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The JAERI Recoil Mass Separator (JAERI-RMS) has been constructed at the JAERI tandem-
booster facility. Recently several experimental results using the JAERI-RMS have been reported
on the productions of new isotopes in light actinide mass region. Over the vears many calculations
and experiments have been developed to investigate the nuclear properties of heavy-and superheavy-
elements and to synthesize' those by low energy heavy-ion reactions. The known heaviest element
up to now is 112 which has been produced and identified in an experiment at (GS1 Darmstad. Since
the production cross sections were the order of subpicobarn and the cross sections of heavier ele-
ments might decrease rapidly, it is considered to be difficult to search superheavy elements to-
wards the predicted double magic element (Z=114, N=184) with the standard method. To break
through the unsettled problems, it is important to understand the fusion and fission mechanisms
of heavy nuclei near the Coulomb barriers and the decay process of excited heavy compound nu-
clei. In order to discuss resent experimental and theoretical developments, the symposium on
Nuclear Fusion and Fission of Heavy Elements was held at Tokai Research Establishment of JAERI
on March 24 and 25, 1997. The numbers of participants were 18 from universities and 12 from

JAERI. This proceedings accumulate the reports presented at the symposium.

Keywords: Symposium Proceedings, Tandem-booster Accelerator, Recoil Mass Separator, Fusion,

Fission, Heavy-ion, Heavy Element, Superheavy Element, Radioisotope
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1. BEFEEEOHTEEEEANAL

RRHAFSHF R

w  FE -
HMEAYEIYREE S —

(1) BU®IZ

%ﬁi@%ﬁ%ﬁ%nkﬁﬁmmﬁ?ﬁﬁﬁtoMT\&<E$ﬂﬁﬁ®§%ﬁﬁf
E<EVWSNENS DODNOEBRAROENECDODVTERT D, i, ERTROLN
tE§@®?~§tvF&\E%ﬁﬁtié@%@@?hﬁﬁvF&ﬁ%?é%tﬁﬁm
EELHEICHENT D,

FPEoic. BETEEBOEREOFEMIIDOVWTERT 2. BHEFMEE< T
PINTVT, ZE<OBEBRITELDENTE . SFAEVT Wapstra & Audi ITR5HD
PELT, BEFKIZ1993.719 954K CU1) THS, FTITIEH200 0
&&wﬁ%kﬁ%wﬁﬁﬁﬁﬂméﬂTmf\%m%wﬁﬁgyx%??492®$&%
EWTHESNFEEMED, BRAREELTELDHENTND, FOE BFEDRIRIZ
198 84K (iR 2) THAHM, LEEHSEENEELME, FHREEECED
BHENES., SHRMICRTHRMEINEL TS, I, EREBERIUEMROD
EHEOBMITHD., 21 0ET, BICERK AS 4 0 OB TRERRESKERC
=E5T 1/5 ~1/10 EFEEITNELZo TS,

”ﬁ‘i<f%T@%%ﬁ§1E$&®tiit\iﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ?ﬁﬁi
ERWEELEAES D, Z5IC. DEVBSICHREERD EHMESO [BEME) A
EUTHBMT\Fﬁﬁ%&ﬁ%ﬁjﬁ%ﬂéh%%@%&éo HEOHEBRERZEMEDIZ
BrroTlid, ZOXIRAKELTEENBETSHSS. BEETIK, 19 88FMHL
1995 EETHERITMEN 0.5 MeV SA LB BEEE LICBT bW, mikd<
BN 2 ERAROEEID 0.3 MeV ~ 0.8 MeV TH2, HEARXDONIA-YEE
s BT, TEEAERER input data &L THEWSNDN, AROBELDKREL
FEERLOIBR R EOERNBETHAS 3. E<iz, Na 71V b— 7L E/KFE
EHEEL THWZW,
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1. 19884ERE 109 5EEREAKEE, FEFAERMEN 0.5MeV LI L& 5B
HHhOBmET 10 THD, B MeV.

198 8K 199 54K
Z N HEE RE HEE RE HEMEOEWN
3 7 33. 84 0. 256 33. 05 0. 02 0. 79
4 9 35. 00 0. 50 33. 66 0. 50 1. 34
11 20 11. 83 0. 58 12. 66 0. 16 0. 83
11 21 16. 55 6. 74 18. 30 0. 48 1. 75
11 22 21. 47 1. 14 25, 51 1. 49 4. 04
12 20 -1. 75 1. 58 -0. 79 0. 10 0. 96
17 26 —-23. 13 0. 06 —-24. 03 0. 16 0. 90
20 31 —35. 01 0. 08 —35. 89 0. 0¢ 0. 88
26 37 —-55. 19 6. 06 -55. 738 0. 19 0. 5689
57 91 —-63. 81 0. 15 —63. 186 0. 13 0. 66

(2) BERARNICLDHERE

e, K< HEPNAEREARELTROBOERD EIT2., ERBEIED
Audi ZOHEESE (21019 8 84, EARRFRICEORATORFOERMEZMA
H M) % input data ITLTW3, BNROEMEE (T A—FE, BEF) B &2
CE &,

(7) IM /8= (Jdnecke and Masson, X#k3) : Garvey-Kelson iDL A7~ 7T 4
PAEBECLEERAR. BTER PHTERBIVEERDEDUDEDIINT A—
FEEEDEDT, ENTA=FRNATH S,

(1) TUYY 2% (Tachibana, Uno, Yamada and Yamada, X#4) : BEEBDKE
89154y % #4573 macroscopic JH & empirical 72 shell HOF, Shell DR
R TEFROEEHIRZESERL .

(™) FRDM A% (Moller, Nix, Myers and Swiatecki, X#5) : EFHZOREE
BEASIAEEE4S (macroscopic ) &—HRTFEHBRT v b oiEorz
shell I (microscopic ) @F1,

(T) ETFSI/AR® (Aboussir, Pearson, Dutta and Tondeur,3X# 6 ) : Hartree-
Fock O EpsRietE,  Macroscopic & microscopic HO I AT > b
ERAHIEITEFEE TS,
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Lo (7)) 5 (T) B4cd, Skyrme SHI force %MWz Hartree-Fock (4
BCS Pairing ) #FEHA v aBRTHEE OUR7) PHMHBREESEEZRA WL
BT (XE8) 2, INhoFERWEAEGHS. ST5IT Duflo BOFA
OEBAROWE L) BEbHHM, EREERLLTARKENTVWENI LD
N, XEEHEIFLETET S,

£7. bhbho X )l— 7T, Woods-Saxon BlO—FRF > v b EKRL.
FNEAVWTROFE—FIRINF—,S Strutinsky OFEZEHZWVTERED shell
EHAEPLE, X510, FNSEE shell HOES T pairing 3R EEHBICHHEZ S
shell Bx2HTHEE£EZITNS, (OB10)

%2 198 8EMPBLYL 99 3ERMOFEKAT—FIIHT 2HBLAAORE (RERE) .
AN SIERREEERODLEDT- YR THS. 199 3ERREENDT—FO
535198 8ERKIIRWbDE FRE) &Lk
FERREOTO[ I HOBEIRARDONSA-FETH S, BREW keV BHTRRLZ,

198 8EMIIKNTS | 199 3FRINTS | HUROHINTD REOK
ERAX | BE (1) BEEK| BE BRER [ RE (2) EEX (z) ~ (1)
IM 339 1633 301 1884 | 673 280 | 1. 99
[928]
TUYY | 538 1657 ] 576 1909 | 864 283 | 1. 61
(281]
FRDM [ 670 1593} 690 1837 | 810 275 | 1. 21
{16]
ETFSI} 730 1492 | 748 1716} 871 2562 | 1. 19
[9]

F2IZRLIEEDWE, NTA—FENENAR, FAEIM AROEN (HREH)
WEMNNIYY, —REHICE- T, ERENEET ZEBIES TORABKBROEEREIC
i, 2O IMARDEDICVAFITF 4V AERWEFENELTWS, ORI
FERLICTLE. ZON1LIE'SGd oX—FHEERMOERE Cuill 1) &
R BHBEOKBREATHE LEINREINTNS, FTORBHERTOEEIZIEIAN—
FHRABEOQEMNUEN, FNE2EEOEENR (TUYYFRDMETESD ®IAFITF 4
7 ZOFHE M, Syst. (Audi), Syst. (Yamada) ) TEHEL TWwWS., DED, X—%FH
BEOBRICHEBENRZOWEKEL, FEINI ¥R ZERE LS ZE T, input
data THAQUEDELIZHANEZHOTH S, HRIL HEERX TUYY, FRDM,
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BETFSI 2 AW Ba kN AF<F 4 7 A (IM, Syst. (Audi), Syst. (Yamada) ) ZHW
P E A EREOERENOEWEEEE S A, I0LIIK, ERESFET DHIBE <
TV AFTT 4 7 ACFERIPROVEDTHDIEEA D
UL, —HTHIO—BECHIIHDEII, YATFIT 4 7 ADFETRINVWER

AR FRDM, ETFSI o728, HLWHEBICHTIREESEEARW,  DED,
TRLONRTHAML-BSICE. BE0aBzENoagEElNEnEEI N5,
TRUINT A—F QEASDIVY, WHhAHBNETFIVCHET SMEDOELD T,

(=75 L. T THANTWADITEZOHMETIZZLS, BELAFETHS, RED
WHEIZ S ATFTTF 4 P ADS MR HEEATNn, ) bitbihid TUYY nElid
L AFTT 4 7 ADFETIZAWA, empirical 73 shell HEF OO THEMZMAE ZR
ER

] n -
—~ 40 Estimated Qg-value a2
o ] ‘. F
2 7 - A
&3 R F
0 B B-decay Half-life by a0 B
< 1 the Gross Theory g 5
e 20 e m - w
> .
8 : T u :_ E
C 103 NS
9 10 $ 5
2 3 "

0 3.5

i I I

T T I T
Exp(life){ [JM}| Syst. Syst. TUYY || ETESI||[FRDM
(Audi)l{(Yamada)

