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Linear stability analysis of high-speed lithium film flows
for the neutron source in Boron Neutron Capture Therapy (BNCT)

Masamichi NAKAGAWA™ Minoru TAKAHASHI, Toru KOBAYASHI and Masanori ARITOMI

*1 Tokyo Institute of Technology, Dept. of Mechanical Sciences and Engineering
Ohokayama 2-12-1-NE-6, Meguro-ku, Tokyo, 152-8550 Japan

The stability of high-speed liquid lithium film flows on the wall was analytically studied for the neutron source in
Boron Neutron Capture Therapy (BNCT), which makes cancers and tumors curable with cell-level selections and hence
high QOL. The object of our research is to materialize the thin and high-speed wall film flows of liquid lithium in a
high vacuum as an accelerator target. The linear analysis approach is made to the stability on high-speed thin film flows
of liquid lithium in a high vacuum, contrasting with the analysis of high-speed lithium sheet jets in our previous paper.
We proved analytically that the wave of surface tension on high-speed thin lithium film flows in a high-vacuum has the
same dispersive relation as the wave of surface tension of the fast and non-dispersive asymmetric wave on high-speed
lithium thin sheet jets in a high-vacuum in our above previous paper. We also proved analytically that the high-speed
lithium thin film flows are neutral stable under a long-wave approximation, and that the high-speed lithium thin film
flows in a high-vacuum are of supercritical flows as the same as the above lithium thin sheet jets in a high-vacuum.

Key Words : BNCT (Boron Neutron Capture Therapy), Accelerator target, Liquid lithium, Film flow, Surface tension,
Flow stability, Linear analysis, Long-wave approximation,Neutral stable, Supercritical flow
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TAETIE, FEIX 1981 F0vH HARANDHTJRR O 1AL TH Y, 2012 FITITHIELT O 3 F % T 0 ()
FERTZCHR BV, 2013), FEXIRIIMEBR OB L 2o TS, T, 0N A HLAL TR L CIBIRFTRE T,
FEIRHEZ D QOL (EIEDHE) 23m<, BOfIRRIE S SHiv5H BNCT (Boron Neutron Capture Therapy @ 7 7 31
PEF-FHETE) (Tanaka, et al., 2002), (Bengua et al., 2006), (Kobayashi, et al., 2007)23EH SN TR Y, FAE DR
WEDEEIAED—D L 2> TW D, EOTEFFHBGF-#IMER 2 —7 > b & UCEI S5, Enl TR
U F 7 L O\ LB (Takahashi, etal., 2012) & F2813 2 72, RiR(H)1Ifl, 2014) ClkF &R D%
EMEZ#im LI-DICs | &k, AT, REZETOWREY F 7 AOHEKIEROLEMEICOWTiFimT 5.

ARHFGERT ST, NREFIHERE: T OO mEZE (1008 Pa) O TH Y, M OiEIKY F 7 AILEZE S — 47
v NAFOBER BEEBUR) 23500, otk BRBWERE A R T o0 Th b 2 L, EHIC
IBRICAREN SR E Ry MOFELMO T, k20 LRI Y —5 v b & L Th HHEIFHDE S A3
FOREND Z &, FOMKIN D 5. Bf, IERHTHEFRERFFENOIR) S TIH/ELNL E VI RN H 5.

AFHSCTIE, 2008~2010 207z o TIHHRF A BREFse&aidha - JRsEA) GREE 5 : 20240054)
& UTHOR TR R LApEaT Cole S 7z, mdt2e (1072 Pa) T OWIA ) 7 o i) F2ik (Takahashi, et al.,
2012)I2R\\ T, FEPICEBL SN BE R EOE S h=0.5 mm OEK U F 7 ZEIERIZOWT, JiFd(FI1fl, 2014)
Cigim L7 IRAE & R S TR S, ZOMIBLEMEEMNT L, RIETE O T CREEZFHnT 5.
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2. BEREROBMRELENT

AR TIL, EEZEHORER O Y F 7 AEIEFEIZ- OV T, Hagerty and Shea DR FE it 253 D BRIZ L E
MM ORI Ok ERE T F2BRf &) (Hagerty and Shea, 1955) %, EEZZrRDHE U F 7 A EERERICE A ST
SR GloE) A FER(R 1, 2014) DT 2 X— R LT, T EHERIT D CEiR A IR T 5.

