on the band shape damage, boundary, and un-damaged surface.
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Fig. 28 Photographs of the specimen cutout from target vessel No. 2; (a) outside of mercury vessel and

(b) inside of mercury vessel.

.- Mold marIT =

Traced replica

Fig. 29 Photograph and depth contour of the replica traced on the entire surface of specimen cutout from

target vessel No. 2.
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Fig. 30 Results of replica observation on the damage cluster around center: (a),(b),(c) are the depth

contour, (d) is a confocal image of (c), (e) is the depth profile of line in (d).
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Fig. 31 Results of replica observation for the localized pit around specimen center: (a),(b),(c) are the

depth contours, (d) is the confocal image of (c), (e) is the depth profile of line in (d).
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Fig. 32 Results of replica observation for the localized pit at upstream side: (a),(b),(c) are the depth
contours, (d) is the confocal image of (c), (e) is the depth profile of line in (d).
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Fig. 33 Results of replica observation for the isolate pits around downstream side: (a),(b),(c) are the

depth contour, (d) is the confocal image of (c), (e) is the depth profile of line in (d).
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Fig. 34 Photographs of specimens cutout from the center part of the target vessel No. 8: (a) is the outside
of water shroud, (b) is the inner wall inside, (c) is the outer wall inside, and (d) is the inner wall outside

of the mercury vessel.
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Marking

Fig. 35 Photographs of specimens cutout from downstream side of the target No. 8: (a) is the outside of
outer wall, (b) is hte inner wall inside, (c) is the outer wall inside, and (d) is the inner wall outside of the

mercury vessel.
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Fig. 36 Result of replica observation for the specimen cutout from center part of the target No. 8 faced
mercury with gas microbubbles: (a) entire image of replica, (b) center part, (c), (d) high magnification

images of the localized pits, and (e), (f) depth profiles of (c), (d).
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Fig. 37 Results of replicated surface observation for the inside of outer wall for the target No. 8 (narrow

channel outside) faced mercury narrow channel.
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Fig. 38 Results of replicated surface observation for the outside of inner wall for the target No. 8 (narrow

channel inside) faced mercury narrow channel.
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Fig. 39 Results of replicated surface observation for the inside of inner wall (bulk side) faced mercury

with gas microbubbles at the downstream side of target No. 8.
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Fig. 40 Results of replicated surface observation for the inside of outer wall (narrow channel outside)

faced mercury narrow channel at the downstream side of target No. 8.
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Fig. 41 Results of replicated surface observation for the outside of inner wall (narrow channel inside)

faced mercury narrow channel at the downstream side of target No. 8.
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Fig. 42 Photographs of the specimens cutout from the used target vessel No. 9.
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Fig. 43 Results of replicated surface observation for the inner wall inside of the target vessel No. 9. (a)
is the entire image of replica, (b) and (c) are the high magnification images, (d) and (e) are the depth

profiles.

Distance, mm

Fig. 44 Results of replica observation for the inside of outer wall of the target No. 9. (a) is the entire
image of replica, (b) is the glossy surface around center, (c) is the matte surface around bottom side, (d)

and (e) are the depth profiles.
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Fig. 45 Results of replica observation for the outside of inner wall for the target No. 9. (a) is the entire
image of replica, (b) and (c) are the high magnification images for the matte surface around center and

bottom, (d) and (e) are their depth profiles.
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Fig. 46 Photographs of the specimens cutout from the used target vessel No. 11. (a) is the outer surface
of mercury vessel faced helium layer, (b) is inner wall inside, (c) is outer wall inside, (d) is inner wall

outside.
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Fig. 47 Results of replica observation for the inside of inner wall of target No. 11. (b) and (c) are the high

magnification images for the matte surface around center and bottom, (d) and (e) are their depth profiles.
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Fig. 48 Results of replica observation for the inside of outer wall of target No. 11. (b) and (c) are the high

magnification images for the matte surface around center and bottom, (d) and (e) are their depth profiles.
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Fig. 49 Results of replica observation for the outside of target No. 11 inner wall. (b) and (c) are the high

