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. · The stability of hea;y nuclei. is. go;,~rn~d ·b/midear sheH struchire~whose influence is ·· • 

. I. 

· .. ·. dramatically amplified near ·closed proto~ arid neutron. sheik -Beyond the spherical shells·. · 
'_:':'-,,, ·: <;_', -·· ':.,:_:•::, :,_ :.': \. : .. ~ ":·:·· __ :·'· ·--~ _··: . :_ :,,:.'>..:._: ____ '.. -_,..; 

- Z==82 and N =:_126, the stability of nuclei diniinishe~ rapidly with .increasing Z until the 
,· . - ' t.-·. - . ._ 

. trans~ranium region, where this t~en'a is altered duet~ the. influence of shell gap~ in single-' 

. parti~l~ l~v~l spectra nearZ~lOO and' N~152 thafappea( here at defoi;~ed sha~es<and . 
\·>··::;' 'i,'•.>,::'·,. ,._··'~·-~-· '.:. ___ -_:.~i/<"··,_, .· .. _··~-.- <,,· ··.,·,· :•, 

provide the unusual'stabilit)'. of 252Fm.against, spontaneous fission (SF). Since the mid-
· - ·,· - ·1 ' . . . . \ ·, ,, :-

19601s, ;nuclear theory has been predicting· with in~reasing co~fidence the n~~t _.spherical 
>··: -., ,·.:. ·:_ .. '" ·';:.\_·j :_,,:,- ,' :.· ,-{'].·:·,-:-,_.~:\I;, ._,:·::' ,_-· ';;:-~:.,'\ ··_: -~··:, •,: ': ',:' 

.. shells. be located at Z=114. and N~l 78-184 (see, e.g'., reviews [1,2)). More recently, it 
,":· ___ · ~--.· '! ( _!/: .,'. : _·, "·r ':< ·' ··'.. · .. ·-_.· .. ! '_ 

1 
•• -·_, .~ •• • _,>:, :,._ • -~ '.' . ·,. ,: .•.-.-\·.·-r, 

was realized that' this region of spherical superheavi nuclides might be connected by a 
'·\·,,,· '. ."·,• ,:: ', j \ :,:•~ '

1

, ,::_ .._' __ ~~': • •,,· ,·" •,· .~- i,. •, -' ,• :, ... , .:.1 '• 
"peninsula'\ofstability to, the. edge-of the Known heaviest elements>This far-reaching 

' _,. . , . ' ' ·. . ~ ' ' '. . . ' 

conclusion ~as based on' the predicted existence of the deform~d proton k.n:d neutron shell _ 
, ',,·./ ',/ i ,,· - I'\'-. • '•. ', .: .' -·.. J.. . ,",•_: ~ ,. ' ' '• ,- ·" •·. . •, •' ·••.' :: .: '_, \ ,' ' '. • I •' 

. : ~lo~ures ne~r Z~108 and N~162 (se~;e.g.,'R,c;fs. [F-4]). ·, , 1 

• I : .. ! ~ . , ,, :· -, • ) . c : •• • •,.' \ • 

i 'In 1993.::.1995,'we carried out a series of experiments [5-10] design'~d to provide a direct 
: , .. ,.>:' .··,· ': _,--'{ -~·:(· .. '_,.:,··. ;._!. __ ,:_,\: '.:·.·:···.: .. ;.·.· ,_·_, :, :: -·. ~~ - ,/·· - :-

. and decisive test of. the theoretical predictions regarding -the existence of the. new shell' 
L' I ' • , , , , • • • •• , , • • 

', -. ;.' ,· . , "'•,: : : . ' . . ·. ,, . ..- . . . '_ .. 

~lo~ures in the vicinity of Z~108 :an'.d'N~162. Prio~ t~ our experiments, no evidence '~J, 
, '·i ,_.:-•,,_ /::.: /:: •.,:: ·\ ·._ - .:. _:~·. ' .. ,-:, -~-.' • ~,-.·, 1_\'. .·'.\·.· -. " .. ' '•·\ ··.·., • .. :::·" _.·" .. < ~ ' 

available to make a definite conclusioff,aoout these predictions.· The only exception was. 
' '. ~ , • . . '' ' : , , ' • ' , •,, ' , . • l • •. '~ • .• ,. -.. o "_., \ • • ' J , 