T h, BEE(T) 1, 2014) DHRFEER CIE, B R AR 2 HFE L7y, ARjeSCTHR D BERRIT CI,
BEMIZHET A MO E A EEmIZ L > CRBEEZRR EINS 0, HEF@mAEY OO 1 EmZ T2 L Tns.
DRI, WRFIETECIE, REZNEIUCKEMED 1 OT D, GitL T2 OOREENFIET DI ENTELN,
BERIB ClE, fFAECX 2ERMmEIL, 12 TRLNS.

LICFRITRIG OMIE K 23, ARRHTCIE, LLFOREZE V5.

from  Slit nozzle, | Flat Guide wall (SUS306).

T
Density p
L : Length of a guide wall
Velocity U
1
Proton beam 1 Neutron beam
Incidence Production
Liquid
surface—
High vacuum
(103 Pa)
Thickness | H in
PN accelerator
tube
-
1

Fig.1 Aside view of a wall film flow (a film flow on a wall) as the liquid lithium target flowing in a high vacuum.

LR Y F 7 20— R U GhE R o xtihz &%) 1%, BEAHORENEHRTE2IZEHoickEn. &
B, BEEEDNRIR Y T 0 LK 2 (5 DK A I @ RSO FE5R (Hagerty and Shea, 1955), (Taylor, 1959a, 1959b)
ZHAUE, ENOEBIFILEALMEICR LN L (RMRE L OF4M) 23, FEBRIFOGENGIEEIND.

2. AV b RV GREREGRAY (wall jet like) (ZEEZE (10° Pa) FUTHRH L7iRIR Y F 0 A%, FEREME,
FEIERENE, ML LT 5.

AMFFEOBERIRIEE T, BER EoOY TR %< (K 60 mm (Takahashi, et al., 2012)), BE[EiEEEILH £V
IR EEZ IS DD, BIR(H)IHil, 2014) DIRFVETRIZ 3T D BIELEEVERAT & FIER, WRIR Y T 0 A ORhEME
MU BEZERTOY F U LK (BIFITES)  flai 180°C (27T 107 Pa~lisi 344°C 12T 10 Pa) DIF(EIL
RIS 72 720, TS 1T 2 JEBHOKIE DR & Jitlihy, T4 h pa =0, V' = 0(Hagerty and Shea, 1955) & 3317
L Z &0, ArR(R)IM, 2014)D 3 - 3 Fix B I ZV. FT, AGRSCTS M L 7= 526k (Takahashi, et al., 2012) CH
WZBEE A Y > R 2 AV OTIRIL, [RIZESTRO Fig.7 ()RS ivd &80, OB OES=0.5 mm, £ilE b=
50 mm, O OMBEEE OB 100mm TH Y, ZOBOIRIE, BT EZR> A Y v b & RE 5.

3R Y F U AOREICIE, FHiEHDDPEHL. (o REEIRE



4. VF U NEBEROFE (y=a) 1L, REne, AEHE oD/ N (no<<a) 1L > TiLEN D, (RIEE S
he=a) 7235, AGHSCCTIE, AIH(H) i, 2014) Tl U 72 AN DR E 2 RiEI O ONMARZEL, MR0=0 72 5.

5. WMAUTER THDH. (BALEATE Y720 ONRFEREL, B Eo ) F 7 AEFEROES, heU=al = —i&.
Zhug, “konitubEEl Tty H5.)

6. IE 4 I\ X VBUNMTELES N U F 0 MR R E O H AT, RO X IR TE 5. 2L, k : Ak
A X OEEm FO Y F 7 MEERTIL, 0<y<a (BEfmo U F U LKEROREE T) ORTETEZEZ 5.

y=a=he (VF U LEEROFEH) T,  y=yi=mpe =) (1a)
D
y=0 (Bm, J72bb ) F U AEREROER) T, y=0 (1c)

2T, REFE, ()M, 2014)0 U F U AEEREROMENT E X LW 91, (1a) 1, (1e) & L7-.
RGE 2 DI LN G, HWERT Vv bg PFEETET, ROEEMEESNIZBOFEATERDES.