magnification images for the right and center, (d) and (e) are their depth profiles.
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Fig. 50 Photographs of the specimens cutout from the used target vessel No. 10. (a) is the outer surface
of mercury vessel faced helium layer, (b) is inner wall inside, (c) is outer wall inside, (d) is inner wall

outside.
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Fig. 51 Results of replica observation for the inner wall inside of target No. 10 inner wall. (b) and (c) are

the high magnification images for the center and bottom, (d) and (e) are their depth profiles.
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Fig. 52 Results of replica observation for the outer wall inside of target No. 10. (b) and (c) are the high

magnification images for the center and bottom, (d) and (e) are their depth profiles.

(d) 0.01
0.005 F A N

0 |
£-0.005 | ]
0.01F ]
-0.015 £ E
-0.02
0

th, mm

Dep

| ! | ! | !
0.5 1 15 2 25 3 35
Distance, mm

0.01

—
()
-

-0.01 ¢
-0.02
-0.03
-0.04 ¢
-0.05 ¢
-0.06

Depth, mm

o 1 2 3 4 5 6 7 8
Distance, mm

Fig. 53 Results of replica observation for the inner wall outside of target No. 10. (b) and (c) are the high

magnification images for the center and bottom, (d) and (e) are their depth profiles.
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Fig. 54 Time response of the pressure at the center-frontend of mercury vessel for the single walled target

vessel at 200 kW beam condition.
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Fig. 55 Negative pressure period distribution for the longest time Ty,,g.s (top) and accumulated time

TAaccum. (bottom) up to 10 ms at 200 kW condition for single-walled target vessel.
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Fig. 56 Negative pressure distribution for the longest time T ,,ges (top) and accumulated time Taccum.

(bottom) up to 10 ms at 500 kW condition for the double-walled target vessel.
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Fig. 57 Time responses of the pressure (left) and cavitation bubble radius (right) at the center part of target

vessel, facing outer wall inside, inner wall outside and inner wall inside. Cavitation bubble responses

were calculated from pressure response using Keller equation.
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Fig. 58 Typical example of sound signals obtained by target diagnostic system installed in the helium

vessel. Red line denotes without injecting gas microbubbles, blue line denotes with injecting gas

microbubble at 300 kW 0.4 Hz beam injection.
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Fig. 59 Change in the peak sound amplitude as a function of the proton beam power for without

microbubble injection and with bubble injection.
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Fig. 60 Trend of beam power and bubble effect obtained by sound measurement.
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SIFRA KB ORBEMEEZ N ETEDH 100 mm b — 2 BENHEN L7270, KIEEANEIE S
WhELTW3.

Table 3 Average values and those standard deviation of the bubble effects for each target vessels.

Target No.8 No.9 No.11 No.10 No.l14

Average 0.313 0477 0433 0285 0.266
STDEV 0.065 0.096 0.046 0.031 0.021
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P2 R TR B A IR T, ZRETIZ, E— 2 AHEEDLRVKBRANCBIIZF v
T—>a VERBEERBEEC T, KEFOF v T — 3 VITk o TERE N 2 EEEG ORI &R
U — RIS OWTEET L, B E N2 EEBGRE Dy, & ¥ — 2087 — LRI (0L 2
BN) 2HRAD X5 IcHEE T 2z L Tw5 [7].

log Dyax = C;log N + Clog Py + C7, 3)

T, G, ¢, Cp %, HEREGHABK CEEOBGHIE X DELERTH L. £, Pyl
EAEGERBICB I 2B L2 -2y —Th D, EKIEX—7 v NEBRIIBI BT — 4
DT — P 2liE, ERLEBICESSHIERE o TUTRD XS I2HRKES.

Py = aP 4)

STHFEAC & BIENBEOERNREERT 272018, ¥ — a3V — P ZHEEHED & L 72K
TTEANREEER U TEME S P, £ 5% 28 THREICHT 2 KIAEAOMBEEZERT 5 212
L7.

