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Measurement of Boron-10 Concentration in the Blood Sample for
BNCT by Prompt Gamma-ray Analysis Equipment of JRR-4

Kazuyoshi YAMAMOTO, Toshiaki KISHI, Nachiko HORI,
Hiroaki KUMADA, Yoshiya TORII and Yoji Horiguchi

Department of Research Reactor
Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received February 2, 2001)

The preparation of the medical irradiation facility of JRR-4 finished in 1998, and the first
medical irradiation was carried out in October, 1999. As for the boron-neutron capture therapy
(BNCT) in JAERI, the patient has infused the BSH (Na,B,,H,;SH) in this body beforehand. Large
damage to the tumor cells is given by neutron irradiation using the property in which tumor cells
is easy to contain BSH further than the normal cell.

It is required that the boron concentration of the patient under irradiation is estimated
accurately and quickly in order to give the dose which is effective in the tumor cells. Prompt
gamma rays analysis is very important analysis method for BNCT, since there is advantage in
which high sensitivity and pretreatment are unnecessary for '°B. In this report, calculation
method of peak area of the boron to determine the boron concentration at the prompt gamma ray
analysis is reported.

Prompt gamma rays are emitted in the slowdown process of "Li nucleus formed in the (n, @)
reaction, when the neutron was irradiated in the boron. As the result, the observed energy peak of
the boron measured by the detector becomes shifting from the energy of true gamma-ray by the
Doppler effect, and the measured peak does not become form of the Gaussian distribution
observed in general decay phenomena. The peak function observed this Doppler effect was
deduced physically, and the method for calculating peak area and other parameter using the
nonlinear least squares method was developed.

Since the sufficient linearity of the calibration curve of B/H ratio, the calculated area divided
by peak area of the hydrogen versus boron concentration is obtained, the method is utilized in
actual medical irradiation.

Keywords: JRR-4, Boron, Gamma Spectroscopy, Least Square Fit, Neutron Activation Analysis,
Prompt Gamma Radiation, Numerical Solution, Spectroscopy, Whole Blood, Prompt
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Gamma-Ray Measurements, Nonlinear Least-Square Fit, Doppler Shift, Doppler
Broadening, Error Function, BNCT, BSH
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Y. CCCIRBADEEL DRDED. BRI () =(re I EAINTHEEFIIRA L T B0
A5IT, CHHEMOSBEBEON L 8T 2 L. X DHEICR 2,

(erf (x))'= fg‘ x)’ }exp( x?) )

N TR erf) DM BIDHRC T E /= C &I B,
QORIZMER, FNZNOKAIZ A—FIIT 5 QDRI EENTNRD S &,
3P

—=1 25
ac, (25)
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M—x C, (26)

601
= erf(\/a(x-c,‘ + Cs))_erf(‘/a(x_Q ‘Cs)) @n

2

g(f 2\7"— kx —C Cs)erf'(\/g(x —Cy t Cs))_ (x-c5- cs)erf'(\/a(x —C - 65))} (28)

-——cl {c\/gerf (r(x c4+cs)) cﬂ/aerf (\/g(x c4—c5))} (29)
——cz\/Zerf (\/g(x Cs +c5))+ cﬂ/Zerf (\/Z(x c, —cs)) 30)

b, WEINZEF v RIVOBRER 2

R; = ¢, +e(x, —c4)+c2izrf(\/_c_3_(x‘. —C ¥ cs))_erf(‘\/a(xi =G “Cs))}" Yi (31)

L CEHETE DT 2 BEO~ M) v RITRATE, &35 A8 bdo T <Gt
B2 LHTED RLOHDIVMEHTH S E—VER. POTRNVF. FyT7I—H. iR
DEIINT A= BANVTROISICEHETE LN TE S,

AoV E—JDWR: A=c,x2xc 32
v—rdubz i V¥ E, =c, (33)
kv 7o—#: E =c; (34)
4l : FWHM = 2';’73 35)
3
6 2T

JRIER 2 REOBFA ST A—F I 2FERET BT RATRIN D,

_12 R
a(c, )= n q) (36)

T

(i

F;'; e~ b ) v 7 20T ONAER
n; BAINDEF ¥ ANVOH
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q ; REIZ A —FZ D
Ri ; &=