_, 'th;, 5-~~ nuclide ~62102 sho~ing. a ~iri,f of unexp~cted stability _1?-gainst' SF ~t N=l 60 [11] . · 
.".:·:, '";~· ·.· . . :. :·:.·,_1_.;'',"i' ·,, • 1. , ·.!., ·)' ,' • ' ... ··t. • '.·.. ' ~· • _ J, 

:f · Experimental' Technique 

·-- , . \ -·• .. - . ··. , \ ' . '- . .·. ·. I\,, . 
Iii -~ur eXP,~ri~.e~ts, b

1
eams of heavy~ion projectiles were delivered by the, !INR U400_, 

, -, ·• ' ' ,• • ' ,r_ • , • • ,., ,_ • 

cyclotron: , The time struct~re of the. ,'pulsed beams was determined by the cy~lotron ' 
• I ., ' 

•· __ .. ,:.-- •• - . ,·, <' .,_ "'( -i !'. .·'•· ···-. . - , ·, - '.'•·' '.i.. - '' • 

, • · , modulating frequency of 150 _Hz · and. a duty factor of ~40%, which ·corresponds · to a · 
-~,:,', < ... ;·,,,···.~::•- ~·:_) .. <. -,:'. ·,· .. .-.- -.... · ,",_•·.-_;-.1, _.t!.,_' . .: ,-.. · 
. beam cycle of 6;7 ms'anl a .~earn pulse d_ur~tion:of Ri2.7 ms. Rotating 'targets made of 

.: ! :' isot6Ji6ally et~clied ~~ier{als 2~U' 244P~; or 248Cm ·.were us~r ). SUill~azj, of th~ mai~ -
---~'~:, :,:_' .~. ·, -: . _··~ .. -.. _: '~ ·'.-.... ', ; __ .- ~·--··""~: .......... ::~::-:--~··. ..>:·_:·."'·~/=~~:::~~,-.) .. ::- . . . -
• bombar~ents .1s gIJen m :Table;,~.:/ · :;,\ ,· ,. , '.,J,r'-'-"'J • t .. 

· • • !. ·· · '.· • r· ~"-- -~-'· ,\::.\)r;1~t·1\1, -
\. ft ·~Vt---l,f,,?,lJt:tr p ; •. ,,.,\ ,i_.. -, l 
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, Table L Sum~~y of the main b~mbardment~ perform~d in 1993.:...igg~ by e~ployi~g 
. . ,. . . , - ' . \' ', ,;. . , ,· . 

the Dubna gas-filled recoil separator., Here W·is theaverage target thickness; E the 

b
1
ombai:ding energy in' the middle of the target, ,T tli~ actti.tl dilratfoii of the bombardment. · 

- - •( • ' .• "' ' i 

(i.e:/the pure measurement time); Dthe totalbeam,dose, and u, the production cross 
f •- •, L' • ' ( ' 

section (with an estimated·accura_cy of a factor of'."3).. . 
'. .- - ,1.I , . . \ 

· Reaction .w.. E T .. D Observed u 
.. ,· I mg-~m-2 MeV, h ' 1019' nuclide·· ',pb · 

?4BCin.+22Ne · , 0.24 116, 230 '1.0 
/: ·-;''121 .', 131, 0.6-' 

! '' . ,-: 

'266106, 262104 80 
: •\ 

2~5106 260 

>-' 
266106 262104 \ 

,.. . ' ; 
60 

2«pu+22Ne~r 
. 

-- , 0.41,, · °' 114 · '122 '', · ' 0.3 

120 '138: 0.2 

261_104 . ; ··. ' 3500b) 
' I •_~\ 

2900b) 2~1104 ·: 
. , l 

0.28 '146, " 238u+26Mgal ,: · 140 0.2 
. . ·. :. \· •,. ., 1 

, 23su+34S 0.54) '' 186· 860 1.7 
·.- '· .·\ 

,, 

,· 238U+40 Ara) .··. 
,I , (, 

\ · 214 - · '0.6 ·0.54. '325· 
I • • ' "' '{ 

2~4'Pu+3~gaj 0.41 190 · , :1375 2.5 

ll00b)_ "; ' 259104 ' 

267108 
., 2.5 .. · 

\_273110 0.4b)' 

\. > .. , a) The data froril these reactions aie still under.analysis:, 
b) J>r~limin~y valu~s. - . , ,-,, , :: 

• ,·: ' j • ' • ·<, . 
f. -," i I "' t ' . ," .", ' ' - '. : -:,, >- , . , ./\. ··! 

