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@ Reactor
B Accelerator

Tsukuba

Bl AISTANS
in operation
10kW for NRG

ako
B RANS

in operation
Tokyo 700W,
H EisSARE R 5— 2 instruments
BNCTEESR
50kW (2.5Mev, 20mA)
Li target

chitF 0.5eV-10keV,
10%n/cm?s ELE

Hiroshima

' Kyoto
Nagasaki Osaka
Nagoya
/ y TOkyo
Kumatori
® KUR Nagoya
in operation SMW, 8 instruments B NUANS
(will be shut down in 2026) in test
M Innovation Research Lab BNCT:&EaRnsast{Ecth 4kW for NRG
30kW (30Mev, 1mA)

T 0.5eV-10keV, 10%/cm?s ELE 40kW for BNCT

hiEFE—LFAG/3)

F. HEMAZEEL/DMENRSFE P EFRERHVED
Al ZRREAICAESINTEY. FESN S,

Sapporo

Sapporo
B HUNS

in operation
1.2kW, 4 instruments

Sendai

Koriyama
/ W ARABNCTHR 2 5

BNCT:&Ekh
30kW (30Mev, TmA), Be Target
difEF 0.5eV-10keV, 10°n/em2s Ll E

*~~ Tokai

. JRR-3 reoperated since 2021
20 MW, 34 instruments

. JSNS in operation
BOOKW, 21 instruments
(will be TMW in 2024)
M INMRC

in construction for BNCT
80kW (8Mev, 10mA) , Be Target
thiEF 0.5eV-10keV, 10%n/cm2s LI E
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Photo développée le 1° mars 1896 par Henri Becquerel.

o, L 17wl 96 Sulfet, Dintl it u ) Aol i
fn}.‘d AN_ av,'{ ’t Lty Ntma .
Eppo' o It & 2y, A &G b Il (44, L

H. Becquerel était heureux d’avoir pu ainsi établir - selon
la bonne tradition du Muséum d’Histoire Naturelle - une
propriété remarquable nouvelle d’'un corps naturel, I’éle-
ment uranium, qui émettait spontanément un rayonne-
ment pénétrant. Il avait le sentiment d’avoir - au moins
provisoirement - épuisé le sujet et allait maintenant se
tourner vers un autre théme, des expériences sur I'effet
Zeeman qui avait été découvert quelques mois plus tét aux
Pays-Bas. Il ne reprendra des expériences sur les corps
radioactifs qu’en mars 1899, aprés la découverte du
polonium et du radium par Pierre et Marie Curie dont il
aura présenté les résultats a I’Académie.
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HIEDMNESH,
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Fig. 3. Excerpt from the laboratory notebook of Pierre and Marie

Curie; on this page, dated July 13, 1898, the symbol of polonium

appears for the first time. The text refers to the sublimation of
sulfides of Bi, Pb and Po with activity 12 times that of uranium.

Pitchblende
-—HCI
residue
fusion with K,CO,
and NaOH
HCI
solution
— H,8
[
sol. U, Th ppt Pb, Cu Bi, As, Sb.
’ “~(NH),8
I |
sol. As, Sh ppt Pb, Cu, Bi, X
=—HNOQO,
solqtion
®) | - H,S0, o H,8—~ @)
l_ ppt PbS, BiS, Cus, X
ppt PbSO, + X (part) sublimation 700°

wash with dil hot H,SQ,

hot zone cold zane
sol. Cy, Bj, X PbS, BiS
NH,CH —
pptBi, X sol.Cu
HCI or HNO; —

dil with H,Q

p.nalr: part) sol.Bi, X

(repeat)

Fig. 4. Flow chart of the chemical separations which led to the

discovery of the element X, polonium. The polonim was

partially separated from Bi- by sublimation [path (a)] or by

a wet method based on fractional precipitation of hydroxides
[path (b)].
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Fig. 2. Fritz Strassmann, Lise Meitner, and Otto Hahn, Mainz, Germany 1956.
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Radioactive Tracer Technique

Radioactive tracer technique was developed by G. von Hevesy
In 1913.

He and his coworker measured the solubility of lead chromate
(PbCrO,) and lead sulfide (PbS), slightly soluble compounds,
using RaD as a radioactive tracer.

Since then this technique became widely used in many fields
of science.

