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The performance parameters of neutron activation analysis (NAA), such as detection
limit, uncertainty of measurement, the turn-around time and the cost of analysis should be
optimized to be able to retain the technique’s important position in the trace element
analytical chemistry, where many analytical techniques are developing fast. It has been
already shown [1] that radiochemical neutron activation analysis (RNAA) frequently provides
the lowest detection limit, and consequently the lowest result uncertainty of all possible
means (physical and chemical) of optimization in NAA. For this purpose, both single and
multi-element separation procedures can be used. This is demonstrated by examples of RNAA
of mainly biological materials in biomedical, nutritional, occupational health, environmental,
geochemical research, and in the preparation of reference materials in the author’s laboratory.

In developing an RNAA procedure, several aspects are to be taken into account,
namely: (1) element(s) to be determined and its (their) chemical properties; (2) half-life (lives)
of the radionuclides formed and the type and energy of the emitted radiation; (3) choice of the
most appropriate separation procedure to achieve the desired degree of radiochemical purity
of the separated fraction(s) and a very high chemical yield of separation within an acceptable
period of time. The time constraints depend mainly on the half-lives of the radionuclides to be
separated. The associated radiation burden of personnel should also be considered to
guarantee that the radiation safety limits are not exceeded and that the radiation burden is
minimized by using mechanization and/or automation of the separation processes, whenever
possible. Obviously, only general recommendations of the above items can be given.

The elements to be determined are given by the task to be solved. Then, depending on
their chemical properties, half-lives of the produced radionuclides and their radiation
properties, a multielement separation procedure may be used or a single-element separation is
necessary. The choice of a separation procedure appears to be the most subjective issue,
because about the same performance job may frequently be achieved using various
approaches, e.g., by liquid-liquid extraction, extraction chromatography, ion-exchange
chromatography, precipitation, etc. Thus the choice of a separation technique depends not
only on the scientific grounds, but also on the personal experience and/or preferences.

Various strategies of sample decomposition and element separation in RNAA were
employed in the author’s laboratory with the aim of achieving at procedures that are simple to
perform, yield a high degree of radiochemical purity the separated fractions (one of the
conditions for obtaining the lowest detection limit and allow determination of the chemical
yield of separated elements (one of the conditions for obtaining the lowest uncertainty of
results).

Concerning sample decomposition, the most speedy procedure was needed for
determination of vanadium in biological samples due to a short half-life (7, = 3.75 min) of
its analytical radionuclide °*V. Use was made of pre-irradiation dry ashing in air at 450 °C to
speed-up post-irradiation wet ashing in a mixture of H,SO4+HNO3;+HCIO4, which was
followed by fast extraction of V(V) with N-benzoylphenylhydroxylamine in CHCls;. The
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whole radiochemical procedure can be accomplished within 6—7 min. Decomposition by
alkaline-oxidative fusion with Na,O,+NaOH at 850-900 °C also proved to be a fast

sample destruction procedure, which takes about 4 min., including dissolution of the melting
cake. For this reason, it is suitable for RNAA of short-lived radionuclides, because it gives
decomposition yields > 95 % for many elements (except for Se and Hg) [3]. Noteworthy, it
provides a complete transfer of Si and I into a solution without losses, which is difficult to
achieve by other decomposition methods. This decomposition procedure also appeared very
suitable for radiochemical separation of the rare earth elements (REE) based on final
precipitation of their oxalates. In other procedures for determination of Cr, Mn, Cu, As, Se,
Mo, Cd, Sb, Re, Pt, Hg and TIl, more time-consuming “classical” wet ashing in various
mixtures of mineral acids in open systems or using microwave assisted decomposition in
Teflon bombs (to prevent losses of Se and Hg) were sufficient for the given purpose.