BEESOHEERI L LT, /KIBX—7 v PR 10 S4BT 2 E IR & oL 2 [l o8 S5
SO Z Fig. 61 1IORT. =2l —EDHLE TS, HGEESIGERRFRIIN L TH 1.3 ' T
s 27-0, HEIERENIR R IZEHERS OHEMENZ L R 57Hiiz 7o TWwa., HEIKK TROTE
XX, 073 mm EHEE Lz, —77, FEHIEIZ 0.86 mm TH OHEEEEX LTI LB ->TWSE., L
Do T, HEERERA LT 272012, ZhETIEBINEN L BHFES v iRt ok
EAZIREFIC, MIEREERELL THW5.

Fig. 62 12, FiE{bZOENE e HEEEO SR Z RS, FHEIHEEMZRE S FE-Z 115
BWEBROTIE, HEEMEEFHHED £7 %LNICINE > TWb. 5%d, HEEPKT LEX—F v ME
WO oYL, BEERSOHIEEM L, HEBEom EEHIET.
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Fig. 61 Change in the predicted damage depth for the interior surface of target vessel No. 10 faced

mercury with gas microbubble injection.
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Fig. 62 Relationship between the measured and the predicted damage depth on the interior surface faced

mercury with gas microbubble injection for the target vessel.
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523 RMEIRELHGIHIZOWT

FrbT7—a i XA2HERGORER, MRORIEHIIKFEL TELT 2 ZesHshTY
%. MRIRED IEAINHE LM D AG0003, Fr 7 —2 a Yy ORICR 250 12 556
DY, REMI P EEERDEORIEZAEMNT 2 e EZ o 5. $7, BEEGEETTS
E, [RUODEZF D230V UXATRT D EINANICEE LR L ZBEIER S AT v, il 213,
AR & 1%, KA ORER 2R % HOBERI o —Y 2 VxR EE L, PIHORMH X 29 <
BBIFCEARNL D I RHRELTWVWS [23]. 512, F v BT — a Ik 2 ARIIRRY
DA e EIZFFME L Tw L Z e 2SI X D /RLTWS [24].

KERZ =7y FMEBRTHERC, 1 BENT 2 BT, AL T TV E7 o TRt
LBRRZHE L TWS. £, KEZ—7 vy MESR 10 51, 11 S TR ROMIRICERE
TREEMPMER SN, LT DI K BEMBIROMSE, MEROMBREZESL LT, FvET7—
Y aYIZEKBZHAENEITL TS LB LN BIHREME L7z, BHERICH - ko BEE, &
AEEALTOARWY | SEECKIEEZEALL 8 51, 9 BETHREINTVS X5 ICHBEICF v
L5 — a2 YOSIOPET T2 2 e TERINCIEAEADEE T2 ITERT 230 TH S &
FEz o605, HIRoBEGoOME X, 1 BT, ARORAA A LIER T 2 \E ST, ZOf,
MOAMEFTTH2KFEAMOFHTH 2. i, 1 5 2B oRERTIE, BERHEIRR
D, BEROWMERMNRRS Z L ITERT 5.

KERZ =7y NABOIIRDE, MM T o%, HEICTREZFFICT 2UEEFEHBL TV
S, FREOBIROME, ZOMBRELESRL LTHEENRELTWS Zedbhol. ZORRE R
2, SBEETZKRE -7y PERETE, WEBREEZERL LBHEORERMZ 27012, Jilh
HWoOREHEESZ XD FBICT 27201, TAETED B FREORWFEVIEL 15 SR TR
Hszzrelr.

524 EHWTREEOES

INFTIRENLBEBEOKE,» S, ¥ — MR OEEEZREORR 22—y FERIC
BWT, ¥vET7—Ya ik 3HBRBEREHEIHRINT, £/, 551, 8 51, oSy i
LTI — AT —DEW 14 51, 11 SENG 10 SO TPREZFEHTH D, "IERORE
DI TIRAEELR DR > TWVWD Z e 2R L 7.