Evaporation residues (EVRs) recoiling out of the targets were separated in flight from 

. bearri particl:a and ~r~~uJ transfer-r~~ctio~ ~rod~ct~ 

0

by ihe' Dubna' ~as-~ll~d ~e~oii -~ep~ 
. :· • .. ;:: :. ·~ -. ~- ·, .,.: .. :·· • i. :·.-·, ,·.:'· .. • •. ·· 1,·,-.,-.. ~ >·_.·.·r .. , _.· _, .. : , ·- , \·. I ,, , .. • _i.,. " _: 

arator [12} shown in Fig;L Tlie field B.of the separator's dipole magnet was adjusted to 
' ,' ' . , ' . \ .. ,""' ' . . ' ' ' ·, 

. center the qtiasi-Gaussiai{ di;trib~tion of EVRs ori the fo~al-pla.iie det~ctor in th; hori; . 
', ' ii ', ' . ' ' . ·, '' ' .' , ., ' ' - . 

zontal direction:''To s6lve the ;ontrivial problem,of setting.the B value f~r a given EVR 
. ' ' . . ' . . ' ' ~ . . 

velocity and Z, w~ ha".e performe'dexte!,l-sive measurements ofaverage 'charg~ states <q> 
I • ' •,'l;; >.. ) . :}, \',, :. :: 'I •:-•• • '. • • l' • ' ::,:•' •. ,,"' •. '~. ,' ,' ' •: \ c- •• • I • •, • • 

of heavy atoms with Z=89 through Z=l04 traversing dilute hydrogen with average veloci-

ties '<V/tb> of 1.0 to 2i( ~~2.19;~~6--~s-1 :is th~ Bo~~ ✓e{~city).' Th~ syst:iatics of the 
.,, , ' ., ,,:;-..,.. . • • - - ' i 

, measured <q> values is ;hown in .Fig.2; it all6w~ i;teresting ato'mic physics observations. 
,' .- . ' ' . . ' -
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Fig. 1. Lay-out of the Dub11a gas~fill~ recoil separator (th~ dipole magnet D followeJ'by~ 

the ci~adrupole doublet 'Q;Q2 [12]): The separator is filled w,ith hydrogen at a p~essure: 

· of about 1 To~. A 0.5-µm "exit" mylar window separates th~ peiita.ne-filled detecti6n. 
, ·'module (see Fig. 3) fro;n t~~ gas media of,th;·sepai:at;r; , . . , . . . '. , . .. . ,· 
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Fig. 2: The velocity_depe~~·: 
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Fig. 3~ Detection system of the_ Dubna gas~filled recoil separator. Two (start:and stop) 

140x60 mm2 multiwire ~r6p,ortio~ cha,n;:bers placed ill a'l.5~Torr pentane-fiiled m~dule ' 

: ' - are us~d for TOF ~easur~ments of EVRs andbackground particles ~riving ~t th~ PSD -

', ~ray: The PSD array is com~osed ~f thr;e 40x40 in~2 -passi;,at~d b~ron implant~d 

pl~ar siliCO?, (PIPSfd~tecfors: with e~ch detect~r.h~ving f<_>ur40-xhm high X 9.7-mm 
wide strips. 
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· 244Pu ~ 22Ne 
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/~ 

Fig'. 4. Energy spedrum 

·:of· a partides · detected ·be

>(,veen cyclotrori beam pulses · 

in.all 12 strips in the 260.h. 

bomba;Jrr{ent of 244Pu ,vith · 
1 

·5.5xl01.8 · p;rticles of ' 22N~ 
(uppe~ pa~el); _in the' whole 

Ea regio~ of 7.6 to;lO.O MeV . . ' \ _, 

'(actu~lly to 12.0 Me\T) the 

~;ly a~-p;.;k iS that froin'.~ 

· decays of 26.1104 and. 257102 __ _ . •· ·. \ . - . / 

having sim~ar a-particle e1_1~ : __ 

e~gies.. Two lowei: panels· · 
I . . . ._' . --· 

show a-partide energy sp~c~. 

tra'. of 261 104. and 257102, 

which' were obser~ed f~om'· 

the 69 det,ected · a-a cor

. relati~ns form'ed ·by geneti

. /cally linked a~decay e~enfs 

- ' of thes: two nuaid~s .,( ~ee 

Section 3):'. Co~nts sh;ded 
O I , , 11111 1 111 , , . , I • · · . · • • · 
7.6 · 8.o· 8.4 -· 8.8 . 9.2 ·· 9.6 ·10.0 , m black are those comc1dent 

. - ' , . - '"''. \ ·,·:_ \·' 
1--~~-'--'~~.......,~-_,_~~--'-~~-'-~~c.; · ·. · with conversion electrons ac> . 