ChBDORERSAEHEICIRECROGERIT IRV, AT DD Y— HEOKRE
RE X

oA \[ o(c,)’  oes)’ o

2 2
62 CS

LaHiiEh b,

7V 7 R

6 B~ =EEFEO-HO 7 0—F ¥y — % Fig6 12733, AV 7 b % Bl0Peak.bas & &3lF
VisualBasich (%1 270V 7 ht) ZHWTERTY 7 M 2BR L. FOFIET70V 5 A0 X8R
M43 2RI T VisualBasich 1X Windows (¥4 270V 7 b t) @ OS LicBiR ¢ % Basic S3E
T, BHICA V=T A ARERTEIEDTEDLHIDTH Do ANINZEARY MVF—FIET
FZAMERDT7 7ANVTH Do BARICANREEE T ST LT Basic Dz A THIUI. §HE
XHIEECH B,

B10peak @ A1 > @D Form % Fig. 7 (X d s BTERITD 7 7 A WEERLR, Calc Ry %22
w2 T 5EFC RO E—J R BRERE FyT7I—l, Fv 75— 7 b, EElR, ©—2
FLTEANT—ER2HETHIEDTED, AFRTKEDOE—7 HH ™ 2B AW CIEGRIR/ ) 2
FREAWCGEHE L, KEEC—/HH BEEFE. HEE E—7P o3IV —alihdaed
TE Do SHIKEY—VHERIINTEHRYEE— I EEOLL (BH tt) % TextBox LIZ#ERL. &
ERAERDTO TextBox LICA P 7ENB L HIZ LT, TextBox LIZHATAZ LIZL b, 992D
JE—&R—R MNCOT 7)) r—>a ~"EEAHETH D, £z, HELUEMRIZOM217-
AMD7 74 WEREEL, REINDLDITR>TNWS, Nadhy 22 ) v o LS, Na B—
PEAFCH UL, ZhERELERD V-2 oz AILT NS, L»PL, Na £—2
DELE LRV, SLEDPTHIEAS. SRCRO L P—258b LT Na ¥—22Eh T =
EPSEFRDPDBETH S MEHIZIE Na 138 0.2% T 205, ZOREIMENz8, Figd IZmd
X512 JRR-4 H5s y AN RBE CIIBRNIh TRV, LEDS T, KPR EAMET IBAIC
(X Cale RY > &2V w2 THREITC AR TT A LIRS, ZOFHICET 2RHIEH 5 7
2/ (CPU : Pentiumlll 450MHz) T&b. Ge BB CHAIINST—F 2 X b L Rz RIS
FEHERBIN_R T 4 wT 4 Y TUHNITI D LS IR o0

8 BUESIR
B WA ERAET S 5T, AR REAETITDI T\ % Kobayashi® O\ TW 2 Hlgak

Vi~

‘:J:‘D'Cﬁjo
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B,H
B, = — Ryjhe (38)
Ry 0,

T,
B, : flET 280 B #E
B, : BE DD T S8R0 °B #E
Ras - WET 250 HIcH$ 2 9B UL
Ry : EEDS > TS HIZHT 3 B OFHEL
H, : P& T 2R DKEEE
H, : IFESNOKREE

Kobayashi = & tud. ZOERDIRT L 5 ICREEICKE 2 O CEEREIIENORITHE LR
WA ¥ EIEICRDMETIBREDD b, EREORE CHEIRERZEL T2 IENOR 2T
. BRUSIREZHITLLENHEE LTS 2,

@ORIL. M =B/ (RusH,) ZFANT,

B_=aR —= 39

LBEDZD. ZORMa BRDDEDIKREMBREFTELED DD, TORXNTRT L SICELR
PIBARDSE 0. BRAOEEITN TS Rx 20T 5 2 LIck DREMBEIERT 5 2 L HCEB, L
L. JRR-4 By SRR TN D S RE T 2 KE y BOGELE T D720, KEOFEED
BIDINY IS FEFELBIE, Ry EROBINIRER LD T, AKOFK ald/ vy
275 RRELSIE RROLBEDTHS.