Single-element separations comprised liquid-liquid extraction for determination of V,
Cr, I, Hg and TI, precipitation (or coprecipitation) for determination of Mn, Se and Pt, and
distillation for determination of Si. In multi-element separations, use was made of group
separation reagents, such as liquid-liquid extraction of diethyldithiocarbamates for
determination of Cu, Mo, As, Cd and Sb, precipitation of oxalates for determination of REE,
ion-exchange chromatography for the simultaneous determination of Co and Ni. An
innovative approach in RNAA was introduced consisting in the use of new composite
materials (solid phase extractants or solid extractants, such as zinc diethyldithiocarbamate,
bis(2,4,4-trimethylpentyl)dithiophosphinic acid (CYANEX 301), trioctylmethylammonium
chloride incorporated into a polyacrylonitrile binding matrix) for multi-element (Cu, As, Mo,
Cd, and Sb) or single-element (Re) separation schemes. The use of composite materials in
RNAA appeared advantageous over separation employing liquid-liquid extraction regarding
the ease of performance and feasibility of mechanization, thus contributing to the reduction of
the radiation burden for workers [4,5]. Details of the RNAA procedures, radiochemical purity
of the separated fractions, and approaches for determination of the chemical yield have
already been published [2].

The RNAA procedures developed were employed for a variety of purposes. Examples
involve research of Pt-antitumor drugs, monitoring of trace elements in neurodegenerative
changes of brain sections of mutant mice, vanadium distribution in rat tissues, occupational
exposure to vanadium and establishment of vanadium reference values in human blood and
urine, occupational exposure to welding fumes in stainless steel welders, uptake of REE by
vegetables and fruits, determination of REEs in a meteorite, determination of I in diet
samples, occurrence of Re in the environment, etc. Frequently, they were employed for
certification of newly prepared reference materials (RMs), for determining low-levels of
uncertified elements in existing RMs or for elucidation of element levels in RMs, where
discrepancies were noted. Details of these and other applications will be presented.

It may be concluded that in spite of a certain decline of usage of RNAA in various
field, the technique still offers a number of important advantages and applications as
demonstrated in the present paper. One of the frequently forgotten features is the technique’s
inherent capability for accuracy, especially when its self-verification principle [2,6] can be
employed. However, it should be realized that maintaining the valuable, and in some cases
indispensable, position of RNAA among other analytical techniques and employing its
advantageous features for obtaining accurate results is only possible if the technique, like any
other analytical technique, is fit to purpose and correctly and rigorously applied in a state of
statistical control. This requires sufficient skill and experience, especially when working with
short-lived radionuclides. Therefore, the existing experience should be preserved and
transferred to young researchers to guarantee sustainability of the technique. A continuous



increase of the general awareness of the RNAA potential for further developments and
applications is another element of the technique’s sustainability.
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28@3 B XNV X —E0RIIBIT 2 ERER ORI T 3%
— K% 53 S5 40 HE—

CREBSLRA EHIR) O RELE

O, BAMEHEFE OFRE CRAE) ZTH REFICH L, KRB L TR £7°,
FAVE, FHEB 3-4 A DRFICH KT - HPEE L FHE OREE BRI TR LT LV D
FRIZEICHA WV REFEBEORFZIE, WIS KE~ Y F 2 —& v Y TRRFER TP O M -
AV 7 — 71 CitE LT, R —ia i Lk Lz, LUk, IRELTH D,
FANKRE: « TEERRSEAT O P8R FEEE . Bris RFEH T o M L 2 e s OMRREEZ) . )
AN KT « B E OF AR & RFEE D B E E L2, O 40
FIZED B L DA =R LOFIIFER L CEE L, FLT, EWINIHEHOE
Fle KRFEBRAEICH L OPL2RE5 L CEE L, BERHROT—< IR, FriRE5H1T6
LTI, BEBHNETEOMBERICET T —~TlE b4, MR AFDOT K - br
VRO C1AMEDT —~T 14, TOMET 7 F ) A4 REROwEEDT —~T140OHK
DELOEFEMFIEE & LT, HETRA X —LIFAEZFEWVTENZZ SITEH L TBY £77,)