Fig. 57 IR L7z X O RAFICE 2 F vy BT — ¥ 2 Y&UEDRKEX, ©—atnctfl$ 3. Fig 57
1Z 500 kW &R DIENIEEICHT 2 F v BT — a VRIEDINE TH 5. BERISR OF 22 I L
TN Tl D 5705, PBVIRIEIEE FASERAEIETTREPRET 2 iz KoTW5., Lido
T, E—2aliip @ 25, [UarEEHOEELZI CEF L, SUdERIcRIar > SRtEh
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b4 r7nYxy FOFENELL, BEHICAR SN SERAMRMT 2 L Pirshsd. —7, £—
LENPERCGEZ, EHDVEEOHEEZZITIL2ETHFyE T — Y a VXIEPRR LAWY, &t
IR & LEB U T WE B ) D BENIC BT S NS AIREEDRE R 5 5.

INEFTRBHISNLARID, —2WhEWEERE, KD VHREAICIBGIER S 2 n
CHIRFCE, HEMNBEELT 201, KA L TV S NEEMIOHEABREGSEE S mm ONEEEZ H
BLERTH D L RIAENS. £, RFRZEGOHETE, KHVREICET 2 HEP, KdHw
BEDRIRDMER SN 2 Z eI SN B 7D, WEEATHIE L -ROBEHRGOHETIX, ~voflle
BMLUTES RS EEZTVD.

L7ioT, WEELEE S 2 S TOMMZ X —7 v P RIBOMEFmE T 5 2 & TRTITIZD %
D, HEEENTE 2 L Bbh s, BGRXOHEITNA T, HEREAEIC X D ANEED Bl 2 M
T2 T EMARE L IR AUT, WEYIR SRR I T E 5 X 512570, SEIRFIAED S OREZ
W B D B AL SR ORETDH 5.
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KIRZ—2y FNEBOMNBECER SN F v U T — > a VI X 3 HEARIBGHEZTRINCHEL, %
WRES % T % el BRI [ OKER A OB NI A D 6 72 2 USRI LR & # A L 222 3R
oOlER Y, RMEMNTEE RO — LM ZHEs 272012, EIz& T LAKREX -7y AR
Setiih e SR R L, £ —% v PERBNEIRCEEICHEHL LR ORISR 2 KT 5
72D DEATFAFEZ EhE L 7z

Rrc, RBHREICER I NBEORISGFHEITE, BEHROEEIC XD EEO D RIETOFEM
BIRDNETH 23BN LT, LTV DR X > TREBKREERHE TSV a2y T LIREET %
TLT, BRRROBE LA TE 21T L, R SEME N TWEZ FEHE 0.1 mm F2ET
HHEIL—F—2F ¥ X BFHEL B LT 1000 fEOES FEGETH 2 0.1 um FEETEHHITE 2
FIREMRL 72,

CHNHORICED, RHVREANTIE, REEOL - 2EERTRIIBVW T FrET—Yay
X BEAEBEIKIZLACHERIRWI E, SAZHITIE, BNKIEIC X 23 LWEBEHER S
B EN5 2L, J-PARC HEFROKEF HETH 25— 4101 1 MW TORMZEE
#R0D FE L R 15 7.

I MW Y TORIZEEIZD 72012, RGO NEEDBIGHTEE L 7R OB OMETICBI L
TER-HET 2y, EizICHENEBE L Z 2 2T 2 FIEORFSSH e HETH 5.
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RO & 2 PEFORAE e i, AFZALF — DR ERIFBUCED 5.
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FETJEAIKERD & & =5y P EERACARZT 2B TRAEIET 2.