BO

a=—"- 40)
Ib /(Ih -Ihbg)

8.1 UMUK ERAWERIE

KRERHAL D o S R D 0 BEE R A B U TRIEEBREIT o720 £T. KRD/)Sy &
75y FOMEETR 1= MERMIFFAFHS 3.5MW R 9 BIOREZE TR 570 JRR-4 JH-F
FCIXHAOZESHHFREINZOTHETIRAEELDZLICLD. TORBLRELERTED
Y UTo 9 BOPEREES Table 1 IZRT, COMEZLDKRONNYITFV K L, B 137
0.177cps THHZ B>z,

WE I RKR B BkO T ZiEEE (1°B) 2 10ppm 25 100ppm FTEHR L. Y > 7V E 12 0.1cc.
0.2cc. 0.3cc. 0.5cc. loc. 3cc FEA LJ-AREEY L 7NV BER LIz T HOYY 7V B GICEIERER
ERkDB, REMEEDY S 713, HdicHyBoOEE (“B) . HMIOKESHEER (v s T75F2
BlW=) WA 3R EOFEEEZ 7Dy b L, FOMEIERE/N _FICX>TROSH Z LIZX DRI
Va BYET 5. PERRN Live Time % 600 R LEE L TIT o7z £OKR% Fig8IZmdo, O
Y5 7 OHDOBERIL. BEERE 2%KMOHDEBRLTH LN b D THSFig.d ). EROA
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5 alIlTOLBHTH 5,
a=328 : (ppm?) 41)

CDERD S DFE L R BIKEOBRE B2 DI Fig 10 DL S ICFE Lodlz. ZO Figl0 AT
LD IZBEEINZ VDI 0.20c~0.5cc THD T LD o= 0.1cc DRRFTREDKZIN=DIZHE LT
WHBRETHDDICH L. lec. 3cc TIIREFHREDI/ NI WICHBED S TRERFEE TR T IR
HEEDNDBEENE L TNB I L ETR LTS, ERFRIZ. B U—2BODIST A—F
RTCEFRADEL LTHELTWAZ L N2 TS5V RPENZ EBEIT 55, 1, 5ppm L
BEHNIVRRIAE SHANTE D, B E—2 O¥ffES 60ppm L EOZh L HB L TKRE < RHM
B Do 2F D, SIN LEABEN =8, KEEDS F {FHETT. TROBRLE-ZHDTEHEE
HETZLITHD, ThEI-DICIFFHINREZRL 20 HEBOBERT Ky 77— 7
NOBEER E DI ZRD)S5 A—FEBELNBBELEL bND, REWT Y k¥ 1 LOEEY
F|RBEHIC, FigllITRT LD ITF Y FF A AL BEEOBHREEE Lz, MABEINSVHA,
BABEEMNNIOD, T I LD ERT L L HITPPBENHUCS 7 P LTITFL L3 IBD
N5, BEBEEHERRERECIZ 212X, WERDOT Y FF 4 L% 23%KHE L. D, etk
E% %AW LRITIZRS V. THIRERRE. Y 7V0OBRE LBHR L THEDTSHE,
B R PESRL2BET 2 LBEHH Do Fig.12 IIMEHHE 2%KHOT—F I ONTRHBOKBRAR
EOWBET LTS, 2hEMd 2 L, T2 OBEBML L% RERFFIN TN D LD h 5,
L L. HIRDEL BB ITEN, <4 FZAHICS 7 b LTI BEL BN, JhidgEYY 7Vo
L DBDEHELIOND, BRICXDAKSETHDLT OV TNV E L XD RT, FUBKIE
WMLV B CE D, CNITMEMRELREL 22D T, BEY 7))V 6 r ARE TR
I REZEDDIo,

8.2 KD
MK ZRET HBE. LTORDPTOBKER RS,

1) KEBEEVTOBKE RS,
2) PHILEED SR B,
3) 2Na O —2hER %,
4) MEREDRAE L TE O A RERTH S0
5) MEk & MR ELSRRS /=077 %,
6) MERRIMERDLIZAICL D BB,

F9°. KFBEORIEICOWTIX ICRU Lih—b 46 QMmO KE#EE AT, ME2TITIR
WD TEIRIZHRALT, RAZHEHTCES,

B, - 32.8x—02
11.189

R, =299R, 42
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KEDBEELZFRD =DM lec X 3R I8 loc DKFEZHEERLZ KD S L. 0911 &b,
ICRU LiR— b 46 @ 10.2/11.189=0912 LIHIFA L L2 b, @2)RDOKKBEMELHIEETH S
Z Db, M BSH (NagB,,H,;,SH) %% L=50ORIE%E Fig131ZR7, 77 7%
DEMRIIADRTH %o Fig.14 IBRARERR T T—FDEDRICH LT 5% DBEITITINE -
TWBZeBahb,