AL, BT R RYBEOA X VT 7T VA KA VRO e84 2/ L.
I D H RIS DS AFEIT LE T, RIT, 1960 FFREN D550 > TE TR HD
LW EZBRE LT, FREBENL R I NV—T DGR E A LN S, BHREA =X
LADBRNE ZFTHEATW DS EFHHALET, LT, 2 DMHTREESHOME
2N TR FE T,

1. BERHOFERLZORAMITHIT 2 o BEOE LSRR

VT Ul EORTE T 1938 4 12 A KD IR KERATHK D KA > T Otto Hahn & Fritz
Strassmann (2 K> CTHEAL SN, S HTIE, NEANPEZXLX—ZROH L THES 7ZDDK
Olepdige l L TR b TW5b, LinL, BoIEEE00 1 « HPET23 4 F - THERK
ENHZTTUR NI ULREDZIKBERTH D20, TDFEA T =X MTFE A% 70 Fir <
RIEBETH MM SN TE 6T, oROBRZ I 2 B 5w 7
FELRVONRBIRTH S, U, BoZA8ig3 N. Bohr, J. Wheeler DA X~ CTHPE
(ZRLEA, BRSNS, BT - R T OMIER 2 R OB OB IZIE, R &R
EBENVEATHD ZEN, I TIEPALNICR>TE TN,

DRENCIT DS EFZEIL, 1930 FROFILHE (93 FILHE) BAOTDHD “Ban” fHtHi
W72t ORI S, Zuid, CR—ARK 70— 7 B OEBIZ AT 5 U3 D R & HFSE
ThD,

I—n v IR B EREEVE BARIZBIT D025 DZREAEA 1934 4EEN B A XV
7 @ Fermi, Amaldi Z5(%, Chadwick 233 R, (1932) L7=thE+% . Ra-Be TR (R
10°-10°n/s) TRAIHE, TNEKSNT 7 4 U CHE S ETZEWVFHETIZL LT VI
= LTR EDEITTHENS Cr, Fe, Ba, La/2 & D 60 FEDO THEICIRE4 5 EEREZ LT\, £
DFER 940 TTHREICHOWTITPEF RIS L - TH LW EEARIE S, 205 255
TR HEELT, FrEEN 1 DKERTROBMICRS L2 RAHB LW, £2C, 77
VD 93 FEOH TR ENEDL DI, WY T = E R IRE LT, WA WA
WO T 2 O R  AERC L T L E W, KBRICHK VAT, % 2T, Fermi 13BN L FH
@ D’Agostino [ZHH A CTEMD OCTF3HEZAT O Z LI Ue, MRITIEIE Y 7 = VKb
ffb~ o B DB EEST-0  MOHEKREZINZ T, BREEEREORE 2R/ ER, v T
VOB CAER LI BUNREIX. 77 o0 DB L#E D Pa, Th, Ac. Ra, Bi,
Pb OJEEHERINARD & O TliE W2 & %5 L7- (Nature, June, 1934), ZHICKGERT AIE T,
KA DA% 1da Nodack (L[F4-0 Zeitschrift fur Angewandte Chemie ™ 9 A 52, 4D
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fRZHE LTI, ZNTERHEVICLFHERARERTHY | IHERFRRRII RS T
Weno 272l LI 72 (Hahn O/ —~VESZ EEEICSIH SN o70),
Be 213, Fermi 2% “Pb £ TOILEDRINAKTIZZRN o7z Z LI LT IPb LD HF o
EBEVILIRIT DV TG~ Dy 2 72 D7, HYEFHIEIC X > T 3 DLl EDOR & 22141
PPNDAREEL H Y 5 2O TIH WA L ERLT,