AFI k> TRIAMDSF v LT —> a YRIANEET 3.
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~AruYxy HEEENCEZE T 2 BRICHEBINC X DIEEITER I NS,
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TP HRLIZOWVWTONTIYXFREZ 3. HlZ1E, 10 0BT — 24 1 LA RS H T2 b DG+
B B L2 6 — LRI OWTEHMEIS 2 &, 2017 46 12 A 5 H 16 KT, 311.69+0.66 kW/pulse
ThhH, BERE o ITFIED 02 WRETH 2720, ZITIREHTEZ2HDLLTERS. BHR
234 1C0VTE, XNIVFORVWEHRTHZEZX 5. BRS51E, KIABKDOY A XRZEMTMIZ X -
TEDZRDNTYIPREVZE T THSH, EEMIZTE TRV, JEGFIRASEREE TR L
TKBHDOX ¥ 75— a VIBEFEBRTIE, 56,7 20 FeDIILTBREINLIBEHEORERS
FHIL, NIV FFiiz LTWd. —AT, ¥y bE7—>aYICX2EHRONTY Xz LT
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L3 TERNBZHERERBRDPEL 2BBOEEME D D732 2R TES [26]. THET
2, BTFRASIC L o TEL2KIBFOF ¥ 7 —> a VB %, BIRINCREE X 72KEHES
B K o THFERHWRWERECHR T 2 iliEE (EUE BT & f R E, electroMagnetic
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DEGHEIZBRIH EFIco o3 Z e 2HERLTWS [27].
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K@) REDSWTT 4 v T 4 Y7 OBEFNIZ L2, JERRIE AR T 3R 22 R Al 23 8 12 7
%78, MR L -CHIEEIECRMES 2 Z & ic L. Fig. A5 2 X i, Y #iz &L
Na =Co+CiPy L TTay P LEAERERS. £, 74 v 7 4 ¥ 7HiR% Table A2 ITRT.
C,=5613 U Cy=-37082THH, 74 v74>7OFHEFERLSEy, = £0.35136 TH - /-.

SERU2SE D4 % Fig. ASIZbb¥ T ay LT
——y=5.613-3.7082x R=0.87559
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Fig. A.5 MR LU CTHIBREIG L7z Py & Ny (FEBEDOANZY X3 7 4 v 7 4 ¥ T OEAMNITITER
LWL

Table A.2 MEZH L THE R L 72 0 Hiks R
N, =C, + CiPx Value Std. Error t Value P Value Lower95 % Upper 95 %

C; 5.613 0.27224 20.618 3.27E-05 4.8571 6.3688
C; -3.7082 1.0229 -3.6252  0.022254 -6.5483 -0.8682
Goodness of Fit R Adj. R*>  Std. Error  F Value P Value

0.87559  0.70832 0.35136 13.142 0.022254

A4 EEHOX Yy VT —a VIBEDHELT

Frbr—a EGOEENTIE, BEOREZIHET 2fEEE LT, ERED L aHlifiEs o
HH XN 2 EEEEE X (Mean Depth of Erosion:MDE) 23 WS 5. EFHICBIT 2 0L 28 N
DN S MDE DM, EHHITH 5 10° [ MDE THIKE(L L 7-FE 4 O RN B 2 BEH
zn—Ya il RIcHE S AT T E % 32, 33].

MDE = C,N© 9
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ZIT, CulF, MEREMHICKoTIREZER, Cs~1.27 ThD, EWHICBIT 2 MDE OENE
ERGFE T —ETHE L EZLNS. L, MBI EORMETHZ2 DT, KERATVF

WD ICHERPNETHS. Fig. A6 IKEBTHEONIZEFRHD MDE 7 — X 2 SOLZHIN &

DEFRERT. RO ZAVT T4 v T4 27 T58, Cs~127TIXHR>TWA L ZHRTE .
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Fig. A.6 BT/ N ¥ MDE Of%

Z DRRIC O W TR R TR S 2 72912, SR LT, MDE = C), + CIN & L ClEFEIH &
170 745K % Fig. A.7 & U Table A3 ITRT. C, = -8.3547 R C, = 12701 THhH, 74 v T4
T DFEHER X S Eype = £0.20682 TH o7z, SE MU 2SE DT 4 % Fig. AT IXhbET Ty

FL 7.
—y=-8 3547 + 1.2701x R= 0.98226
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Table A.3 MHEZEAR U THYERNR L 72 0 s R

MDE = C; + C:N  Value  Std. Error  t Value P Value Lower 95 %  Upper 95 %

C, -8.3547  0.83996 -9.9466  0.00057378 -10.687 -6.0226
Ci 1.2701 0.12126 10.475 0.00046953 0.93346 1.6068
Goodness of Fit R Adj. R*>  Std. Error F Value P Value