FHILBEDRIEIX ICRU LAA— M 7O b AZDONWTDOT—EDH D, FhIZL B LK E MEDZEX
KE L 08%FREMBDIIS> W DINLSTH B, L L. Fuv 75— 7 MIBICTRIVFREK
ERTOTHILEEIERE L L THEELRRERR 2 BEEZ 7T FRRIITS KB 40ppm LU
LOROBKEIMBED kv 77— 7 MEZREERT % &, FUBKTIX 0.821+£0.016keV TH S DI
L. MMEHD Ky 75— 7 MEik 0.85810.012keV TH Y. 45%FEMMBD K E 2> T
Wdo THIZHIBDMIEEEDE (0.8%) 2BRET 5 L. MBEROFEED 1053kg/m® THD I &
BADBc B CRLELDICZD Ry 7S =27 MNEDRERSTH, £EL RS B E—7HEICIE
BBV, RERSIT. ERLEZLBY. BREEEITH S -0 ORMAIBEBOIANCES
T1THEINSLTH b,

25Na DT v SORBEEDS VB 12 AR THAIZEN Z £ 2258 10ppm Z2JET 25/ 20 TE
BB RN JRR-4 By BOWTEEZ VW TERICHERZTT > TH, HERE—I 2RI L
XTCERV. FZ T BNa DZORE a ~NUTITHEEBE I TCERTHI LICT %,

A)~6)DIIFK & MEFIZ X DR —H b= 5THEI, SEFHEE LTS HICHRELEL TS, BiE
MEOPEINEEFIC B L. MERTRD L THIHEL TN, 5. MBRIMFES BRI
DE LIzt HEREER, WSO L -IMKOREBLREOFEERLEL Thd,

8.3 Ifiyfi Na DREEDOHEE

MEAICIE Na A3AE L. E 7255 L 7= BNa b2 5 472.202keV OHIF ¥ E B § 5.2 D *Na
E—I DR ED Ry 75— —2 e T 220, 20RE2EZLIIPRIIRSR N, JRR4ICH
WCIEDSHIREL R B F T, BRIZZD *®Na U— VDT 2R WATH S L EX, AR
N2 R ORI AERZ R L. V7 MR T o7z L L. RZIEFERR JRR-4 O ¥ T3
BIZBNT ZNa DE— Y 2R THENTERDP o, T, BE, PNa ov—r i h
BROODEERTLIL L Lk

(BNARDRI a DY BRRIKICONTE TR T 2o Ge BHISRICRIIIh DA viiE. €he
NOTF )NV F—IZin Li=2E £ B CHMEI N TN S Rt FIo a2 R ZO ISR L KRDK
BROLE LB ICI DR a IEHI NS,

1 V€, 2 510®

Iy
I, vuye 2y¢

_ V38,9510V pio - V,€,0 510N 4050 /10

43
Vu€uOuNy VyeyoyN, wy,,°2/18

K
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Eyp & "B D 477.595keV HIFE v M 5 Ge BHERO TR )V F—Zhf
&y HD 2224 57keV BIFE ¥ I 2 Ge BHESD T RV F—ZhK
Vy : B-10 D 477.595keV HIF v SO BIHEIE(=0.947)

vy : H D 2224.57keV BI5 ¥ OBHEIEE1.0)

wWsy : B OERE)

Whzo : KOFHRE(E)

Opio : BTN T2 B I 70l (barn) (=3837)

oH : I 2 KkED I 7 OWiERE (barn) (=332.0e-3)
o BAPETIINT S~ 2 oMEsS (cm?)

Zh: BT A 2 Ol (cm?)

N, : 7HAH FoO# (mol?)

NBIO . 108 o))ﬁ?&

RO RMUKEOKHERZRAL T,
I_b - 0-947 * 3837/10’8 s_b wBlO - 9,85 x10—3 S_b wB[O (44)
Ih 1.0'332.0)(10-3 '2/18 Ey Dyso Eg \ Wyso Ppm

Lirdo R LKROHNGIRIL £/ £y ZHEDPD D T-DIZ. BH Eu-152 EFE Y2 7IVEVICH
DHIREZR TR o120 TRV FENRFEDEER (Fig15 BH) 206 2RI v BT XNV F—D-0.759
FiZHHILTBD. @RIXRA L RS,