N TlE, A—7 > FA®D Irene Curie & =— = A7 7 A® Pavel Savitch 237 7 > O HPE

TR CART D08 3.5 h OB OIFBICOWTHIE L Tz, 7% v OHEEINZ
L. UTUMBHHECEL I END, T8I FBILHEDT I F =0 L, D WITMETFRY
TRMEE N T X AN D TH A 9D & Comptes Rendus1938 4 5 H 52383 Lz, 185 Ok
RiT, REFV ESBRATH URFOBISOME TIEHHA TE WA RE A€ O 2R R 7R 0
T, ~YLU > ® Hahn (ZYELFH Meitner DFFWIIIE CT Y 7 AW HPVET 2 IS5 5 F28R
([ZKRFBEA Strassmann & ETHYD oo 7o, MREITE T, RO 5 16 FREA O G E
BREOFELHER L. RICEEN DAY U AR TR L2 3SFOBMIZ T PV A TH D &
e L CERBRZED -, Zhuid, 19384 12 4 17 B (4) TH-o7z, Hahn (T3Y 7 LD
feti CldZe < kA IR E LTHWD X 91T Strassmann [IZFER L, £RUCTT VT L EAR
U0 b & DFENE DD D T2 DITHSE b L —H—D A Y B U T A MsTh ( *Ra) 212 %
FKOWZHR Lc, RO Y U NI B EIEOBRICH G T 225, A Y MU U LKL —fF
(IR LT IR PITIR D, BB ER L7 B0 86 43 DIGHERFEIZ N Y v A &3k
THZEERH L, HIC, L, b LI VU ARBIEZORBEELERYILT 7 F
SULTHDIEITIEN, TI7F=ULIT 2 o NonhliERIETHETE 23T Thd L
FEATEIDIZHEREZGT 2, BIH, £3° 86 pOBMEEZSHEL . £ DL RREARMITK LT,
TUB Y T I F =T AOGRHEEAT T, TRIE, 1938 FED 12 19 H () OHTH
olc, TORR, BEEEEMILT 2 v LRI U LFEHZ R L, £ L THRFIZZOMRE L
A by 7 AV LT TR LTV Meiter 127 SICTFREF S| HLOFREZMNE, Th & F
RFIZ, 12 A 23 Hoffobtl HICHICE > L o2, UTICSIH LA RmXE &S,
Naturwissenshaften 5122 R O s L TR L=, Hahn, Strassmann O XIhiL,
Hevessey 232" L7210 @ THEHE F L—0—k)] 2WHBRSHW=Z LiZh D,
“We come to the conclusion that our “radium isotope” has the properties of barium. As chemists we
should actually state that the new products are not radium, but rather barium itself. Other elements
besides radium or barium are out of the question. ---- As chemists we really ought to revise the decay
scheme and insert the symbols Ba, La, Ce, in place of Ra, Ac, Th. However, as “nuclear chemists”
working very close to the field of physics, we cannot bring ourselves yet to take such a drastic step
which goes against all previous laws of nuclear physics. There could perhaps be a series of unusual
coincidences which has given us false indications,”

UEDE S BRERRBERO NI ~vna—ny RTRASA TSP T, DRETHE,
CRITHE DAY 1937 FICEYLAMFEITIC OB E YO 26 Fo 7 v bu 2ED | FaUH B
FORFHEZBRAFFEE & OILFBIIE TNA WA RIS O R Z bad Tz, Z OFEFZEIZS
IUT7E N BB ORIGR—, TLRIFZ, (RO, (L2328 OARMEE RS, HIEREE
S S HEAEDWEME . Ml B TH o7, CRLIIY A7 v e ThE S L7z 3MeV B
B rz ) F U LIRS LT 28 S S E RN TEOE £ UsO BRI RS L7,
S L72lB 2 bt EBRE S TRDIRD . HIIRPL Lo T, BLY 7 o MR L
T EEEOX v U7 —2 M TEWGHT THW D A A ik Z2 AW CRE Z2 il 2 72,
SRR E ORI, CRFFRO- LY fonxa—FTHELL, LirL, ED7
77 v a bR RIS o TYR LTz, Ll ZOMIC (0, 2n) UGS TEKT S
U7 v OFERE PTU B USRI TR R Lo, £, FERIC P'Th 2% R LT, R0
HE8ED7-, D%, 1939 412 Hahn, Strassmann (2 L > TET R OFE RS ST 5,