Fig.1 Estimated QB~Va1ues and half-lives of 165 Gd

EREOGFETAEENS ISITHN S E, REBEDRDTHADN,. VEDD
FELT, RIEIIBTAr-BRTESHRTORBEHELTETS., BRI #¥k
BE (~10° K) swiFgE (10972 @/cm?®) PR BED) DDOXKEAR
BORTHREFEHEEN—FHRBEZEVRELADNS, SREXDEVERHROGHRSED LWL
33 UFTHD., LORKEIN-ZEHE L THTFLBETR)LF— Sn 33y 2 ~3 MeV
DETAEFHEBTBHIEITRS, HFEL. TORENFEENOEDIIRRERKT
ZEANLOMNE., FEESICHLMNI/Io Tz,  Sn=2~3MeV DOID7xH{%
TREEE T, I<-TZ2R\VWTEEDEREII2<. HELARKNICL5HELPHEIIR
Vv, HEEARO TUYY, FRDM HBXINETFSI ZHWeEEFAZK 2 1ITRL,



ZIT EAE AZ,N)H
=7, . PHETE=N, DD
BROEHRRETH D,
TOROE%IL, HEIFOEE
T AMBRMESY. TOBDOE
VICH AU OBRRETHEE
TH5ENIDLOTHB. (HOER
KRy fREic oW T, XK1 3
EBRRINN. )
NS A% a,b DER, ERED
EETAHSERICEREEALT
ks, FTONTA—FEE,
ERENZWERICBEN, HE
NROBRMEEFME LTTUYY
NRDEE U D THRVIZDR,
3 oHINWERTHS. TUYY
NREBEZOHIRTHDIZDHDZ
modified TUYY &ERE, ZD
modified TUYY {2 A L—XITE
BRIEICEND, DWTEED
TUYY AR HE L TH <,
DED, HEERMENDH SHERT
BEREERN., FO&EE
modified TUYY O@EZEFES & K
WEIWVNDTTH D, H3T
RUEERMMEER. MoHE
NRICHH D, 2D TUYYRR

BAOHD TR &, BRTHD,
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e—i ........ TUYY
—— Modified TUYY
—— Exp

Qp (MeV)

760S

— T T 7 1
116 118 120 iz2 124 126 128

Neutron number

Fig.3 Experimental and estimated
Qg -values of Os isotopes

BRICHE A 5 RERFETH D, BEAROERBELERT S LNTES,

(4) £&®

b, SMIEAERMBICHT IR FERA, RABFEOEEREIIROERVE
510, AROHEBEEEHET T HHBERTEVEN L

BARICDWTERLE,

# CHR

O

(1] G. Audi and A. H. Wapstra, Nucl. Phys. A565, (1993) 1 and

SOFh, ZoFHEE, HoEEARIIHNLTD
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2. FABRFFICH T AHENTRERDKR ESROEE

A0 BE GEXNETH)

1. FEESHIC

1976 B0 . AR TEDE BEABRFIIAIF—FAEFOBAOTIC., RKRFFICHE
FTEHAT 2y PEIFVSACEAMBSBEBO TRER IBAES AL, €D 3E®. R
F4E T-1 it He # 2P = v R ISOLKUR-ISOL : Kyoto University Reactor-Isotope
Separator On-Line) R E & h 7z, k. KUR-ISOL i, EEMTIHFAFZOZEDE -
HEEORENFIRCFHBEEIND LI, EEEHEOMSHNLMAERRICLY., A BX Al &2
REEOLEAREFOC—LBEOEBRETOLTE,

575, KUR-ISOL #F B LTHHNA TV AHFEIL., OFALGEIRR®E. QRFES X
CLAERE ISOEFOETHFIRIEZBOEBREFR. OFRLELBERRERICHT D
FEE OALEHEA Yo TEVWEHKERFETHD ., £HKR. BEIR. BRRKOBAN%E
ETHEERED LR TWA, 2EHIZ, ChLOHAREBEBOA. HFRUGTERREP LU
KUR-ISOL 0BER F SRXHBEC W ITBNMEXLTRET 2,

2. KUR-1SOL

KUR-ISOL Tix. #— 4 v r ThH BUNLRFFEORTHETFICLVBIRERD Z £
BL., ~hrxrz 7o/ RBEAESAETARTH 11m BN A FUEE THEET B HN
(HRA Dz PE) REAERTWVWAIL, FAY =y FE ISOL X 1970 SR PED L E
LT, R LRET AR FRTIE AL oM., B LR ENIC L DB LE
SN EREFEOERANIATRTHLAZ L EDOHEBENS, IoBEBREA I,
Fig. 112 KUR-ISOL OB+ 7 4.2 FT.F— % v F ThH D2 93%BHE = n 7o 235UGR0
mg)A, WE 36 mm, R&E50mm P ¥ —4 v b F = —AEI, B & 0.7 mg/cm? T
ExPTW3, BEIFEORDHE,. 20FcrA—2 T- 1 EEAZERLPLORETFRR
T CHEAL. EFPORTEFFBRTAEICLY BUOESBEERDEF = v —R
AR EEA, T-1ADLETORPEFEILH 3X 1012 p/cm?2 s TH Y, EHH 1.3X
0N OESBERECD, R LEESBEERYE. F—Fy b F oy A—RIEFY I TH
AL LTHEASRBTAOBERICLYRLEN, I VT —HALRASNTEZT O A
AE (Pbly) WELVHEBENE, 0%, BPBERGEIAARCIY F = —AKL
HT. REEEN S FUOETTREIND, BARAERSRABE L LT 0 VEA T
FOENOAFv— (LD HALBEEENAAFVERLATTD, ERLEESHERD S
By hF o R A A vEETHETAQORLETARMA LsUTTHI[2], £
EJZET&@C?:‘//*‘—-73=B%éb\ﬁézh'cbiibi\#ﬁﬁﬁﬁ~1s&”§@&@%ﬁi‘oﬁ@“:kﬁi
A Thsd, ELEERDITBIEEBRIZFICLO+1IMEITA Fopahiz%. 30keV £ T
FENEEHNEEN O DERGFCAR LEES¥END, HESBENLAZELYY —
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Skimmer lan Lens Analyzer
Source Magnet

Target
Chamber

Preasure :( )
Gauge

Aerosol
Generator

ure
= Regulator

Gas Supply

Fig. 1 Schematic diagram of the gas-jet type KUR-ISOL.

AE. EAMECE»RERAY Y MZED, ERETOHEROEBOAPERIN, 3
Lrvavr—F FicREESND, REShEEEIL, HELTIHBILOREE - B
BEEOLRBIC S L TREEENIHET - FTREBOMBETTCHH L. BARXNAEDR
Fhhnbd, BE. E—Ar LTEROVHLTERAS T B, #4E, 1MCs*TH 107 {B/s
DA —F—ThHyD ., 2RI 1-2%BE L2>TW D,

1976 E b KRR ZFICEIT 2 ISOLBER MM S TLU%., KUR-ISOL FLDE—A
BMENRK, LYV AKEHEN LA LT TREESBRY HEIERIT 2T Bl -
NETAFVERPENB ARG OBBEOERZRT PR TE R, Table 1 X KUR-ISOL @
EBORELFTAICIVREAEREE 2> 7R, (T KUR- ISOLCREE N FRAET
ZATRTHA. BEEOHEALECFRUERZEOZERRLINTELI ERGH D,

3. HRAGAETEOER

KUR-ISOL TiX Z AL ¥ Tiz2 156Pm[4]. 155Nd[5]. 154Pr[6]. 152Ce[7]® A O RN
TEOREE LaD L BRECEENITLAEZ., Zo—#H & LT, Fig. 2@*’?1 mATHER
éhtlﬁoLa@BE‘ﬁiﬁfﬁiﬁ lEhk-XBryBopEEResTT, Llaid, B, HEX
150 0BT A XA 08B s DERPETFOXTHLE L’Cﬁ‘ﬂ:éh‘@«\t# (8]. F® B 5
B OWTHRBIN TV AL EZBTHE, INLOBREHENL, TORED ¥
BEBOEL LTO051(DsFRELEPL.IOERBOERBICET 2 EHRIE . microscopic
theory TiX. 0.771s (Hiff # 0 B &4 R) | 1.46 s (Groote Z0EEANANX) . 0.405s (Moller
EOEBEAR) LR-TWVWAE[0], —FH. KAMEHRB T 1.10~268s EHHEINTVD
(11], WA OERIT. Q ;EOEFEEMNRKE N, %La OFE. EH LM E vz X,
microscopic theory i L 2 BHBMEOF N L D EREITHEVE VR D,
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Fig. 3i2ix, U OBRPHFIC L DS
LNTERALNAEBEOREESRINEL R
+, ZoEMNFT LI, 2 ETKUR-

Table 1 Development and identification of new

isotopes at KUR-ISOL
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Tit, 185Pm WHE T2 ERIFEMNBFEFRECEEOIEESRBENRT, T/F /4 FR
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Fig. 2 Decay curves of Ce X , X-rays and two y Fig.3 Cumulative fission yields for the thermal
-ray lines originating from the decay of a. fission of *°U.
5. SEOEE

PLE#~TE7 & 5. KURISOL BEFF MBS THUR, TOMEALIER
rh A, BAMERERLYNOHEON 2000BOE—LAREIETEL TS, £LT,
ﬁﬁﬁ%ﬁ%ﬁﬁﬁW@ﬁ%ﬁ@@ﬁ%K&éﬁ‘%%%KWMHETH\?ﬁ%%¢ﬁ
FRBEEBOLEREFTOEBEERR] ¢ (RETEFEOBENR 2FET —~0OP L
CEr . EREOERCE-TLI EHTFIOSVEFEELVEANEY -~ LABRETHEOND
L5z, KURIISOLZ#E{E L T W& W, 72, &Y HEanhERCHTA AR REIEL
MEAITLAL IR BEABLIAELEETHE, TR, #BOHBEE LTITVE
WO R 2OBR D,

E—LSA > OFHFEE-—RE,. KURISOLKEERB =N TV D Ve AT A R—FETH D,
SHERERICH L TERCHIGLIZLLWERI® D, BROZBYTOLEICRYEHD
KRN AEERR LA, Fig dFT Lo, EESHACRHTE2BHEOTERS
ATICEEL, BE—L7A VELI—ARBTAIEEFEL TS, RE. - AT A
COAR—AREETAEHIC. MEEFRERBIN TV D 2BHESOLRERICAD L
TETHY, REECRFERE—LTIAVERBTLITETH D,