-0.759

I _ 9.89x10-—”(ﬂ) (m) - 3.17x10‘2(ﬂ) (45)
Ih ppm ppm

H WDyz0 Wyr0
hudPud N
Ey : B OARE Yy BOLRNVF— (keV) (=477.595)
Eg: HOMFE Yy BOTINX— (keV) (=2224.57)

Li=D5o T, @5)RDREIL a DB TH I 25, a=31.6 LEHEIND, ZOXHRICEN =M
Rk ERNTEHIEI N 328 &b 3 T%REERMEL 25, DED. COEFERPZYTHSHI
CHEREHET A G N &Il 5,

FEbkDOFHE BNa il DN THITHI T LN TED, FTTHHERTS L.

Iy, - YNaE 8O Wa¥ha YV NaEnaT walN 4PN /23 =626x10"7 Ena Dna_ (46)

1, Vy€uOuNy VuEyOyuN 0y, -2/18 €y WDy
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~-0.759

=6.26x10'7(E”") ( Dra ) =2.03x10-°(—“’—”“—) 7
ppm ppm

€y WDyi0 Wyir0

Ena ¢ Na D 472.202keV BIF ¥ S8 2 Ge BIHBO T3 ) ¥ —hK
Vi : 2Na @ 472.202keV B v 2O BHEISE1.0)

Wya : ®Na DEERE)

Ona : FAHPEFITNT 2 B DX 7 DX (barn) (=531.4e-3)

Ni. : ¥Na ORF¥

Ena : 2Na OHIFE v SO T2 F— (keV) (=472.202)

&%,

EFEERAO Na BEOMBARICIZ S BE8E © 142mEq/ 1, #EAWHICIZ 10mEq/ 1 TH 3. (4
& (equivalent,Eq) : A AV DENVEE A > ORFAHETCE| - /-, EBERWICALZEVCHYTHE
THb, WL mEq ZHWS, ) MEIXIMR L MEKD SEES D, ZObR22MphomkEDH %2~
27 )Y MEEF, BRAEL 4% L —ETH Do, LIH>T. 2V v MH 45%% 3 & I
D Na I 826mEq/1 (=1.79x10°ppm) LEHETEZ, ThEADRIRATSE &, L,
3.64%10% &%,

L I

H H

B, - 29.9( ) -29.9(R, -1.79x107%) 48)

AR T T RBEOKERRICN I % Na DB % Figl6 IZ. Na BEIC X 28 2% FiglTic
ZFhZrd, dliH BNCT TS DR o FREE 2K 10ppm & LTW5728, Nalck2#EE
Q1%L TIZIMZ SN TN,

9FLd

JRR-4 IZ5\WTH BNCT BEERICIY, B E—2BR2FE L, IR 2 FKiC X B3 Ak
BRESL UT=o AR CHIAT 2 BE8UED 1998 40 Magara & Yonezawa CRLTCW\W5 °B ¥—2B§
Bir 5 HBHNEETH D Z L HFERHIR Uiz B5 IZRR D, BLIIHERRN T 70 —F kb5,
RICHT 5 I B TEE, ZOBIBIEI 2 DOBREBBOEIIRSTNEZ LB Po Tz 2O
B LS 275 KD 1 RAE AW IR/ 2 RERRAWET 4 T4 T RTFS5FNVIN X
LTS A BRIz, SOV FE2AVBZLICLD, T I+ °B #E%* FRCEH
HIDZehmliek oo 2OV 7 M E2AWT JRR-4 DE#FID BNCT (1999 4E 10 H) BiF 3
My FEEREE LB LIz,

JRR-4 MRy MO EBIIKRDON Ny 275 k@l ZOREAERZRTEEDIT, FHHFD
HOEBOBREEZER UIKEDISY 775 RORERITRO 20 ZOMEICLD YL TNVOHD
WRETCKE/ Sy 2752 R LT 13.720.177cps H D Z D3P0 i=o
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FRFBAZBNTRYEESE (1°B) % 10ppm » 5 100ppm F T, #HE#% 0.1cc. 0.2cc. 0.3cc.
0.5cc. lec, 3cc & U7=ARHEY Y 7)) 4ERL LIRIEHIRR 2 KDz ZORR. BAREI/ NS VDX
0.2cc~0.5cc TH BT LDDDPolo e, 3cc TIRIMRFIBRZEININICHBED S TREBKT 2185
HH b, ZOEEZFERL LT B U—VBHID/ 87 A=Y DTRTERAOEL LTEHELTWS
el NwITIYRBENI EHET SN, SN AN LRSS X FHETT. £KkD
AR L& 12 b DT EER T2 ADH 210D TH %,