WeEE T, By AR OFIC T D TEFE, Ru, Rh, Pd, Ag, Cd, In, Sn BREEhTN5Z
EEFIICHERL, FifE PRu 2% R L, B, v roEFETESAETIIINL D
SRR BUERRIN SN T & 288 LTz, 20Xk 512, CR—ARF 7V —713, BHZ 09
Bl CIEF BRI 2 il R B 28 T,

)7, FHESKZFEOFKFFERIIT Y T o OB TR 2 1 [\ 012 2.6 [HO T
&5 &35 L= (Rev. Phys. Chem. Jpn. 13, 145 (1939).), Z OfEi%, [FCET A U H T
Zinn, Szilard 523 ENENIEER LMl & B < —F L T 7z (Phys. Rev. 56, 619 (1939).), F7-,
S SCRIL 500keV D 7 7 7 b - UL R UAEEER A 1939 FEIZHERKEIT/EY . TLi+ p X
JETT6.17TMeV H >~ A 3E S8 T U S Th (CBE U O R EZ I LT,

2. 1960—1970 FEDEZ Ly EL

1960 FFARIC 2 FFH O FEBR T — & L 2N 6 23 3 DB DMENE S, A T =X AT
*t9 D 5y GRE DR DB ENIE T KR TH 2R S I O S, ERT—X D
—D(%, Vi Polikanov ©IZ & 5 (Sov. Phys. JETP 15, 1016 (1962).) spontaneously fissioning
isomer DF R TH 5, #H51%. *?Am |2 14 ms THIE ZUELE 25 BMARNEEST H 2 &
R LTS, T DHOMFEN D | ZAUIEE DRI N 72 % shape isomer TH D Z & 133025,
Fo. BORLEKEES —ET X —/MRE T L— 7 LIligE L ff > Tnd =
EDFEBRINTRINT, ZNDDOH LWERT — XL, v 7 O Strutinsky 2328 L7=, fif
IR single particle effects & fHA AT L WFIETEGRAIC K <@ T2 (V. M.
Strutinsky, Nucl. Phys. A95, 420 (1967).), % OfEHR, i BRI 52T DO 1 - Pk
T DIFFOTAMEIE & LA AFUTZETE LT < B D potential energy surface % 5153 5 BN &H 5
T NG T BN FROEANZ LY BRI - TH U A fission barrier [X— 21 Tlx72 <,
2111 double humped barrier & 72 % Z L33 olc, ZODKRT T VOB DIEEIC K
¥ shape isomer 23 EF AL, ENENOBRORHENAN & OIBHRIZ L > T, KB —2r D7
N— TR ST,

3. 1970-1980 R DI%srHEAF — Bimodal fission

1970 AT D &L R D L 3L TR T 2 02 8 O & 3 4 @ TRy
oA (mode) WED D Z EN/RE T2, BID . Los Alamos @ D. C. Hoffmann (1% (2 Berkeley
DHHZ) & & Livermore @ K. Hulet 5. 100-104 FCHE DO RINAED B F 2L TIIRIFRE
BN EFRICRY  F—OERESENCR LT, Ei— R VX — 04021 DDy DNRTE
THIEERR L, SEE T RILX— 04 % OO IEMOA T 5 &L —Dl1E 230MeV
WO, B H—21F200MeV LV IZE—2 &b O b - T, [ UXHFRVE &5 E o
HIENSHHT BN, —HiZbEVER L2V ) BIo T, FI3ZER L THrL T
EEZ B, ZILE TO two-mode fission & [FANIHEZEIT bimodal fission & 4 L7z, Z DHL
213, T R X —OEOEES H R AT RISV T, R UFVE &EI 2 Hi
IZEE LT ER D TN D £ TOEREEIZIS T barrier penetration DFERINEITE L
T OD KB fission paths NAFET D Z & &R LTV 5, B EIGRMRN 5ET 20 (Z,N)
T ED L HITED LD D %D T, D. C. Hoffmann (I Z=100 @ Fm FIZA&D B FEZ 3R D
BEICRIME A i U ThTm, T OREE . PPm 1T A 72 Iy Bl 29 2 08 k75
HIn2 0E I O P Fm I v — T RN RERL TS ZEERH L, Z0X9
[CHPET DD L OZEETHHEDEAIN T EREL LD D 2 LIS HRE N ERED
BBEIC O RERFEELZIT TNDZLEZRELTND, ZOHE, B DIZEINnHA
1% Z=50 & N=82 O "S> OERIEHBREE IV TH D, 2D OREERE R4 Mz, #
BEMMZETE LT saddle point 270 LI L7210 0 OB OERART v ¥ /L RV F—|C
W B Z GO T, KR TOING e EICEETHZ N, FbORT v v VG
HETHLEMTIONTWDS, TOME, DEBOLFBIR T, DR OB ED -
2, BB TERIBICTEUNEL S & LT, ZORE, Ei— /L X —|TRFICRE D,