BYSyngErzBULEHI—Sy FORE-B7E. KUR-ISOL 0F—4 v M 30mg
DSy RER SR TS, E—ABRERETEOICE, Z0 U FHETDONERR
HETHDI, LinL, HAT =y hEISOL THROEHT I ERARTHLIERIT LN



JAERI-Conf 97-009

Fig. 4 New layout of the KUR-ISOL.
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Fig. 5 Fission product yields for the thermal
fission of *>°U, ***Pu and ***Cf]18].
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3. JEWFEIEKR CHEAEISOLIC & 5 RAMZEIRER

&H KA BAREFEZTE

Abstract

Search for unknown isotopes using the TTARA-ISOL and
the JAERI-ISOL

Masato Asai
Department of Nuclear Engineering, Nagoya University

The new neutron-deficieny isotopes '*Pr and '*Pr, and the new neutron-rich isotopes Th, 1¥Gd
and *1Sm were identified using the TIARA-ISOL with *Ar + ****Mo reactions, and the gas-jet
coupled JAERI-ISOL with a proton-induced fission of 2%U, respectively. The element-selective oxi-
dation technique was used to reduce large contamination from isobars and molecular ions with
production cross sections about one or two orders of magnitude as large as those of the new iso-
topes. The good signal-te-noise ratios achieved in the present measurements were essential to

observe and identify weak X/r rays from the new isotopes.
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BB ORI B OMEREF I o TR TERE N BB BN R FEDTFE DR
R UEEE OIS OBIER 2 ENTWS, T bOERECERKEREIIR URIEHRTH
BRIZ AR SN B FOBOBEEIC A~ T/RE L, BIEIIIERISERD YD O BRIZEOSREN
AR Th 5, Ay T4 Rk BEER (ISOL) 3RtE & T3 ERRORFEOH LRSS
BT 3 - LRTE, BREOEEEYRECTEX D Z N LESORMBEEOREIZIIFTARE S
W AEBTHDS, L LAEEOSEIRETH Y. TARRIE DD Signal-to-Noise ratio
(S/N) % BAb S ®REBIEER ORI & 725, SEIRBIEFRICRHEREXRED ISOL &
AW TH b REEEEROR RISV T, EICRAESCERT 5 S/N DBRANL]|MET 5.

2. BB ISOL(TIARA-ISOL)IZ & BERHLIERE

SRS AVF 4 27 u b1 0382 &R TIARA-ISOL THE, 195 MeV *¥Ar & Mo & —7"
NI & BEA A VERA- R PR TER N5 La, Ce, PrEQPHET RIBE O SRARES
Y FFTFoTVE, 05 HINE THESENRE SN TWARVERMEREPr, PPr ORTE
T,

La, Ce, PrE&n & T 7% 13 TIARA-ISOL WA &R/ R EBRER A A R [1] 12 L 5T
BelbMiA Z v b LTEDRTA A bahsd, — B 4 LT/ A2l eT. B
AL b LTIEEIRE WA AL ER BB —B A A & LTRA T ez
Cs, Ba DR B BT 22 LM TES, ZOZ LIXBICProRETHESNG Ce K XRE
RETDEEIC, ALIIAF—2&F0Cs Ky XMBERZDDEHCERTEETHD, L
L—FTPro—@itih b LToA 4% % I La, Cell b T—HIEEEL ., FFEROKZ
Wha, Ce DRIEHDYBRIZ LY S/NBB{LT 5,

2TPr %Mo (% Ar, p2n) RAMC Z D ER L, Bk A A& LTHBELEBIE L7, CeKoX
BR U 3AEDVROBEBES O LBME 7.7(6) s LERELTZ[2], TORERCBREET, L
VHREBRRE BT (3], —H PP id2Mo(*Ar, p2n) RISICE VAR L, B —BEL 2
FLTOBELBELEDN, XBLRLERTAZ L3 TERhol, BEIIPPr L AEZED
La, Ce DARBFEMOILA, 2Pr ORAITHALATEIL /56 REN SV LB D, Bt
e XBOBEL THB L, WP 50 X#HI1ELa, Ced b D XARITLHART1/370 OMEE T LA
BRI S TRV, IBPrTIIEIZ1/5-61072 5 &5 . ZOS/NIZ#I1/2000 & 72 ) #BAIIIHE
HTHEES 72 A, 72 TIBPrid—Eke LTTiR<, B AV ELTHBLEETDE
Lt Ute, BiEA A e UTHBET B LA e BFEOFEFITEN Cs, Ba <RI N, Ce
K XBOBRITRAREE 25, LA LLaRUCe®M/MOTHIZENLENL/18, 1/11TH Y,
—~FHPrOMT /MO HIZ1/14THEZ b, &kE LTENBRRO Ny 7 77U Rl
SVHST/SRBREIZIET L, 1PPr ORI D My BRI TE D LM s, Figure 11T
FOETEANRY WATTRT, —B{EW (A=125416) THARO/Sy 7 77 7 FZBNTR A
e 72 135.8 keV DA A=125 TIZEN TV 5, - yERHERIE TI DR L Ce K X
BEREHET A L HR L, 1ROBRRED L PP OEEHE 3.3(7) s LIRE L 3

—_ 16 J—
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Fig. 1. Gamma-ray spectra for Fig. 2. Production rates of fission fragments

the search for '*Pr obtained in the

for the B3U{nw, tion, thi t
A=125+16 and A=125 fractions. ot bhe (7un, f) reaction, the spontaneous

fission of #2Cf and the #8U(p, f) reaction.

3. EiEISOL(JAERI-ISOL) Iz & 5 RMIZIERR

JAERLISOL T3 H 2 P xy MNESHA A VIEOBREEZT-THY 4], £ AV TREHR
Hg 7 LT AHESED S D 16-20 MeVIBETF B — b U F—F v NI L 2B FHELSRIIST
AR ShAEEEI160EEDOHEFBRIRAFEOBEERIT o7,

AR LB SR E R AT U (ny, /) IS TEREND, TNETHEDEE, L%
SEEOEETA=162 £ TORMEER ZORIGERAVTREERTEX [l —H*U(nw, f)
RIEIEAS150 TREITESEINEMET T3 2 225, A>153 0E < ORABEREIT®CIOH
BIESEEBNTREShTE 6], PCfEBVWHZE T, HESBETII™G], {L¥0RET
128Dy T CAEE SN, SEAVWESU(p, f) G, Fig 2iLR6NL X IVWEEE 160 LA
ETHonbORE BFEET ANENEL N, TRV zy bA AV BROYRR IR -
FEDS/NREBILL > TELICHEFRR S RAZBORENSTEICZD L EDND,

LAEOERTCIIERSEHTITRT Bt 42 TF o7, La, Ce, Pr2 8 OBEFH IR L
BoT, PEFTETEITEEA AL L LTOHENA FAENREY, L LA IERAERE
66T % BIET 258, O EUINEM 2HTLL LK & \\\150Ce, 10Pr O—BR{E# A A (A=150+16)
RERHC B S L, #E372 10T OBBIZHET D, '°Tb &ML 4 (A=166+16) = L
THMET S CIRIFRAEMICLAPER FIIHER D &M TED, Figure 31T A=166 &
A=166+16 DAY PV ETRT, BIERBEO Ny 2 77V FERTCDRUSBETR
HENEX/yRTHD I & ERERTHEDIC, fREDARHEL L >TWD, PTbOHEE,
$BEE (D165Dy DA 3.40 d & BV DIT L A PHIERRIOTL DAY MABELIE, TR
#1321(6) s £ RE 072 [7), FEEICRAEEISCAIC >V THEIE L, FHEHI10.3(16) s BR/H
N7,

S ENZFE Y Pm OBIE T, 5Pm OBREIC Lo THHEN S Sm K X BTFB T2, £
MR 105K 2 WRIEREOSM 26 O X /y#AeiL ) 10 FRE#RBA =N TS/N
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Fig. 3. Gamma-ray spectra for the search for Tb obtained in the A=166
and A=1664-16 fractions.
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4.8(8) sHBHNTL, I OEPRAZE ST ThIZ OV T FRAZHERZITV. 25 sBEDHER
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b EREICT D,
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4, JBEEFAH Z Y xw FISOLEZEFWHECRET A KRHT 7 F / A FEFREOHER

FE N (REPREHT )

Search for EC-decayedneutron-deficientactinideisotopes
using gas-jet coupled JAERI-ISOL.

abstract:

To study the nuclear properties of unknown neutron deficient
actinideisotopes which decay mainlyvia orbital electroncapture(EC),
we have developed a composite system consisting of a gas-jet
transport apparatus and a thermalion-source at the JAERI-ISOL.
With this system, search for 2*$Am

produced in the Z5U(®Li, 5n) reaction has been performed.

Pu KX-rays associated with the EC decay of ***Am are

observed at the mass-236 fraction.

The half-lifeof #*Am is evaluated to be 4.4min.

The outline of the gas-jet coupled JAERI-ISOL system

and typical performance are given.
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REAE SN EEOESR L FOBETICETANRIL. RFHEOFEERRK
LALLM TR I, BRERTORFHOTERICETIH LWE#RE S 2 D,
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BROELEREEOWEEBETHE INICTONTE k. 7/F /A Fedlkok
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BHSHENIEBETHY, FOIRAXF—FHIDE S EHET. £ LoBEEN
T OBRERT ¥BAFITRE T EMAEL AN I LI LD, TRIRNL T,
FITECHETAT /5 /A4 FiEEIZ, FOEEICESFEXROKEBEDREE
DRERBERTHY., QIO 7750 REOBBRTHRIUTRERIRD. £
Dl DFEBOBEIIX. BNWE -7y NIRRT ESBODENRWILESBE
BEHOWLNRTEE, BF L. SEXBOREE T TIIEERRENTERWEDIZ,
Z DR BT 5B O A DOIREEORE it £l IS ORHEREERIER L
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Abstract

The new neutron deficient isotope 2°°Th and #?Pa have been produced in heavy ion
induced fusion evaporation reactions. The evaporation residues were separated in-flight
by the JAERI recoil mass separator (JAERI-RMS). The a-decay energy of 29Th and
212Dy are 8.080(50) MeV and 8.270(30) MeV, respectively. The corresponding half-lives

are 3.87%2 ms and 5.11%§ ms.