AR EEEHEICMZ 2010, WEROT Y M1 L% 23%KE L. D, MEtHR
Ek %K LRTIRSRV, COZRGEHRETIICHETIE, Nv I 752 RORNA
BiEICBOTH, TaRERME (X5%LN) HBELND LRI N

L L. EffUEEY Y ZVAE UEERTCIRBRLIITA F RS 7 F LTUTL R BN S C
Yok, THIMEEY L IUVHERIC L DKDEFHD LT OV INVE L X DRIT, FUR
KD L CITo TS L HIlT Lo CHIZRERIE LRIEL 220 T, FEY 7V 6 7 AREE
TRMTRETH %,

MIFEORPEITITKEOEEEH 0.912 2N 5 & TRIERTTD L RWEHHSD - Iz iiIC BSH %
s LA sio o LT, R BB ORE I A SRR HURHIE U 7= B 6% DFREITINE o720
ERSIC RS LS, SHEINA Ry 75—V 7 MO EBERHE TSI LR L. VB
KEIMMED kv 75— 7 Mz T 5 &, FOBKTIX 0.82110.016keV THHDITH L. MK
o kv 7F—3 7 Mik 0.858+0.012keV &b, ®XIZFRIEEEDEN (0.8%) ZFRE L Tk
Y2 Z)VOHEIT 1057kgm® LR BNz, JIUIRADMALE 1.05~1.06 IZAEHTH5HDTH
%o

FERNIT KD T X REBEBRE LHERNCENEZEH T2 L ERTENz. BROFEICELD
BNa I2DONT HREEZ KD, REERC MIITHERRANLER. B 10ppm 2RET 25HH. €0
BEBOEEN01%UTTH B L 2P Uiz,

SEOBHL LTUTOHONEZ BN D,

1DJRR-4 BSEy 8D/ w 2 75 REETIE SN xR LS B,

@ A ER 2 RE LR S TUIRSHRW

3)IfEk & M & 2 R —H 7= & TEEICOVWTE SITfiD <BER L. MBKImR s8Ik

—{bIZA 3 2 PR S R T RITUIR SRV,

H7OY5 NI EERGER b H D, CEBREFI ML TREEE BT

SIE R 2 BB L. BETT 2 2 LIC X D RERUSHERE 1T 2 AR T 5.
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or

AR & OFREFRCH 5 7= DRPAZORMNBRE, ILATREECIXmE Y > 7V
B D BHTENES . MKOMBEORBIC DWW THBIRZHEE L ERERHLTED
$4, $7-. PHEURHARE RO FRSIRIRICIIR Y BOK DR /ER L WV E & RERSR L
TOETo FIZFRIFZED ANTE R U KBRS 4 OFRREER R ORERN L TIRE, 00X
DEALHBL ETET, ARESL2ILHIHED. MY TS o MR RO Bk, /MME
B, RUESCHE JRR-4 SR, & BT AR BN SRR NI H LGRS R,
1T BN LE T, LU DRSS, BIRER S NCRIHROA 2 ISt m L LITE T,
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Table1 Measurement of hydrogen gamma-ray background counts in the JRR-4 PGA

No. time Ling Oy
sec counts counts
1 616 8.73x10° 1.05x10?
2 600 8.06x10° 9.96x10!
3 600 8.35x10° 1.06x10?
4 600 8.27x10° 1.02x10?
5 600 8.18x10° 9.08x10*
6 600 8.15x10° 1.16x10%
7 600 8.00x10° 8.60x10'
8 600 8.21x10° 1.34x10?
9 600 8.12x10° 1.11x10?