0.98226  0.95603 0.20682 109.72 0.00046953

A5 CPEERRS L RKABEHRS OB

FIHARS MDE 3, BB FOERERD XD EHT 2 FENREERTH 20, EhHI
Ko T — 2EHICEM SN2 MR UG X » THREEZRMA L Ui S WEIIC X 284
EXINBKIRE =7y MEBROFMIHETIEE/NHI L 72 5. 7, BIEEBTE, BEREOE R
R LB AR INE 28Ik o TAEUEMNER (2RISR MEEE ~50 um) 231E 58]
HEhTws., Z22T, BEERIC X DS/ MDE U7 OB o R CHiHOFIHEZIc XD
B7-EEREORKIEE Dy DEREFHE L 72, Fig. A8 ICHEEIZ & Y872 MDE ¥ D,.. ODBFH%
IR . Dy V&, BRIAD S EE OB &, EHMOBEETIE, ~LRBUCHT 2 g7
BoTWdZebhrd. T, EWRPTRIREMIZFITI DAL T IBER (—#E)
AT, BOCEEIFET 2ENGERICF Y BT —> a YARET 2 Z 212k > TRAMLLZZHW
BEPERE NS [34] 20 TH 5. H—HEEWMZ TEL 2 RATML L2861, PR O X
NMEY), FvET7—a YORERER L ICEEINS. KT TORGEBTIX, B EE
DFAERTIIAMAT, R LIFESEN—R L LMz EfL TV 5. EFAORATE L 22155
DR B8 (107 B L) T, SV ABUTHT S Doy DIEINE, MDE O¥EMELFL &5
RIEZ TS 22300 5. EEINCBIT 2 Dy DEMELLTFORXTIEMT 222125 5.

Doz = CeN© (10)

SZEAR LT Diax = Cy + C/N & U TRYERIIR M 21T - 72452 % Fig. A.9 KT Table A4 [R5
Cy = —7.4506 T C, = 12685 TH D, 74 v 7 4 ¥ 7 OFHEREZ SEp,, = £0.082324 TH -
72. SERU2SEDI4 Y% Fig. A9 iZhbbET7uy L7 KO KK 10) &Y D, & MDE
DEERICOWTFHIIS % &,

log MDE —log Cy4

logN = 11
og C: (1)
log MDE - C; logDmm—Cg 1

= cl = c (12)
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LWV BEfRICRD,

’

1 _ C71 C; 4,1 ’
02 Dy = ol og MDE — C + Cy (13)

’

5 5

, 2
Y B, TOBEE, BMEOFLAASLHICLD + \/(%UMDE) ro? =022236THB. I,

SEype MNSEp &, ZHNERDT 4 v T4 Y PEETH D, BB, %=0.9987403z1f255.

max

3 T HERR | T T T T
103 Ly =354360-8 " x7(1.2685) R=0.99843
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Table A.4 XIECZEH U CRUEREI U 720 Hrks SR
Dpax = Cg + CN Value  Std. Error t Value P Value Lower95 % Upper 95 %

Cq -7.4506 0.5122 -14.546  4.70E-08 -8.5918 -6.3093
C 1.2685  0.070265 18.053 5.83E-09 1.1119 1.4251
Goodness of Fit R Adj. >  Std. Error  F Value P Value

0.985 0.96725  0.082324 325.92 5.8265E-09

A6 TmARBEEHFERZ LSV R IRT — & DR

KiZ, 2OV AE GEERRERNCAEY) Oy — 20 HIBGIR S 23T 2 72912, R (9) D C4(C))
KDOWTEZ S, Cilid, RV—IC&k>oTE(LT2ETH 3. Fig. A8 MUK (13) IT/RLE LD IT,
MDE ¥ Dy WWIERWHEBEDH 2. 22T, EEIICBITT 2R (BRIIEE N, ITET 21),
MDE = 0.05 um ¥ {RET 3 ¥,

C} =10g0.05 — C%log N, (14)
rzn,

log MDE = CilogN + C, (15)

= Cslog N +10g0.05 — Clog N, (16)