1. Introduction

The JAERI-RMS was successfully installed at the JAERI tandem-booster facility [1]
and a new isotope search program started two years ago. This separator is designed to
have a mirror-symmetric dipole configuration { ED-MD-ED ; Electric, Magnetic 1 which
is advantageous for the separation of heavy recoils especially from fusion reactions. The
most notable feature of the JAERI-RMS is that the projectile beams can pass through
the vertical slit of the splitted anode without hitting the cylindrical anode surface. This
makes possible an excellent suppression of background originating from the projectile
beams.

The experiments of measuring the fundamental properties of new isotopes, such as
masses, decay modes, and the asociated half lives have been performed in the transiead
region and the heavy element region. In the following, we discribe experimental resuits
which concern the decay of two new isotopes, *°°Th [2] and *'*Pa [3].
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2. Experiments

The fusion evaporation reactions 82W (328 zn)*4-*Th and '"®2W(*Cl,zn)*'"~*Pa were
used to produce thorium and protactinium isotopes. Beams of 171 MeV #2§ and 183
MeV 35C1 were supplied by the JAERI-tandem accelerator. The beam energy in the
middle of the target was calculated with the TRIM code [4]. The targets were prepared
by spattering of !82W, enrichment 91.6%, onto 30ug/cm?® carbon foils. Typical beam
intensity and total data acquisition time were 60 pnA and 46 hours for 328 beams, and
10 pnA and 124 hours for **Cl beams.

Fusion evaporation residues were separated in-flight from the primary beam and target-
like reaction products using JAERI-RMS. The separated recoils passed through a thin
foil (20 pg/em? Au evaporated on a 5 ug/em? thick formvar ) of the fast timing detector
with a large microchannel plate detector and then implanted into the double sided posi-
tion semsitive strip detector (PSSD) surrounded by four other single sided strip detectors
(PSD) ( see Figure 1). The typical energy resolution of the PSSD for MIAm o parti-
cles is 80 keV (FWHM). Alpha energy calibration is performed using the strong o lines
from (HI, pxn) and (HI, axn) evaporation reactions. The identification is based on the
measured correlations in energy, time and position leading to known alpha-decay chain

of descendant nuclei.

=

HEHH 33 PSSD

Figure 1: Focal plane detector. The front face of the PSSD) is junction side which consists
of 15 PSD channels (strips). Each PSD channel is position sensitive in the holizontal
direction with a resolution of 250 x m. The back face (ohmic side) of PSSD consists of
128 strips which are divided into 8 blocks of 120  inter strip in the vertical direction with
the resolution of 500 & m. The inter anode resistance of junction side and the ochmic block
resistance are 900  and 1.4 k), respectively. The PSSD was surrounded by other four
single sided strip detectors (60 mm x 60 mm, 12 strips). The solid angle of the present
detector arrangement is almost 75% of the total solid angle for decaying a-particles.
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3. Results and Discussion

The alpha particle energies for the correlated chains are shown in Figure 2 and Figure
3. The observed decay chains of 22°Th and ?!?Pa are presented in Figure 4 and Iigure 5,

respectively. The results are summarized in Table 1.

ST T T I T T T T T T I T T T T [T I T I T P11
| ER-on < 500ms i
—
% - a1—0g < 10sec -
<= - =
N’ - —
]
gﬂ = . -
: T Oem
g | 1,23y |
= 10 ac f
o 7]
Es L ”""“Ac-@. _
:én : meR . m :::.mAc :
= — MRz = -
A 5. _
6ll]llilll|ll|[LI]![IIIT!I!III—
6 7 8 9

Parent alpha energy(MeV)

Figure 2. A two-dimensional matrix showing the correlation between energies of parent
and daugther o decays in the reaction of **S on '**W. Maximum search times were 500
ms and 10 s for the evaporation residue-c; and ai-ag, respectively.
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Figure 3: A two-dimensional matrix showing the correlation between energies of parent
and daugther o decays in the reaction of *Cl on ***W. Maximum search times were 50
s and 1000 s for the evaporation residue-o; and eg-ag, respectively.
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196g;

209 | N 2097, | o
8.060 MeV 8.110 MV
20585 8.6ms 2050, | 2.4ms
201q,| escape 87.5 ms
0.480 MeV 8.7 s 0.070 MeV 3.0
197p, | escape escape
6.400 Mev 6.440 MeV
193, | 64.2s 27.2s
Figure 4: Decay chains assigned to 2**Th,
212pa | N 212p3 | N 212p3 | N
8.240 MeV 8.290 MeV 8.270 MeV
208pcl 1O mMs 208pc) 7 mS 2085cf S ms
7.550 MeV 7 .580 MeV 7.580 MeV
204g, | 176 ms 204z, | 21 ms 204, | 840 ms
7.050 MeV 6.480 MeV 3.613 7.050 MeV
200, 7.53s 200,,| escape 200,,| 2.07s
6.470 MeV 3.020MeV 184 s
1968i 61 'O 5 196& 35cape

Figure 5: Decay chains assigned to *'*Pa.
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The measured alpha decay energy of *°°Th is higher in some hundred keV than the
systematic trend of neighboring isotopes (see Figure 6). This discripancy is probably
due to the observation of isomeric state of °*Th. Although o lines followed by decay of
isomeric state 2™ Ra and ground state ***Ra could not be resolved in this experiment,
the observed decay energy of 6.397(50) MeV is consistent with the o decay from 1977 Po.

9000 T J ! ; T

8500

8000 h

[

TR T T VOO DU TN W TN T VU YU SN N R SN U T WO NN N S WA O O O B A B N

7500 .

Ra

Qa (keV)

7000 Fr

6500
Rn

LA B O Y B N B B D B O O B O D D B Y Mt B Sy By S

f

6000

1 1 1

5500 ’ ' I I I !
108 114 120 126

“NEUTRON NUMBER

Figure 6: Systematics of Q, values for Rn, Ir, Ra, Ac, Th and Pa isotopes.




JAERI-Conf 97-009

The experimental half-lives are in close agreement with the results of halflife calculation
by Rasmussen [5] based on the WKB method, but large discripancies are observed with
the o cluster-core model [6].

Table 1: Q, values and a decay half-lives of 2**Th and *!*Pa.

Nuclide Q.(MeV) Ty (ms) Ty (ms) TixT
29Th 8240 + 50  3.817% 4.3 22
2Py 8430 £ 30 5.1%5% 2.6 24

4. Summary

In conclusion, we have identified two new isotopes of **Th and ***Pa. The production
cross section for 2°°Th and 2'?Pa were determined to be ~ 1 nb and 0.5 nb, respectively.
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Fig.1 Subtraction of smooth energy parts from the sum of single—particle energies.
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Fig.6 Differences between mass predictions of KUTY, ETFSI and FRDM mass formulas. Plot * shows
experimental value. The 6-a is for U isotopes, and the 6-b for Fm isotopes.
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Fig.8 Differences between mass predictions of KUTY, ETFSI and FRDM mass formulas for Z=114 element.
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7. BB EZTOREI

HA W (RHEREREt L 5 )

Hugging Fusion and Related Topics

Abstract: An important problem related to the synthesis of very heavy nuclides
by fusion of two heavy-ions is the extra push effect. To avoid it,

we propose a hugging fusion, which is the fusion of two well-deformed heavy-ions.

1 BERME SR,
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4 FTH
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(1] A. Iwamoto, P. Moller, J.R. Nix and H. Sagawa, Nucl.Phys. A596 {1996) 329.
2] W.J. Swiatecki, Nucl.Phys. A376 (1982) 275
[3] A. Iwamoto and P. Moller, Nucl.Phys. A605 (1996) 334.

[4] D.J. Hinde et al., Phys.Rev. C'53 (1996) 1290.
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Abstract

Fusion-fission process in heavy systems are analyzed by Smoluchowski equation fak-
ing into account the temperature dependent shell correction energy. The evaporation
residue cross sections of superheavy elements have been shown to have an optimum
value at a certain temperature, due to the balance between the diffusibility for fusion
at high temperature and the restoration of the shell correction energy against fission
at low temperature. The isotope dependence of the evaporation residue cross section is
found to be very strong. Neutron rich compound system with small neutron separation
energy is favorable for larger cross section because of the quick restoration of the shell
correction energy. The Z-dependence is discussed for the formation of the compound
nuclei with Z = 102 to Z = 114.

Introduction

Recent several years, new heavy elements have been synthesized by the so called cold
fusion reaction [1] in which the target of Pb or Bi isotopes near doubly magic nucleus are
bombarded by Ni or Fe isotopes, and the findings of the heaviest elements from 110 to
112 are reported with the cross section of several picobarns [2]. The cold fusion reaction
is aimed to obtain a high survival probability against fission, but it suffers a great loss of
fusion probability into compound nuclei. On the other hand, a symmetric target-projectile
combination can produce a rather cold heavy compound nucleus due to the interplay of the
potential barrier and the Q-value [3]. But it turned out that there is a fusion hindrance, i.e., a
necessity of extra- push energy [4]. Therefore, also in those systems, there are the conflicting
requirements of high fusion probability and high survival probability. The purpose of the
present work, thus, is to find out an optimum condition compromising the two requirements
for synthesis of superheavy elements with massive target-projectile combinations 5, 6, 7).

Since there is no pocket around the spherical shape in the potential.of the liquid drop
model, and thereby no barrier, there is no formula for fusion probability, neither for fission
decay probability of superheavy elements (remind that Bohr- Wheeler (8] as well as Kramers
[9] formulae are not valid for cases without barrier). Therefore, we have to employ a new
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dynamical description at least for the early stage from the di-nucleus complex to the spherical
compound nucleus formation [5, 6, 7] and for its decay before the temperature becomes low
enough for the barrier to appear. In this paper, we describe the whole process by dissipative
dynamics from the contact of two incident nuclei to the formation of the compound nucleus
as well as to the reseparation, namely, fission back into the symmetric fragments. From the
analysis of pre-fission neutrons and fragment kinetic energies, a strong dissipation comparable
to one-body model is recommended [10], which permits us to use Smoluchowski equation for
fusion-fission dynamics as an approximation of Kramers or Langevin equation.