Average: 13.7cps£0.177cps

Table 2 Doppler parameters

Doppler Doppler shift FWHM
Broadening
keV keV keV
Boric acid 6.852 +0.016 0.821 £0.016 3.524 +0.222
BSH 6.854 +0.022 0.819 £0.021 3.535 +0.307
Blood+BSH 6.815 £0.012 0.858 +0.012 3.404 +£0.334
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Detector j
Reactor Bridge
No.1 Pool
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Collimator 1
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Fig.1 JRR-4 prompt gamma ray analyzing system
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Fig.2 prompt gamma-ray system attached to the neutron guide tube of JRR-4

10B+1,;,(0.025¢V)
v

[llB] '

— T1/2--73 X 10'158 ____
/ 4He+71I1*+2 31MeV(94. 7%)

‘He+'Li+2.79MeV(6.3%) | 7L1->477595keV)

Fig.3 B-10(n,alpha)Li-7 reaction, activated Li particle is radiated a prompt gamma ray from it
with 0.478MeV energy during T1/2=7.3e-14 sec after reaction.
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100000

478keV boron peak 511keV anniilation peak

J

Counts

1000 D

100 " b
447 451 455 458 463 467 471 475 479 483 487 481 495 499 503 507 511 515 519 523 527 531 535
Channel number

Fig.4 Observation of the boron doppler peak in boric acid sample of lcc at JRR-4 prompt
gamma-ray analysis system (The peak was observed the spectrum shifted from true gamma
wave length with Doppler effect because the Li particle was radiated a prompt gamma ray from
the activated Li particle during decelerating and moving under collision by (n, alpha) reaction of
born-10)

KyFSiE:E

/ \ il :Eo

M M AN AN AN AY LA N A AN
AR { v I v 7 v { [ A A Y A W A Y
Il \, 1 \’I \'l \Il \Il \ ! \’ ] \’l \‘
v AR A vy
L N U W A R T W T A W
VAR AU AN AR VAR RN A SR
R R A A\ A VAR VARV ARV A
VI A S A B N N . A
n i} " LY Ll L4 Y

4} T
! A ﬁ\‘ﬁl A TILAENA ﬁla, 1\ \
ﬁﬁm I/ ’kr If \\I \l n\lr ‘\IL \\’f \\ ! ‘\ \\\ \ ﬁﬁmlv

T A A A AV VA A A LY \
7 7 AN AN AYAYEANFANA YA A \
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Fig.5 the pattern model of a doppler peak for the probability theory
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Fig.6 flow chart of iteration routine for nonlinear least-square fitting
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B0ppm-761.1xt, 125716 1 0.6% 54456 11 2% 23086+ 1.3% 73561, 8072
20ppm-T758.txt, 31737+ 15% 54056+ 1.5% 05871 +21% 187 2053

Fig.7 Main form of B10peak.bas, which was developed on the Windows NT with Visual Basic
Ver.5
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Fig.8 Calibration curve of Boron / Hydrogen counts ratio for the standard samples with boric acid
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Fig.9 Least square fit of liner function of Boron / Hydrogen counts ratio for the standard samples
with boric acid
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Fig.11 Error of data from the fitting line (at Fig.7) and standard deviation for dead time ratio
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Fig.13 Calibration curve of Boron / Hydrogen counts ratio for the blood samples including BSH
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Fig.14 Error of data from the fitting line (at Fig.7) and standard deviation for dead time ratio
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Fig.15 Peak efficiency to the energy of gamma-ray
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Fig.17 Error of the Na peak for the calibration curve
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&

B& fit60

BEML At6OI K v 75 —¥—20, NI U5 FOFHEIIMA T, Na OE—V EHBTESL LI
LizbDTH%o (20) REEDDZXZDHTH B0 BANREHESEIZED b RV WADRZD,
LIT OB E R LTH<,

AN B H0#E

a0): v hVwZ 2R ()

b0 : EH (counts)

c( : BRI NH//ITA—F

1 : ROI D FFR (1ch/lkeV & LTWV3)
h : ROI® LR (1ch/1keV & LTW\3)
psig() : fFHERE

Public Sub fit6(a0(0 As Variant, b() As Variant, c() As Variant, 1 As Variant, h As Variant, psig()
As Variant)

<EBOEH>

Dim f(10)

Dim d(10)

Dim a(10, 10)

Dim inv(10, 10)

Dim e0, e02, egl, e, nbch, fwhm, sig, nch, nev, dc, Ip, 1, }, ic, x, r, delc, kapa, kapal, kapaZ2, y, c3, rr,
area, siga

Dim fel(10000)