RaD = 29pb

23
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@ I:> products
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UO, pellet separation
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11

12

13

14

15

16

17

18

Li

Be

Na

He

Ne

Al

Si

Cl

Ar

Ca

Ti

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Zr

Nb

Mo

Tc

Ru

Rh

Pd

Cd

In

Sn

Sb

Te

Xe

Cs

Ba

Hf

Ta

Re

Os

Ir

Pt

Au

Tl

Pb

Bi

Po

At

Rn

N [ o [on (b~

Fr

Ra

k3

*Lanthanoids

La

Ce

Pr

Nd

Pm

Sm

Eu

Gd

Tb

Ho

Er

Tm

Yb

Lu

** Actinoids

Ac

Th

Pa

Np

Pu

Am

Cm

Bk

Cf

Es

Fm

Md

No

Lr

B Neutron rich nuclei

are contained in the KUR multitracer.
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Multitracer solution is enclosed Enclosed multitracer solutions are
into ampoules. packed in a can to send to users.

4 N
» Kanazawa Univ. Medical Science Group (to trace elements in rats)

» Osaka Univ. Radiochemistry Group (to develop chemical separation apparatus)
* Niigata Univ. Radiochemistry Group (to develop chemical separation apparatus)

- J
26
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952r’103Ru’ 131I,14°Ba,14°La, 143Ce,144Ce.147Nd,239Np

1M HCI
0.1M TTA
v v
957y org 103M’ 131|.1L!OB_a’140L_a’ 143C_e.144c_e’147Nd.239Npaq
|:8M HCI
88 100% TBP

v

239Np’ 131'0!‘9 103RU.14OBa, 140|_a’ 143C9,144ce.147Ndaq

01M HCI

0 HPA in xylene

[-9M HNO, .
v ' 1_|§M'sz

239Np 131] | | 140] 4 143Ce,144Ce, 147Nd

103

96 o9 8821 g7 >99 >99 >99

Multitracer isotopes were separated
into six groups.

U, 149Baaq
-pH 8.1
-0.1M DB18C6,TTA

in o-dichrolobenzene

v v
14OBa org 103Ru aq
84 95
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Water Outlet
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Vacuum ?
p-Beam //~
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A
i 4
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2
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Water Inlet
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Fig. 1. Neutron energy spectrum at a p-Be neutron field
(E, = 40 MeV).
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Fig. 2. Target system for a p-Li neutron field.
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0B L

Flux (n cm®MeV™"C™)

02

IO“ TS0 TSV [ Y= 2 S LA U T ST V0 T T Ao P e - W s e vl W S
(0] 5 10 15 20 25 30 35 40

Neutron energy (MeV)

(b)

Tolad™

Flux (n cm?MeV'C™)

A | RO ST (IR ONC O (T i Y G SO ok
0 5 10 15 20 25 30 35 40

Neutron energy (MeV)

Fig. 3. (a) Neutron energy spectra obtained from Li+C and C

targets (E, = 40 MeV). (b) Neutron energy spectrum for Li tar-

get (E, = 40 MeV), the difference of the spectra from Li+C
and C targets.
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160(n,1)14N
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Fig. 5. Excitation function for '°O(n,t)"*N reaction. ([J): p-Be
neutron, (O): p-Li neutron, and (A): deuteron break-up neutron
with continuous energy spectrum (FWHM = 15.8 MeV) [9].
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9%2Mo, %Mo, 1Mo, 8%Y + 800 MeV proton, 500MeV proton
Los Alamos Scientific Laboratory THD3XER 34
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X3 (1974)

43
y
Mo 92 Mo 94
14,8 63h 9,1
42 Iy 1477;

< 0,006 685;
0,045 263... 30,016

Nb
92,9064

41

c 1,15

Y 89
16.0s (RO

ly 909 2 0,001

Rb 85

2im 7217
ly 248;
465; 216

3 0,0560+0,41

Nuklidkarte (1974)
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Mo #—4 kM &L

Enriched 92Mo, 96Mo or 100Mo
( metal powder )

l HNO + HoOy
Soln.

l evaporated
Residue

j NH,OH
Soln.,

l evaporated

Residue
( Ammonium Molybdate )

Target preparation at
Carnegie-Mellon Univ.
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Zr DL Bt

Zr chemistry
Target
l 1-2ml of H20
Soln.

several drops of carrier soln.
(Nb, Zr and Y)

3-5ml of conc. HNO3
1 drop of H202

v

Soln,

0.5M TTA in xylene

(ag.:org., = 1:1)

J R
ad. phase org. phase

80-100ml1 of xylene
10ml of conc. HCI
(ag.: org. = 1:>10)

DO T Zr chemistry developed
i 0 at Carnegie-Mellon Univ.
filtered

W S R— Separation time: 7-8 min
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Decay Properties of Observed Nuclides

Nuclide Half-1life Gamma-ray Abundance

(keV) (%)
/r-84

85 7.9 m 454 41.5
36 16.5 h 243 96.0
37 1.6 h 1228 4.0
38 383.4 d 393 97 5
89m L4, 18m 583 39.5
39 78.5 h 909 99.9
95 4.0 d 757 54,6
97 16.8 h /43 93.3
Y-84 40,0 m 793 98.0
37m 13,0 h 381 /3.5
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NCS012.0083;0601

EXPELAMENT 9.