With this diffusion model, we can immediately expect that an optimum condition exists
for residue cross sections. Qualitatively, in formation process, higher temperature is favorable
due to large diffusibility into the compact configuration from the di-nucleus one at contact,
while in decaying process, lower temperature is favored for larger residue probability because
of the higher fission barrier caused by the restored shell correction energy as well as smaller
diffusion coefficient. Therefore, a balance between the above two requirements give rise
to an optimum temperature or excitation energy of compound system for the synthesis of
superheavy elements.

The position of the optimum energy crucially depends upon how fast the cooling due to
the neutron evaporation is. If the cooling is fast, so the restoration of the shell correction
energy is, and thus the fission barrier arises rapidly to prevent fission decay of the superheavy
compound nucleus. On the contrary, if it is slow, so the growth of the fission barrier due
to the restoration of the shell correction energy is, and thus the compound nucleus decays
through fission according to the barrier height at the initial temperature. In the former
case, the evaporation residue cross section is mainly controlled by the formation process,
namely higher temperature is preferable. In the latter case, it is mainly controlled by the
decaying process, namely lower temperature is preferable. The neutron evaporation width
is determined by the neutron separation energy. Thus, it is very interesting to investigate
the isotope dependence of the evaporation residue cross section in the present framework.

Formulation

The evolution of the probability distribution P(z,l;#) in the collective coordinate space
is assumed to follow Smoluchowski equation;
0 1 8 [dVix, 1t T 0
é—EP(a:,l;t) = 50s {—(f%;’)}’(:c,l;t)}+ﬂ—ﬂégif’(m,l;t). (1)
The coordinate z is defined as z = R, — 3rgAl/3 50 that z = 0 corresponds to the spherical
shape, where R.., denotes the separation distance between the center-of-mass of the nascent
fission fragments in the case of symmetric fission, A the mass number of the nucleus, and
ro =1.16 fm. The angular momentum of the system is expressed by . Both the inertia
mass parameter p and the reduced friction J are assumed to be independent of the shape of
nucleus in the present calculations. The parameter u is taken to be the reduced mass for the
symmetric separation and § is 5x10%sec™! corresponding to the weakest value of one-body
dissipation in a series of shapes.

The time dependent potential energy curve appeared in Eq. (1) is defined as follows;

RA(1+ 1)
21(x)

2 :

Viz,l;t) = Voulz:t)+ + Veren(2)®(t),
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Vor(z;t) = (1 - ET4t)Es(x) + Ec(x), (2)

where J{z) is the moment of inertia of the rigid body at deformation z. Vpa and Vipen are
the potential energy of the finite range droplet model and the shell plus pairing correction
energy at T' = 0, respectively. Both are calculated with the code developed by Méller {11]. Es
denotes the sum of the surface and the curvature energy and E¢ is the Coulomb energy of the
droplet model. The temperature dependence of Eg is introduced with £ = 0.014MeV~2 [12].
The potential energy curve along the minimum valley is calculated with the e-parametrization
[13] and is shown in Fig.1 for the nucleus with Z = 114 and N = 184. The solid and dashed
curves denote Vet + Voar and Vpyae, respectively. When the nucleus is in high temperature,
the shell plus pairing correction energy disappears. It, however, restores as the nucleus cools
down and the potential energy curve changes gradually from the dashed curve to the solid
one. Thus, one of the most important ingredients is the shell and the pairing correction
energies depending on shape and temperature of the composite system.
The temperature dependence of the shell

correction energy is extracted from the free L0 o L L
energy calculated with single particle ener- 5
gies {14]. We assume that both the shell
and the pairing correction energies have the
same dependence on temperature; hereafter,
the term “shell correction energy” is used to

b by Lot

Vix) (MeV)
On
lII||lIil|Ii1i’|IIll]lll||llll

refer to the shell plus pairing correction en- -10
ergy. The temperature dependent factor ®(t) 5
in Eq. (2) is parametrized as; 3
_20[]:111111||1[J|!| I
aT2(t) 20 00 20 40 6.0 80
(1) = exp (_ E, )’ (3) Separation Distance x (fm)

FIG.1 The finite range liquid drop mode! po-
tential energy for the element 114 is drawn by
the dashed line and the potential energy includ-
ing the shell and paring corrections is drawn by
the solid line. The initial probability density
distribution is settled at zg, which i3 marked
by the arrow.

following the work by Ignatyuk et al.[15],
where a denotes the level density parame-
ter of Toke and Swiatecki [16]. The shell-
damping energy Ey is chosen as 20 MeV
according to the above results. The cool-
ing curve T'(f) is calculated by the statistical
model code SIMDEC [14].

Concerning the initial condition, we assume that the kinetic energy of the relative motion
in the entrance channel dissipates completely just inside the contact distance. The initial
probability distribution F(z,l;t = 0) has a sharp Gaussian shape and is imposed at zy =

Teont — 0.5 fm, where ..., is the contact distance evaluated as Zeon: = 2779 (f%)m - %?‘OAU:%.
Obviously, the present initial condition is crude, but should be allowed for the first pre-
liminary calculations. An extension to multi-dimensional coordinate space including such
as the neck degree of freedom from the contact stage with velocity distributions, etc. is
straightforward and will be made for quantitative calculations of the superheavy elements.

The evaporation residue cross section is defined as the probability which is left inside the
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fission barrier in the final stage of the cooling process and is proportional to the quantity
d(To, 15 ) at t = oo;
Tsad
ATy, 0:t) = f Pz, Lit)dz. (4)

—0Q
Here, Ty is the initial temperature and ,qq stands for the first saddle point. The evaporation
residue cross section ogy = T, o(HI,yn) is calculated as;

h?
oy = e S (2 + 1)d(Ty, It = 00), (5)

N 2“0 Ecm !

where 1o denotes the reduced mass in the entrance channel and Eem the incident center-of-
1485 energy.

Excitation function of the evaporation residue cross section

As an example of reactions forming the doubly closed superheavy nucleus, we consider
the reaction 1#La + 1#°La — 2%%114. The time dependent feature of the probability d(Tp, 1 =
10;¢) are plotted in Fig. 2 for five different incident energies which correspond to Ty = 0.68,
0.79, 0.96, 1.11, and 1.24 MeV. Up to the time of around 30x107*'sec, the probability
density in the region of the compact configuration is supplied by diffusion from the contact
region and its yield increases rapidly. But during that time, the main part of the probability
initially at o has descended down the slope of the potential and thus, the supply ceases.
After t~30x10~21sec, the probability density accumulated in the compact configuration area
diffuses back over the fission barrier arising from the restoration of the shell correction energy.
At low temperature such as Tp = 0.68 MeV, 60% of the correction energy is restored and
the fission barrier is about 6 MeV. Therefore, the fission width is very small and d(Tp,/;t)
becomes flat quickly. On the contrary, in the case of Tp = 1.24 MeV, the restoration
takes time for being enough to prevent the system from fissioning, during which the yield
accumulated in the compact configuration area diffuses out rapidly as shown in Fig. 2.

The height of the peak around 30x 10~ ?'sec is essentially determined by the diffusibility
into the compact configuration area, while the decrease from the peak value to the final
vield at te = 2000x10~2'sec is determined by how fast the fission barrier glows enough
by the restoration of the shell correction energy. Thus, the final yield surviving in the
compact configuration area is determined by the two factors; the diffusibility depending on
the temperature and the restoration of the shell correction energy.

In terms of the obtained values of d{Tp,1;%.), we can calculate the evaporation residue
cross section o gy with Eq. (5) for several friction parameters; § = 2.5 x 10% sec™*, 5.0 x 10%
sec™!, and 7.5 x 102 sec™! [5]. The excitation function of ogy for the *#La + °La — %114
reaction is shown in Fig. 3. The corresponding excitation energy to the Bass potential [17]
is indicated by the arrow and it should be emphasized that the optimum cross section can
be realized fairly above the Bass barrier in this reaction system and thereby can be observed

experimentally.
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FIG. 2 The time evolution of the probabil-
ity density in the compact configuration re-
gion d(Tg,[ = 10;t). The curves for five ini-
tial temperatures are plotted; Ty = 0.68 (short-
dashed), 0.79 (long-dashed), 0.96 (solid), 1.11

E, (MeV)

FIG. 3 The excitation function of the
evaporation residue cross section for ;3La
+ 187 — 98114 reaction calculated from
d(Tp, i teo)- Results for three values of
reduced friction parameter [ are plotted:

(dot-dashed), and 1.24 MeV (dot- dot-dashed). f§ = 2.5x1021 sec™! (circles), 5.0x10% sec™!
(squares), and 7.5x10% sec™! (triangles). The
corresponding Bass potential barrier is indi-
cated by the arrow.

Isotope and Z dependence

It is commonly accepted that the use of neutron rich beam will enhance the evaporation
residue cross section of superheavy elements because of the large I'/I's ratio. The smaller
neutron separation energy accelerates the cooling by the neutron emission and enhances the
survival probability against fission due to the restration of the shell correction energy.

We calculated the evaporation residue cross section for a series of Z = 114 isotopes from
N = 176 to 184. We used different cooling curves for each isotope while we neglect the isotope
dependence of the energy surface. Figure 4 shows the calculated evaporation residue cross
section for LASMGIATUEIN 4 245,146147,148.1497 ;) _,290,292,294.206.2981 14 reactions as functions
of initial excitation energy. The isotope dependence of evaporation residue cross section is
found to be very strong.

The theoretical neutron separation energies averaged over 4 neutron emissions (E,) for
the corresponding composite systems, 290.292:2%4.296.2981 14 are 7.0, 6.5, 6.0, 5.5, and 5.0 MeV,
respectively. Small neutron separation energy is essential for the appearance of the bell
shape structure of the excitation function.

A systematic calculation of the evaporation residue cross sections to form the compound
nucleus with the atomic number from Z = 102 to Z = 114 through symmetric entrance
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channel for § = 5.0x10? sec™* are shown in Fig.5, where the neutron number of the com-
pound nucleus is selected so that the average neutron separation energy becomes about 5
MeV. This means that the cooling curves in these systems are similar each other. We can see
that the evaporation residue cross sections decrease as the atomic number of the compound
nucleus increases. It is prominent, however, that the enhancement around E, ~ 25 MeV in
7 = 114 becomes to be distinguished, where the yield of the cross section is reduced up to
the pico barns order. This visible enhancement is coming from the strong shell correction
energy around the nucleus with Z = 114.