<#L>

e0=477.595

e02 = 472.202

e=1767

fwhm = 1.9

sig = fwhm / (2 * Sqr(2 * Log(2)))
nch=h-1

nev=(h-1)/nch

egl =472

¢(0) = (b(0) + b(nch)) / 2
c()=1
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c(2) = Abs(b(d78-D - c() * 5
c@=1/2*sig” 2
c@=el

cb)=e

c(6) =blegl-D

c(7) =egl

For Ip =0 To 50
Fori=0To 8
Forj=0To 7
a(i,j)=0
Nextj
Next i
rr=0
Foric=0Tonch- 1
X =ic*nev +1
c3=¢c(3) " 0.5

fo=1

f()=x-c(4)

f(2) = Erfc3 * (x - c(4) + ¢(9))) - Erf(c3 * (x - c(4) - c(5)))

{3 =¢@*0.5/c3* ((x -c(d) +c(®) * dExrf2(-c3 * (x - c(4) + c())) - x - ¢c(@) - ¢(B)) * dErf2(c3
*(x-c@) -cON) - c6) * x - () * Exp(3* (x - () " 2)

f(4) = (1) - c3 * c(2) * (dErf2(c3 * (x - c(4) + ¢(5))) - dErf2(c3 * (x - c(4) - c(5))))

f(5) =3 * ¢c(2) * (dErf2(c3 * (x - c(4) + c¢(5))) + dErf2(c3 * (x - c(4) - c(H))))

f(6) = Exp(-c3 * (x - (M) * 2)

f(=2%*c®) *c3* (x-c(N) * Exp(c3 * x-¢(D) " 2)

f(8) =c(0) + c(1) * (x - c(4) + c(2) * Erf(c3 * x - c(4) +c©))) - Exf(c3 * (x - c(4) - c(®))) +c(6) *
Exp(c3* (x -c¢(D) " 2)

fel(ic) = {(8)

Fori=0To 7
Forj=0To 7
a@, j) = a@, j) + ) * f¢)
Next j
Next i
r =f(8) - b(ic)
rr=rr+r”2
Fori=0To 7
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a8 1)=a@81)-f() *r
Next i
Next ic

Fori=0To 8
Forj=0To 8
a0q, j) =ag@, )
Next j
Next I

<HAHIEHRE < R D ISR LW YN L =BG A v e—Y R >
If ¢(3) > 20 Then MsgBox ("Error No B10 Peak"): GoTo 3999

<% M) w I 2OFE>
guss2 a, d, inv, 8

delc=0
Fori=0To 7

delc = delc + Abs(d@) / c(1))
Next I

<ULHZRF>
If delc < 0.00001 Then GoTo 999

kapa=0.5

kapal =0.1

kapa2=0.9

c(0) = c(0) + kapa2 * d(0)

c(1) =c(1) + kapal * d(1)

c(2) =c(2) + kapa2 * d(2)

¢(3) =c(3) + kapal * d(3)

c(4) =c(4) + kapal * d4)

c(5) =c(b) + kapal * d(5)

¢(6) =c(6) + kapal * d(6)

c(? =c(?) + kapa2 * d(7)
Nextlp
<UD Ip=50 LBE L TNWT, ThEBZ D LI RIGE BERLRWEHK LA vEe—Y % H]
51>

MsgBox ("[teration over"): GoTo 9999

999
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<IFEFEHRE >
Fori=0To 7

psig(i) = Sqr(rr * Abs(inv(, 1)) / (nch - 8))
Next i

9999
End Sub

BB Erf0
ROV —F BN D EEER erf DB A EET T

Public Function Erf(x0 As Variant) As Variant

Dim x As Double
Dim i As Double
Dim i1 As Double
Dim ss As Double
Dim sig As Double
Dim b As Double
Dim a As Double

If x0 < 0 Then x = -x0 Else x = x0

If x >4 Then a = 1. GoTo 100

ss=0

Fori=0To 150

ss=ss+(-DMi*x A 2*i+ )/Mm(@) *(2*i+1)
Next 1

a=2*ss/Sqr(4 * Atn(1))

100

Ifx0<O0Thena=-a

Erf=a
Exit Function

End Function
Public Function Mm(a As Double) As Double

Dim i1 As Double
Dim i As Double



If a=0Then Mm = 1: GoTo 100
=1

Fori=1Toa

i=1i*i

Next i

Mm =ii

100

End Function

B§MdErf20
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_EACDBEBIR erfODISHEZ ST DRI Z /R T,

Public Function dErf2(x0 As Variant) As Variant
dErf2 = 2/Sqr(4 * Atn(1)) * Exp(-x0 * x0)

End Function
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