0<y<a (VUFULEIERN) T, ¢=-Ux+(Acoshky +B sinh ky) e' (k- 2)

72720, -5 A=i(wk-U) (1-€"?) p/2sinphka=0 (""9=0), B=i(w/k-U) m/coshka
X (2 ZEE 1B LOUUE 2 OIRIE LSO F TV S EN TR 3) (b~ X — 1 OEE)
U22=-a¢lot+ %2+ Aplp ®3)
(BUE 2 DIEFEMEIESAE S V) ICRATIUE, U F U LR E mEZ%E (103 Pa) FRHR L DIEAZED,
Ap = —i k p (w/k=U) (B sinh ky) & (") @)

UF v NEEROKREORERS, TobbiR (Ckou) R ORERICE T DNADESET,

y=a=he (VF U LEEGTOFE) T, Ap = — o (%ylox?) (5)

X (1a) ', (4) =X (5) [TRAL, E 4 ZHNTEES L &, kLD,

Kp (w/k-U) tanh ka = k2o 6)
L7enio> T, Bk, & (6) ko THExbND. ZOoHBRl (6) 1%, ArR(F)IIfh, 20140V F 7
DIREMSTU BT D PR (0=0) DHAEOX (14) LRICTH L. R (6) 2R L TEHET S &,

o? tanh ka —2wk U tanh ka +k2 U2 tanh ka —k3a/p = 0 @)

w-kuz |Kolp ®)
tanh ka
L7235, EBEZENOREN EOMW Y F U MRIEFROFm CTHRATHHKIL, X 6) [tk TEHTES. =
Doy R (8) 1, AIR(H)IMth, 2014) Tl U 72 MBS 35 1T 2 BORHRIE D43 #BEfR=C (16) L[RIUTHh 5.
PRI, R (8) 7D, WMEEHOEWRIRY F U AOREmEEG (RO B &R mES L7 F EL,
ROERILEARBEICEE LT\ D728, RIAESIOWEN 1 FEFSTEET D) Fojd, BEER (Ko B m#R
A 2 MICAAET H720, MERmEOM CTAHWICAFEZEZ R 2 FEOR IR O NHFET 5) I2BIT 5,
BT 25D, E TIEDBEDORHFRE & 3@ T o B 2> 2 E AR SNS. 22T, RO IET,
ZoX (8) DIFITHOWT, mrER(T)IM, 2014) L REEEZ, FETPlo FTREMEERTD.
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X (8) WaA—Filid 5. WFEE he=ad, HRA= 20k 2100
ka << 1D& %, tanhka ~ ka 9)
752 2 BT EIAS AL Y 310,
FIR oK FOFEUEL, khe =ka<<0.251 (=21, 1969)727°5, ka<0.251 & L CaliidiuE, EHES he=a

=05 mm (2% LT, k<0.251/a=0.126/(5x10%) =502, .~k =2n/1<502 &725. W zIT, FWITEINATRE/ IR D
FPHIE, A>27/502=0.0125m=125mm L:RKFB. 2oL x, K (9) OERICEZERR (7) i,

w’ka-2pkUka+k?U?ka—k3alp=0

ka CTEID, o ICOWTHRL &,
w~kU k% /pa=kU+kyolpa=k(Uzx\o/pa)
s, ROSHERKEE5.
. olk~Ut o/ pa (10)

X (10) DGR (RS &4 —Z a4,

Jolpa ~ 4J0.384/506/5x10* =123m/s << U ~ 5.0~15.0m/s (Takahashi, etal., 2012) (11)

Wwziz, O ZoE, X (1) OEHEOEN D, B p OEMEICK LT, KEE oa 28132 T
b5, @ HBARA (10) FTPEHORX (11) ORSANAIZRLR0MNE, WRDEICH L TH, mEZE
R OEER LMY T MEFERIIALZEIC e bR &, @ Eit@QOBEEHOMIE, 8w T, Z ORIz~
T 1HRE RERFEE U OWBEFRICH LIRSS Z & (BEERT), @ MoIEoEbE QN k I2k B0,
Nonsd. £z, ® EEOQOTHENT X I, BEORSANAICRLRVD, AHE o I3HEFEE oreatiBimg
W7 bR, Tiebh, REEDOHMER fimeg =0 (FILZE) THDH. (22T, ST Real : I, Imag. : i)
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