3

102 E T T T T T 3 10 I I ' T ' g

F : 10° 3

10 F :
F ] 10° g -v- 102
10°F - 3 —— 104
- 1 sw i
otk - ~ 3 -=- 108
DE',. E L 3 t”;'lO" 1 —= 1m0
2 L ] q -e-mn2
10° RV 102 ]

3 i v A b _; 3

10 g 176‘,\ e \\. \\, 10° g

10-4 L 1 | ‘1! \ |\\ I ] 10-4 : 7

0 20 40 60 0 60

E.(MeV)

FIG. 4 The isotope dependence of the excita- FIG. 5 The excitation function of the evap-
tion Function of the evaporation residue cross  oration residue cross section that forms the
section for Z = 114. Figures denote neutron  compound nucleus from Z = 102 to Z = 114

numbers. through symmetric entrance channel.

Summary

A diffusion model which takes into account dynamical evolution of a distribution includ-
ing statistical fluctuations in the deformation parameter space is shown to be a necessary
and appropriate way to describe fusion-fission process for systems without, as well as with,
pocket. With the model, it is shown for the synthesis of superheavy elements that there
exists the optimum temperature or the excitation energy of compound system due to the
balance between the diffusibility for fusion and the restoration of the shell correction energy
against fission. Roughly speaking, the optimum temperature is around the restoration tem-
perature of the shell correction energy. The absolute value of the cross section, of course,
depends on the friction coeficient v = 1 as well as the initial condition, etc. It is confirmed
quantitatively that the separation energy of neutron affects the characteristic time of the
cooling, therefore the formation of nuetron rich composite system is called for decisively in
the synthesis of superheavy elements.
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Fig.1 Charge dispersion width of the fission of **U with various incident beams.

TH D, KT LIZONTiE, ZEF v RAOPENTRNF— L RICERMICEETS0T, Figl
riIrEAIRANRN, WIZ 2150 WnTiE, Fig2 OER»SARICEESI NS, Fig2 i 1%Cs D
FhITINE D S R ERE 136 O2RFINES Mo OEFIRED S ROZHEH 99 DRI FE
T ETH Do ELRGEMNZITNEZOMEIE 1ICRZETTH DN HEEFE-S>TNDIES
ik, N=82 O FEOBERET ¥0s » 5 OB HMFHRHGHFENE LEI5N 5, Fig2 O
SEES LT MEREORENEI LD 18MeV (e VWS T 2D, LA > T 14MeV TOE
BridEERE NS I IR S,

%350 GDR TR F—EEiE. BED 14MeV (fE2AS— LT3, MORBEOBE LK
MR > OEEREHE~2 BT, B2UONESBOBHEER <. £OFER. GDR HEOFTHS
TN LT WA T LAREEREY, Led->T3REoWiEdEES 2,

U DHERICH U THES N BARERAEED 14MeV ITIZIFE LWV 9, L5 THROBESR
HPSERENLUEMEDSFH LN TNE 0. HAROCEENBOF CAUFAELMHNT A -5 —
KXEGTHSB % BEIFNVF—ABAIBICSTHAERAER Katz? 51 Lo TRHANIKER LN
W3, Zhictiud BU(y DERIIBIT2BEEAMR RV F— L HICREIIRED U, 14MeV
I FCEICEARIC o T LED. RIBRICHBAFNZAEHRIBL I NE2hTHIILE
ZELTEAMDOKRDEK. % Figd Crd. #ohlk K2 I3 IEEMEICH LTTHEENLE LD
FEPITNE . BEEHOBERERITAE0LRo TS, 2OZ s, SEREICLTVAR
SEHEOBRIIHER ST DOWTWS AR H D,



JAERI-Conf 97-009

1.5 U f) o
|50~
Bi(y.fle -
1’//’ |
©° /,
G’z 1.0 _.‘-_.__-..__(}J(%%%% 00k :(,,
% :
= ¢ E
5 p
QO 0 H
2 éé
=05 : 50 |-
§¢ |
Te
, 1ol l
O hud » ) ] 0 - _—-—O-E"L - 13 +
10 1) 20 0 5 10 15
Ex (MeV) Ex -Bt (MeV)

Fig.2 Shell effect revealed in the independent yield of 138Cs.
Fig.3 Energy dependence of Kg in the vicinity of

the critical temperature for nuclear phase transition.
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Fig.4 Fragment mass and kinetic energy distributions measured for various low-energy fission.
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Abstract

Delayed fission is a nuclear decay process that cduples 7 decay and fission. In the delayed fission

process, a parent nucleus undergoes 3 decay and thereby populates excited states in the daughter.

If these states are of energies comparable to or greater than the fission barrier of the daughter, then

fission may compete with other decay modes of the excited states in the daughter. In this paper,

mechanism and some experiments of the delayed fission will be discussed.
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1 LTI DRERIEIT 7 4 — KT 320 Z 0 & & QRERIEA D ZIREE & MRS
BT, BOBEEU BT ENHEKS. (M) CHEERESE (Delaved

Fission) &FER.  EREARRAARIBWTEAREOEELEOERICEE B
BERFLTVEBDEZEZLSNTVDS. TNRTRARIEET ST/ FZFEARTFEAE
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Figure | Two-dimensional representation of the delayed fission process. The potential
energy of the daughter nucleus as a function of deformation is shown, displaying the
double-humped fission barrier prevalent in the actinides. Region I is the inner, or ground-
state, well (first minimum); region II is the outer, or shape isomer, well (second mini-

mum).
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Table 1 Reports on delayed fission

(D U L7at 578 5 R I E s L i
ESRIZi o TIN—2 L—O 7 N — TR

Nuclide? 13T Pnr Measurements Reference

250Mmd 52 sec 2%10™ ti2b 14
256mE;s 7.6 hr 2x107° ti2, Por, levels 18
248E; 28 min 3Ix107 2 14
246E¢ & min Ix107F 1o 14
244, 37 sec 107 1 14
242E¢7 5-25 see (L4+0.8)%10 /2. PDF 26
240y 4 min 10° 317} 14
238pK 14446 sec NR 112 xF@ 23

234Am  2.6£0.2 min 6.95%107 un 10 & 32
2.6x0.2 min NR€ L2 31
2.3210.08 min  (6.6218)x10°  tip, Ppr. KE, 24

MY, TKE, XF, RC

232Am  1.4%0.25 min 6.96x107? tr2 10& 32
0.920.12 min 139, x107 Hn 16
1.31£0.04 min  (6.9%1.0)x10™ t1/2. Por. KE, 5

MY, TKE, XF, RC
228Np 60£5 sec NR un 10
64.24].8 sec =10 t1/2, Ppi. KE, 28
MY, TKE, RC

1801 0.70%5 5 5eC =10"° 12 13

9The nuclide undergoing B or EC decay is given.
bPDF for nuclei not marked with "PpE” in the measurements column were obtained

from systermatics or evaporation codes.
CNot reported
dKE: fission fragment (ff) kinetic energy distribution; MY: ff mass yield distribution;

TKE: ff total kinetic energy distribution; XF: x-ray
radiochemica) confirmation of Z.

#1

-- fission coincidence; RC:
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Binary scission configurations in fission of light actinides

T.Ohtsuki!, Y.Nagame?, I.Nishinaka?, K.Tsukada?, H.lkezoe?, M.Tanikawa®, Y.L.Zhao!, K.Sueki?, and
H.Nakahara®
1 Laboratory of Nuclear Science, Tohoku University, Tathaku-ku, Sendai 982, Japan
? Japan Atomic Energy Research Institute, Tokai-mura, Ibaroki 315-11, Japan
3 Department of Chemistry, University of Tokyo, Bunkyo-ku, Tokyo 118, Japan
$ Department of Chemistry, Tokye Metropolitan University, Hachiogi, Tokyo 192.05, Japan

Mass and kinetic energy distributions of fission fragments have been accurately measured by a
double velocity time-of-flight technigue in the 13 MeV proton-induced fissions of 32Th and **U.
A binary structure is observed in total kinetic energy distributions in the fragments with mass
number around A=130 for both the fissions, indicating that there are at least two kinds of scission
configurations. A correlation between the scission configuratiens end mass yield distributions reveals
that elongated scission configurations are associated with the symmetric mass distribution and
compact scission configurations with the asymmetric mass distribution.

I. INTRODUCTION

Since the discovery of nuclear fission, mass, charge
and energy characteristics of fission fragments have been
studied in detail for a large variety of fissioning systems
at various excitation energies. Especially, total kinetic
energy (TKE) and mass distributicns in the spontaneous
fission of heavy nuclides such as *8Fm, #°Md, 26004,
28 No and %9[104) revealed the existence of two types of
scission configurations for the same mass division [1,2],
which is called ”bimodal fission”; a compact shape cor-
responding to the observed high-TKE of about 235 MeV
and an elongated shape to low-TKE of about 200 MeV.
In our previcus study, two types of velocity and TKE
distributions were also observed in the 13 MeV proton-
induced fission of 232Th [3] for certain mass division with
fragment mass number A=127-132. A similar report on
the existence of multicomponents in the TKE distribu-
tion has been presented for the fission of pre-actinides
[4].
Understanding of the phenomena has been atternpted
by theoretical calculations of the potentizl energy surface
of extremely deformed nuclei, which shows two deforma-
tion paths in the descent from saddle to scission in the
fission of heavy aciinides [5,6]. Existence of two fission
vaileys in the potential energy surface has also been pre-
dicted evern for light actinides and for pre-actinides by
some theorists [7-9] although proper dynamical consid-
erations still remain to be given. Presence of two dif-
ferent fissicn barriers leading tc a different mass divi-
sion mode, "two modes” of fission, was first suggested by
Turkevich and Niday [10], and later supported by many
investigators to explain the observation of different inei-
dent energy dependence of symmetrically and asymmet-
rically divided products [11-15}, and fragment angular
distributions [16].