4. FSL KT NV — 7 D two-mode fission #f 5¢ (experimental verification and their
characterization)

Fie1, 2 (BIImEDEETSEILRo72) ORELNREmOF T, FxHLRKEH0
&I % 7 —71%, 1954 2T Turkevich (Z & - THRAE E 4172 two-mode fission O FEERH 72 IR FIE
& OWHE E R D98 % 1980 4ELEN B 20 FERICH » THITEICEB Z e o 72, T OREE
UTICHESGREZ LT, ZORECHHEICHIT 2, (42F. two-mode fission 73 < @IS
2 XN DIE, B AR 3 2 ML AL D Strutinsky VEABRAFE S4U T, two-
fission paths DFENEHIIICHL TESND LIRS THLTH D, TN ETIL, FErTr—
& %l - B3 % 72 8 D working hypothesis & L COAFRE ST, )

(1) XPEESFIERD & IERRE EDEIVERY & N R DAE A~ 2 & 2R
L7z (H.Kudo et al., Phys. Rev. C 25,909 (1982).), Bohr @ channel BE7@ (2 LAiX, £
FEAERI D AR E— LD F Tk T DA E SIS HT DO A saddle
point DFZIRFE (BEIBEREHEE— A F) ICR o TR ED DG, kPR & FEXTFRE &
DEVERY & TR DAES M RT V) FEROT — XL, ZNENOEESFIC
Y72 % saddle WFIET 2 2 & 2 FRIVTHGEE L7 2 L1275,

(2) HEEHD A=128-134 OB REAERY OER =R LF—3AMICIIF CEEDO SRR T
HoThH, 2D &3y h - 7= (T. Ohtsuki et al., Phys. Rev. Lett. 66, 17 (1991).) ,
RIE B EIER D=2V F— 13RS | IO EIEROZ T, @y, ZhE
T two-mode fission |Z 73K T D Dkt = R L X — (K FHEN D DO HFH L B TE 203,
ZOFERIZEY | OB O TIE IO T L TR D DI LT, FEXFR
DHRTIIHEVER LTy MITFEND Z &R ot

(3) FE B THEOESHE 20U S M Am £ THMICHX TR T 7 F / 4 FEEO R
o35k & IExFR YLD fission barrier D75 % K ¥ 7-  (T. Ohtsuki et al., Phys. Rev. C 40,2144
(1989); Phys. Rev. C 48, 1667 (1993).), P. Moller ®¥Fa7t5H (Nucl. Phys. A192, 529
(1972)) (IZ&iuF, HRT DD (Z,N) ORFEEL LT >0 barrier O K/NELRHZ
DLETRINTND,

(4) ERFLoO ZFHAOEE) = RV X — D5 Dbkl = R F— (A2 T~ 2l X
D, BRIV T saddle 725 scission £ TIZMNL L7220 paths 35 Z & %
FEERIIZ R L7- (Y. Nagame et al., Phys. Lett. B 387,26 (1996).), 3 7cbobH, 7 7 F 7
A RO TIL, ®miV fission barrier Z X % path 13 < OV T scission point (2% V)