LeRO ( )
69 Cio 1

CHANNEL START

1 2235.7° 221.
2 2351.6 246,
3 263.6 260.
3+ 464.0 462,
3 486.3 483.
-6 761.8 739.
7 832.35 830.
8 ¢28.6 9603.
T 9 1821.9 1609.
106 1173.8 1171.
11 1585.8 1581.
12 181i5.1 1814.
13 1817.9¢ 1816.
4 1936.9 1926.
13 2€47.1 20643,
16 2231.1 22061.
17 2418.2 2416,
18 2432.2 2449,
19 2:999.€ 2999,
.20 S147.9 3147.
21 :292.0 3292,
22 5436.0

3430.

END

228.
252.
267.
465.
491,
763.
836,
913,
1036.
1178.
1590.
1816.
1819.
1934,
2050.
2202.
2421.
2457.
2999,

3147..
8292,
3430.

SPECTRUM 3.
0.00000 COUNT ( 9)

Y SRAXRIRILDETFER

COUNTER

AREA  ENERGY  GAMS/MIN
538. 112.86 3.226E+02
108. 125.52 6.458E+01
227. 131.80 1.361E+02
135. ©232.061 B8.674E+01
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FIG. 1. Counting rate of 1040 keV vy-ray emitted from *Y in a
zirconium fraction plotted as a function of time. Target = “*Mo and
E, = 800 MeV. Dotted curve corresponds to the predicted counting
rate of the 1040 keV ~-ray produced from decay of *Zr.
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TABLE 1. Half-life of ™Zr from measurements of the
112.5 keV +y transition

Target E, (MeV) Half-life (min)
"*Mo 800 26.1%+1.6
”*Mo 800 24.2+0.9
**Mo 800 9. 3423
’*Mo 800 27 .81 7
"Mo 800 234+ |
Mo 800 25.8+1.0
Mo 500 264x2.6
Weighted mean 25:120.5
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Table 1. Direct measurements of electron anti-neutrino mass

mass confid.
year value level first author (institute)* ref.
(eV/c2) (%) :

1948 <5000 Cook (Indiana) Coo48
1949 <1700 Curran (Grasgow) Cur49
1949 < 500 Hanna (Chalk River) Han49
1951 < 250 Hamilton (Princeton) Ham51
1952 < 250 Langer (Indiana) Lan52
1953 < 150 Hamilton (Princeton) Ham53
1958 <1000 Friedman (BNL) Fri58
1968 <4100 67 Beck (MPI) Bec68
1969 < 200 80 Salgo (Ziirich) Sal69
1969 < 75 67 Daris (Quebec) Dar69
1972 < 55-60 90 Bergkvist (Stockholm) Ber72
1973 < 100 Piel (Indiana) Pie73
1976 < 35 " 90 Trechakov  (ITEP) Tre76
1980 14 ~ 46 99 Lubimov (ITEP) Lub80 €&
1981 < 65 95 Simpson (Guelph) Sim81
1983 < 50 90 Derbin (Lenningrad) Der83
1985 20 ~ 45 90 Boris (ITEP) Bor85
1986 17 ~ 40 90 Lubimov (ITEP) Lub86
1986 < 18 95 Fritschi (Ziirich) Frig6

© 1987 < 32 95 Kawakami  (INS) Kaw87
1987 < 27 95 Wilkerson  (LANL) Wil87
1988 < 29 95 Kawakami (INS) Kaw88a
1991 < 13 95 Kawakami  (INS) Kaw91
1991 < 93 95 Robertson  (LANL) Rob91
1992 < 11 95 Holzschuh (Ziirich) Hol92

* BNL: Brookhaven National Laboratory (USA)
MPI: Max. Planck Institut fiir Kernphysik (Germany)
ITEP: Institute for Theoretical and Experimental Physics, Russia)
INS: Institute for Nuclear Study (JAPAN)
LANL: Los Alamos National Laboratory (USA)
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Fig. 3. Observed data and the best fit curves are shown for the
energy region from 18.4 to 18.7 keV in the form of Kurie plots.
The detection efficiency # is corrected and overlapping data are
summed up in the figure.
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