A correlation between the mass distribution and TKE
of fragments was studied in the spontaneous fission of the

heavy actinides and it was pointed out that the fission

events with higher TKE give rise to the sharply sym-
metric mass distribution whereas those with lower TKE
give broad symmetric or asymmetric-like mass distribu-

tion [17]. The aim of the present work is to confirm the
binary kinetic energy distributions experimentally in the
proton-induced fission of 2**Th and 238U, and to under-
stand the correlation between the mass distributions and
the scission configuraticns.

II. EXPERIMENTAL PROCEDURES AND DATA
ANALYSIS

Each **?Th and 238U target was prepared by the vac-
uum evaporation method on 30 wg/cm? carbon foils and
thier thickness was estimated to be 70 pg/cm?. Proton
beams with energy of 13 MeV delivered from the JAERI
(Japan Atomic Energy Research Institute) tandem accel-
eratcr were used to bombard the 232Th and 238U targets.
At these energies, the reaction is expecied to be sub-
Coulomb and the fission cross sectioris are about 200 mb
for the p+232Th fission [15] and 320 mb for the p+>3¥U
[18). The beam current was about 300 nA. Fissicn frag-
ment velocities were measured by the double velocity
time-of-fiight (TOF) method in the TOSCA (Time Of
flight Scattering Chamber for Actinide fission) appara-
tus. Each start and stop detector of the TOF1 telescope
placed at i, = 50° was composed of a carbon foil (30
pg/em®) and a microchannel plate detecter (MCPD). A
250 pm thick 5i surface barrier detector (S8D) located
behind the stop MCPD was used for the stop and energy
signals. The TCF2 telescope was set around 8, = 130°
at the opposite side of the beam direction to detect com-
plementary fragments of TOF1. The start and stop sig-
nals of TOF2 were delivered with MCPD and a two-
dimensional position sensitive (10 cm x 10 cm)} parallel
plate avalanche counter (PPAC), respectively. The flight
path of each telescope was about 55 and 50 cm with solid
angles of 0.17 and 32 msr., respectively. More than 10°
fission coincidence events were accumulated in each run.

Veloeity calibration was performed using the 240 MeV
1277 beam to bombard thin calibration targets (70-100
pg/em?), "t Ag, "*'In, and 2°°Bi. Each target was evap-
orated on 30 gg/cm? thick carbon foils. The recoil nucei
and the elastically scattered 127] jons were detected with

— 70 _
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FIG. 1. Velocity distributions in the laboratory system ob- .

served in TOTF1 at 81, = 50°: (2) fission fragments in the
p+°**U, and (b) recoil atoms of Ag, In, and 20573 and elas-
tically scattered **71 jons in the velocity calibration.

the present TOF system. Because of the accurate cali-
bration method using the heavy ion beams in the present
experiment, the previous results [3] are slightly improved.
Figure 1{a) shows the velocity distribution of fission frag-
ments observed with TOF1 for the p+238U system, and
the typical velocities of recoil atoms of Ag, In, and #°B4,
and elastically scattered 1271 ions at 61,5 = 50° observed
with TOF1 for the calibraticn are presented in Fig. 1(b).

A primary mass (before neutron emission) of a fission
fragment was obtained from the ratio of two velocities
of pair fragments with assumptions that no neutron was
emitted from the compound nucleus prior to fission { at
E,=13 MeV, (p,f) and (p,nf) are energetically allowed
and it is likely that (p,f) is the predominant channel ac-
cording to the previous analysis of the excitation function
of fission products {15,19]) and that neutrons from pri-
mary fragments were isotropically emitted and did not
alter the initial fragment velocity on the average. The
conservation of mass and linear momentum for the pri-
mary fragments leads to the equations;

mivi = m3us, (2.1)

m} +mj = Af, (2.2)

my = A (1 +v]/v3)7H, (2.3)

where A; denotes the mass number of the fissioning nu-
clide and v} and v} are velocities of pair fragments in the
center-of-mass system. TKE of fission fragments were
calcuiated from the mass and velocity as;

1
TKE= EAJUI”;- (2.4)

Before carrying out the above analysis, the TOF data
were corrected for the energy loss caused by the target
material, the carbon foil of MCPD and the window of
PPAC by use of the energy-loss relationship [20]. The re-
sulting fragment mass and TKE resolution mainly based
on the time resolution of 600-700 ps for the elastically
scattered 1?71 ions were estimated to be less than 2.0 u
and 2.5 MeV, respectively, in which are included effects
of energy loss of fragments passing the target, the back-
ing foil, and carbon foils of MCFD as well as the window
foil and the gas layer of PPAC.

III. RESULTS AND DISCUSSIONS

The average velocities of the light and heavy fragments
in the laboratory system for the p+232Th fission were
1.439 em/ns and 0.9743 em/ns and those for the p+23°U
fission were 1.392 cm/ns and 1.005 cm/ns. The contour
maps of primary mass yields v.s. TKE distributions for
the p+232Th and p+238U fissions are shown in Figs. 2(a)
and 2(b), respectively. Although the global features of
the contours are almost the same in the both fissiens,
the symmetric mass division component is clearly seen
around A;/2 with TKE~160 MeV in the p+?**Th fis-
sion.

Mass yield distributions are shown in Figs. 3(z) and
4(a) as a function of heavy fragment mass number for the
p-+232Th and p+7?38U fissions, respectively. The slope of
the heavier wing in the p+2%*Th Is steeper than that in
the p+238U. Average total kinetic energies {TKE}, and
the variance of the TKE distributions, erx g, for each
mass split are depicted in Figs. 3{b) and 3(c) for the
p+2¥2Th, and in Figs. 4(b) and 4(c) for the p+7*U
Assion. The peak of (TKE} falls at arcund mass number
132 and that of o7k g shift toward the lighter mass side
at A=128 in the fission of p+2%*Th, while the peaks of
(TKE) and o7k g are located around A=134 and 131,
respectively in the p+238U fission. The overall average
TKEs were 166 MeV and 169 MeV for the p+2*?Th and
p+238U, respectively, which are in good agreement with
those expected from the Viola's systematics [21].

The typical TKE distributions of fragment mass num-
ber A=126-134 are shown in Figs. 5(a) and 5(b) for the
p+232Th and p+238U fissions, respectively. It.is found
that the shapes of the distributions change systemati-
cally with mass number and some structures are seen in
these mass region, while in other mass regions no such a
strucure was observed in the TKE distribution.
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FIG. 2. Contours of the primary mass yield distributien

v.5. the total kinetic energy distribution in the (a) p+2*2Th,
and (b) p+2**U fissions.

With an assumption that the total kinetic energy origi-

nates from the Coulomb repulsion between two fragments
at scission point, the distance (D) between the two charge
centers of the complementary fragments is evaluated from
(TKE) for each distribution and plotted as a function
of heavy fragment mass number for the p+?**Th and

p+%38U fissions by the filled circles in Figs. 6(a) and 6(b),
respectively. The D values in the p+23°U are slightly
larger on average than those in the p+#**Th. The trend
of D in the both systems is that D for A<125 gradually
decreases with A while it increases with the fragment
mass number for A>135, and in the region 125€A <135,
D decreases rapidly.

As at Jeast two components are cbserved in the TKE
distribution of each fragment mass number with A=126-
134 and as discussed in [3), the TKE distributions in
Figs. 5(a) and 5(b) could be decomposed into two, low-
TKE and high-TKE component. The two-Gaussian anal-
ysis of the TKE distributions in 126<A <134 was car-
ried out using the following prescription; (i) the D value
from the low-TKE component for fragment mass larger
than A=125 lies on the extended line drawn through the
closed circles {in Figs. 6{a) and 6(b)) in the symmetric.
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FIG. 3. {2) Mass yield, (b) average total kinetic energy,
and {c) variance of the TKE distributions as a function of the
heavy fragment mass number for the p+2**Th fission.

mass region while that from the high-TKE component
stays on the extended line drawn through the closed cir-
Cles in the asymmetric mass region, (ii) the widths of the
two Gaussians, orx g/ {TK E}, for low-TKE and that for
high-TXE are average values in the mass region A<125
and A>135, respectively. The solid and dashed curves
in Figs. 5(a) and 5(b) are the results of 2 two-Gaussian
fit with other two parameters of the heights of the two
Gaussians leaving free. The present analysis shows the
satisfactory fits to the observed data. It is found that the
relative intensity of the high-TKE component Increases
with A from 126 to 134 while that of the low TKE de-
creases. The triangles and squares in Figs. 6(a) 2nd 6(b)
are the distances used for the two component analysis.
The TKE resolusion of 2.5 MeV does not affect the re-
suits of the decomposition of the TKE distributions by
two-Gaussians.

For the p-+232Th fission, the average TKE for the peak
positions of the two Gaussians were 160 MeV and 176
MeV for A=128 where the yields of the high-TKE and

_._72 —
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FIG. 4. Same as Fig. 2 but for the p+2**U fission.

the low-TKE components are comparable, while those
for A=128 in the p+738U fission were 164 MeV and 180
MeV. The difference between the average high- and low-
T¥Es in the both cases was about 16 MeV. The present
results including the data of the p+232U fission confirm
that there are binary scission configurations in the frag-
ment mass region eround A=130 even in the low energy
proton-induced fission of light actinides as reported in
[3]; one is elongated shapes with low-TKE and the other
is compact shapes with high-TKE.

The estimated distances between the two charge cen-
ters corresponding to the "bimodal fission” reported for
the spontaneous fission of ?*Fm [1,2,17] are also plotted
by the cross symbols in Fig. 6(b). The distance for the
high-TKE is much smaller than the others, possibly due
to the N=82, Z=50 shell effect on both of the comple-
mentary fragments in the fission of 2%3Fm.