(low kinetic energy) XIFRERDHIT 5, fli)7, KV fission barrier Z#%% path T,
Bld = X7 MTHaALT scission IZEB Y B EITIEMFRICHEISND Z EN o7z,

(5) —DOREXRENEEL TWH-o T, OO RFIZTYI 5B scission point D D
FEAVY (2 Z Tl degree of elongation f= (iE#j—R/L¥—7/>53KE D charge center
MIOMHEE) / (oD HE L TV 5555 @ charge center [ D RERfE) L EFKT D)
EINETIIARSNTND NSNS REEROFEOEE) T 1L —FERE) 55K
DTHDHE, L AREZ LT, MDA TIE, Lym=1.5310.02, XHHETIX
Bym=1.65%0.03 & 72> 72, Bimodal fission O & T /L F —FK55 TIE Bphersym= 1. 33 T
&7z, (Y.L.Zhao et al., Phys. Rev. Lett. 82,3408 (1999)), Z O#ERIFEE & OB HF
HTHHB SN (T. Asano et al., J. Nucl. Radiochem. Sci. 20, 1 (2004).), &< HH5
TN OEB) = R L —OYHEIZEIT 5 Viola systematics (X, FHE 2%
bILD Z &iliolz, £ LT, Viola OEMIIEMFFE KA OES = 1L F—D
systematics 3% L CW\\5 Z EnX o Tz,

(6) —OOBEOHEHTTITEBM =R VX—NREIERLTO, TNENOEFIEETE
RSN D RO SN P EF b B> T 5 Z &3 h - 72 (1. Nishinaka
et al., Phys. Rev. C 70, 014609 (2004).) . FEXRIFRIIZLT 7> 6 Bt S 2 Wk 740 Terrell



D X < H B LTz saw-tooth [ZAEL TN D 23 KRR SN I Z DO R YETF 2 i3 %,
LU, OB &R (A X3 AERY O EFIEF T, A=100
WY TERTHL, A=I30EFHTIE3. 4 L RELS DT ENyhoT,

5. REDEHBWHT —%

WEIZ, BILOHEEWVH LT — 2 2/ LTH<, FA>Y GSI TlE fragment separator
(FRS)Z > C, HA A UL CTHERT D Z=85 n 5 Z=92 F TOHMETE D 5h7p 5 [RINT A
% on-line TEESHEL, TREFICIESHE T, Al R2E LD 7 —1 VEEIC & - TS
i Z &, EOEEICRMH A RHAICBIEI L7z, (K. H. Schmidt et al., Nucl. Phys. A665,
221 (2000).), Z DOFEFIL, Ohtsuki et al. DFER: EFET 5,

BT D A== 3 L ¥ o —H — & Bl LT P. Moller (3R ITTICETE L2 K% DI single
particle level ¥ #28% folded Yukawa &\ 9 L& BEGE L CHLAAIL, *Th & U @ potential
energy surface % K fission path & saddle, scission point COEDIIRZ R L2 X E5E L T
W5, WAFHE L7 P°Th, U @ potential energy surface (23 symmetric fission valley &
asymmetric fission valley & 2377E L. &\ separating ridge T/rlF H LT\ 5, BIL, 727 F 7
A RO 1T D OMANL L7z fission paths 23FFET 2 2 &N #IO THEERMIC bR S iz,
Z O potential energy surface |Z£% 57T D OBdEE & p# LU CTARKT % TE D fragment shell
DM GFORELEZ T TCNDHOT, BEmMICHLHEHE L WEHHEIZ/ 5 (P. Moller, private
communication (2000).) ., potential surface DEHIL, H < ETH static 8D TH Y | EERITE
B ED L 9 IZHEITT 5 DI mass inertia & B & L 7= dynamical 723 H A2 T 50N ERH 5,
mass inertia (3B O EBEEIC L > TEDLLDO T, L EMAANTHAEEZIT O ME
NHD, ZDOX D 72FHE O R dynamical fission path 23R F 5723, FEER{E & Fhlk TX 5 Bl
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Thermodynamic study of the actinide and lanthanide hydrous oxides
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