= C4log N +10g 0.05 — CL(C} + C} log Py) a7

= C5log N — C4C log Py +10g 0.05 — C5C5 (18)

= Cilog N + Cglog Py + C (19)

TIT, Cf=4.709785, C)=-8.430101 TH2. #HEQOERADRICED, ZDT 4 v 7 4 ¥ Il
HW, £ \[SE}pp + SE}ypy + (CRS Ex)? = 0533572017 £ % 5. LEAinT, R (13) k0, RAR
é Dmax ci}

G S .
log Dy = Fod log MDE — C + Cy (20)
5 5
C’/7 ’ ’ ’ ’ ’ C:‘C’; ’
== (C4log N — C4C} log Py +10g 0.05 — C5C} ) — &+ G 21)
5 5
’ ’ ’ C”7 !’ ’ CQC’; ’
= C;log N — C5C, log Py + re log0.05 - C,C; — —— + C¢ (22)
5 5
= C}logN + Cjylog Py + Cy4 (23)

TIT, C)=12685, C),=47039, C| =-7.5259 Th%. FribEa,

C C C
SE ==+ \/(c;s En,)? + (C—fs Eympe)* + (C—Zs Eympe)® + (C—fs Eype)* +SE3, = +0.57743 (24)
5 5 5 ’
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v b, HEIEGRRE (N ISHY) Y=oy — (Py IZHY) 2oRAKEERIZIHMETE 3. 277
L, EEROBEIGEXOHTICIX, EEOL —2 37— Py DBRICOWTORMIENNETH 3.

A7 EEESHOZEIZTOWT

FHOKIREZ —57y b TR, =7y FREOHHMG LK T X TR L — &4 CEIzcN 5D
TR, Ld - T, BEHCE, EiEPcE#H s — 25682 E BT 2081 H 5. K
(23) 1T Dyay DEREAL LTz 8 — 287 — Py, »SVRBIN ICHRIET 2 2 e 2m L7z R (19) 22500
% X512, MDE &, »OVAE D 1.3 FIZHHBI L THEINT 279, Py IMKFET 2HGR3E 2I2H
DMEEL %D, I T, Fig. A 10 IBERMZRTD, & 25EMRSM i 1B 5 MDE OEIE
AMDE; V%, 1 DHiDMEERSEM i — 1 KBWTBICHEEDIER I TS Z e 2 E @ L TR TKT.

AMDE; = MDE; — MDE;_, (25)

BIRWREGERSICOVWTE, AL EHTE 2.

Alog Dyyx, =108 Dipay, — 108 Dy, (26)
= (€5 log(N; + Ni_y) + Ciglog Py, + C1) = (C4log Nyt + Cjylog Py, +Cpy)  (27)

22T, N, EHIOMEEEELE i — | TR E WIARES Doy, %, SEEEELE  TIERE NS L& R 15

log MDE
A
MDE; T
AMDE,  ©@Pw
MDE;. lf y
AMDEL: <@f, / @Pw,
>
Ni-1 > log N
«— Ny —t— Ni -

Fig. A.10 RS D2 X 2 78 H B R O 2z oW T oK

awe, BEEERT2D0ICET 2 0LRAEHTHD, RATRES.

! 1 ’ ’
logN7| = = (10g Dyay,_, = Clglog Py, - C})) (28)
7
1 _c '
N, =105 Wp,,. P (29)
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L7o T, BEOEHHFEE Dy 1,
Dinasy = ) ADpas, (30)
i=0

LR85,

A8 E— 2T —DRIFRZREIZOWT

AT TR L5112, EMKIREZ -7y MITBWTEBRNEDEREZHEET 258, Eor — A
N —PrARFAD Py GRLLIZY —28v—) DR,

Py =aP Gh

DPRETH 5. MIERE o 3FER L HBERS LHEER L DHEE SN REINEL R 2HEE L,
NETIKEBLBERS OFEAREREZEICER L TWS. £, 3 SHEUETIIOKRPAM/N I
FEAZEMLTVWD Z s, FMlIIRET 225, KTEEADHRDEEL TN,
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