The intensity ratios of the two componets in the TKE
distributions are used to decompose the mass yield dis-
tributions and the results are shown in Figs. 7(a) and
7(b) as a function of the heavy fragment mass number
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FIG. 5. (a) Total kinetic energy distributions for the frag-
ment mass number A=126-134 observed in the p+232Th fis-
sion. The solid and dashed curves indicate the result of a

Gaussian fit.

for the p+2??Th and p+?°°U, respectively. The yields
at the peak top of the mass distributions are rormalized
to unity and the triangles show the mass yields corre-
sponding to the low-TKE component while the squares
are those for the high-TKE. The figures show that the
overall mass yield curves are smoothly decomposed into
two in the mass region A~130 where the asymmetric
peak merges into the symmetric region. The Ligh-TKE
vield seems tc be smoothly connected to the asymmetric
mass yield peak while the low-TKE yield to the symmet-
ric mass yield curve; two kinds of mass yield distributions
could be drawn. There are some interesting features in
the decomposed mass distributions based on the present
two component analysis of the TKE distributions. The
heavy asymmetric mass yield in the p+%**Th has 2 nearly
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Gaussian distribution, while that for the p+2%*U shows a
gentle slope in the heavier wing of the mass yield. On the
other hand, no clear difference is observed in the lighter
mass side of the asymmetric mass yield for the both sys-
tems. It should be noted that there is some extra yield
which criginates from the low-TKE component 2t around
A=130for the p+238U. This component of the extra yield
with low-TKE would be different from that of the Stan-
dard II mode process, predicted by Brosa et af [22], which
is expected in the mass region around A=130 with high-
TKE. To clarify this phenomencn, the excitation energy
dependence of the extra yields is needed.

The present results suggest that there are at least two
independent scission valleys, one leading to the mass
distribution centered zround the half of the fissioning
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FIG. 7. Distance of two charge centers at scission config-
urations evaluated from the average total kinetic energy of
the fragment mass for the (a) p+***Th, and {b) p+**U fis-
sions. The filled circles show the distance calculated from the
average total kinetic energy values. The filled triangles and
squares indicate the distance corresponding to the two types
of average kinetic energies. The cross symbols in (b} are the
distances of the average low- and high-TKE components eval-
nated from the data of 2**Fm spontaneous fission {1,2,17].

mass number, and the other leading to the mass centered
around A=136 ~ 140. In support of this result, we like
to point out that a potential energy surface containing
two deformation paths leading to compact and elongated
scission has been presented theoretically by Moller and
Nix for the light actinide 34U [23].

IV. CONCLUSIONS

Existence of two kinds of scission configurations has
been confirmed experimentally in the fissions of 13.2 MeV
p+282Th and 12.9 MeV p+?*®U by using the double
velocity time-of-flight technique. It appeared that the
elongated scission configurations with the low TKE were
associated with the symmetric mass distribution while
more compact scission configurations with the high TKE
were associated with the asymmetric mass distribution.
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KB (R 7EL)
Nuclear Chemistry of Transactinide Elements

Yuichiro NAGAME
Division of Nuclear Chemistry
Japan Atomic Energy Research Institute

E-mail address : nagame@popsvr.tokai jaeri.go jp
Abstract

The current status on the nuclear chemistry studies of transactinide elements is reviewed.
The production of transactinides in heavy ion reactiong is briefly discussed, and nuclear properties
on the stability of transactinides are presented. Chemical properties of the trans-actinide elements

104, 165 and 106, and a typical experimental technigue used to study these properties en an atom-at

-a-time base are intreduced.
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Fl. HTFOFREZEINSA-F—

Sample KNbH(+3548 SC55-1852 | KIN245-2674 | SFB4-1492 | SD37-52/CD | BA145 TER
Reactor zone 2 3 5 10 13 Bangombe
/ey 0.004550 0.006940x8 | 0.006703%7 | 0.005793%18| 0.004630+6 | 0.006616 16
U content (wt. %) 55.2 48.0 50.7 24.3 59.4 45.0
Fission proportion )

By (l-a—8) 0.545 0.945 0.950 0.924 0.749 0.923
20U (a) 0.025 0.025 0.025 0.049 0.179 0.042
2Py (8) 0.030 0.030 0.025 0.027 0.072 0.035
Duration time
X107 D) 8.00 2.00 1.70 1.98 0.242
Neutron fluence
0% oo 1.25 0.12 0.20 0.564 0.780 0.308
Temperature (T) 290 360
Reglifution factor | ¢ 490 0.45 0.36 0.382 0.111 0.484
Fpithermal index 0.183 0.130 0.122 0.155 0.241 0.196

WrroT< 5, A7 OEEIEBLTIEBICETFE Y/ — 100D THR—-Y 270 E D
@ st BRI AT N TED, B, EFFEEEBESRERBEORFOREICD
NWTDF—FNFEEDENDDH D, :

[BPHiz]
KREFIFEIZBYARERMEERLE L R BEEYOMENS ITET D
FFASNTFOIRAEERTIIATERNPDEERT —FEHATNZDDTH
5, ¥7-, BEREFHWEFORBHEEEO—DF 70 - N Fu T A-PEEKD
ER S LT HA 7 OMERRD LiFoh, HEFICBI2EFEROERELRE
BitdT 59 A THKENAREEZEZISNTND,
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New ISOL-Based RNB Facility at INS: The Present and the Plan

S. Kubono, T. Nomura, S. Arai, M. Fujioka), Y. Hashimoto,
A. Imanishi, S. C. Jeong, I. Katayama, T. Katayama, S. Katob),
H. Kawakami, H. Masuda, T. Miyachi, H. Miyatake, K. Niki, M. Oyaizu,
T. Shinozuka®), Y. Shirakabe, P. Strasser, Y. Takeda, J. Tanaka,
M. H. Tanaka, E. Tojyo, N. Tokuda, M. Tomizawa, M. Wada,
H. Wollnike), K. Yoshida, M. Yoshizawa

Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo,
188 Japan.
a) Tohoku University, Sendai, 980-77 Japan.
b) Department of Physics, Yamagata University, Yamagata, 990 Japan.
¢) Department of Physics, Giessen University, Giessen, Germany.

Radioactive nuclear beams (RNB) of high intensity and good
emittance is the key for the new radioactive beam facilities. We presented
here the present status of the INS-RNB project!-2), of which setups is one
of the first extensive facilities that equipped the ISOL + post accelerators,
aiming at a high-quality RNB facility, and discussed research programs
with the radioactive nuclear beams as well as a future plan of the project.

The absolute efficiency of the ion sources for radioactive nuclei is
the key factor for the performance of the ISOL-based RNB facilities.
The ECR ion source and the surface ionizing ion source have been
successfully developed on line, especially for radioactive isotopes of K,
Na, and Ne. The isotope separator and the 60-m long low-energy beam
transport line have been assembled and tested. The efficiency of the beam
transport is greatly improved recently nearly up to 90 % for the ions of 2
keV/u. '

The first radioactive nuclear beam, 9Ne2+ from the ISOL, was
successfully accelerated by two linear accelerators middle of March,
1997, where the accelerators consist of Split-Coaxial RFQ Linac for the
first stage and IH Linac for the second). The IH linac was completed
recently, giving roughly the designed values in all aspects. The maximum
energy attained was E/A = 1.05 MeV. The detailed tuning is in progress.
The beam intensity of 19Ne2+ was not so high in the first try, but is being
developed in all stages from the ion source to the target of experiment.

The low-background gamma-ray detector system, consisting of a
recoil mass separator and a well shielded Nal(Tl) detector, has been also
completed for nuclear astrophysics experiments, and the tuning with the
stable beams is in progress. Experimental feasibility of studying nuclear
reactions of astrophysical interest is being studied, such as I9Ne(p,7)20Na

stellar reaction that is relevant to explosive hydrogen burning process?),
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A laser-spectroscopy setup is also completed for precision
spectroscopy of unstable nuclei, specifically for investigation of Bohr-
Weisskopf effect.

Other research capabilities of the facility and a possible extension to
make up E-Arena?), an extensive ISOL-based RNB facility, were also
discussed, that uses the present facility for the first stage and add a second
[H linac to boost up RNBs up to 6.5 MeV/u.

A detailed discussion will be found elsewhere2,5).

References:

1) T. Nomura, Proc. First Int. Conf. on Radidactive Nuclear Beams,
ed. W.D. Myer, J.M. Nitschke, and E.B. Norman, World

Scientific, 1990, 13.
2) S. Kubono, et al., Proc. Fourth Int. Conf. on Radioactive Nuclear

Beams, ed. S. Kubono T. Kobayashi, and I. Tanihata, Nucl. Phys.
A616 (1996) 11c - 20c.

3)  S. Arai, et al., to be published in Nucl. Instr. Meth.

4)  S. Kubono, Prog. Theor. Phys. 96 (1996) 275.

5)  E-arena in the JHF proposal, KEK report, 1997, to be published.
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Abstract
The future plan for the applications of RI produced in the proton-induced spallation-reaction.

A plan of research facilities (transmutations of minor actinides and neutron scatterings for material
and life sciences) has been proposed in JAERI This plan is based on a proton lineac with an energy of
1.5 GeV and a beam current of several mA. Among these facilities, we are planning to accelerate
neutron-rich radioactive nuclei (RI) produced in the fission and spallation reactions of thorium or
uranium bombarded by the intense high energy proton beams. The RI produced in an ion source are
separated by a high resolution isotope separator and their charge states are changed to be negative to
inject into the existing tandem-booster accelerator. Main purpose of this plan is to study the nuclear
and chemical properties of neutron rich transactinium elements not yet synthesized and the nuclear

structures of neutron rich nuclei far from the nuclear stability line.
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EF CRENGEEEYERASEOERFR L P FHEAFREZIBENC LERBERT
MESOBRBREZFELTWS. COHEO—HLLT. BFE-ALLZHBRREPF
BP9 S Y RYOBAUERTERIN2FHE TR AN ERME (RI) 25
VF ANEECENE L CHYECRK 2SS 0ERFRCAMATIZLRZEI TS, &
QbR HEES (K1) Tikl., 5CGeVEEmMADBEFY—L%MET 3. R1I
DERICIF0. 01 —1mADE— LEBRBEYSVERAOBEVWDRICER L. TEER
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ODFPAYFN—T72HEEBERT) o COH, PYTFTLATHETEIRFRESMIVICR
2y oTchiIThigzsln, Cu, Ge. As. Ag. Sn, PbErERRINMETE
FHTFIRD, REROBIE—LTENTABAR, BEROBENE R0 TR
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FoA FEROKBRBEELOBENASA TV, CORRCIRFET 1 14THE
FHRISADBERPBRENITHEETTHHLTFEETA TV 2, RE. 112F0F4E
FREAZPGSI (FAVES T VHREF) CARCERYLTVARFHEFRIZ165T
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