14 r _· 2571 02 -
12 

fll _ -.10 

· Nci=69· 
·,.~_companying the o decay of , . . . ._ , , 

2,61 104 . and . 257 I 02, ,vhich 

§ 8 
0 ' · u,-~ 6 

T112 = 25±4 s 

bst:S:l.5-% -' 

~ere .. detec.ted betwec~ ~y

clotron heaitr l)Ulses . by. the.· 

_ stop proportional . chamber 

. (see Fig.3). An additional 4 

2 ampiifier with . highly in-. 

• 11 ,.111111111 , , , I crea:sed g~in was ~~ed to pro- . 
ol , • . 9- 2 96 . 100 · • E · · · · 7.6- 8.0 8.4 8.8 · ·,. · ·. · - · · •·cess low~amphtude.~ s1g- · 

Alpha-particle, energy, ~ev - •nals from th~ stop chambe;. 

< , . .The relative tim.ing for •th~ 

·' 
5 

coincidences was set to be 
I 

.x ~5 µs,· 
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i 
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The separated EVRs passe'd th;ough a time~of~flight (TOF) me~urementsy;t~m com-
•• , • - 1 • • r ~-_:: , • ' 

pos~9 of two multiwir~ proportional cha~b~rs arid were' implanted in a 120x40 mm2 

. positioit~serisi~ive detector (PS.D) ~ray;see Fig.3. The .PSD array used 
0

in o:r experi-
' • '- ; • -.~. : • ' , • - ,, • • , - I . ·, , • , , • • - " •. \ • '_ ' , , : - ~ •. •. " • ' • •• : , ' • '· . ,- .· ' • 

· menfato pro<luce the heaviest isotopes of element 106'is described.in Ref: [5]; TheJ2 
1 •' - ,. ' ,. - i • '•, 

.. strip PSDarrayused i~ sub~equent experiments was c~mposed of:Sili~on detect~rs.pr0-: 

·. · __ ~uced ·~y Canb~rra Se~ico~~uctor 1/v (Belgiu~)-: We obt~ned horizbntal ( x) p~siti0ns - . - - ·•· ,: .~ ' . - . . ·.· ' , . ' . 

foi the ~eactim.1 prod~cts' from th~'l2 strip~ and verticar(y) p6sitions from.the 40-mm 
- - . : --- . . . . - . . . . . . . ' ' -

. j~igh resistive layer-o(the detectors .. With each d~tected ene;gy_ event, we' also ~ecorded . 
. . . '. . . .. . _,. 

• •• • <, ~ < ~ •' • •••••: • ,-- • • ' ': • 1' •,-•; •• ' • • •.: ,• • 'C -,·•• , > • •~•.• , - ' C ' 

the strip number, TOF information~'the time in µs•from the begiiming,of each beam 
. . .. . : ··.. . . \". ·. ,. ' : ·. · .. · ' .. , . '·· .. ;: .·.·.. .. . . . . ·: <. :.. . ''>.: 

0: pulse to either a/implant or SF events, and the "riuining time.in O.lams intervals. The. 
• ,., i_•••. • :,1 : '• .:..:. j ,.• ' -. ' • I 

· . identification of the new nu~lides ~~ ·pe~f~rmcd by measuring cor~elatio~s in• energy, ti111e. 
, ('· ,, ' .· • __ : • ' , I • ·"'•,' _: -

~d'~ositio~'to establish geQ.eti~ links b·etw~en their implant~tion in the PSD array and.• 
•"·----- , ' ~·. . '. . . : . , ' .' ·. . _, 

sub~eq~ent a' d~cay follo;ed by a or Sf. de~~ys of known descendant nu~llde;; The po>./: -- - . .· ' ' - - ; -~ ~ '. . ·, .· . . ' ' .,'· '., .' . ':,. ; . ; . ' 

t~ntialit.ies of the ia:i,:filled separator for h~avy element res~~;ch ;ith highly asy~~et~ic 
• ~ ,-. - • • • • , ' ·•·- c., .:. •• ;,_ ., .. ···""':· .-~ 

: fusion-evaporation reactions are de~onstrated by-9ur e~pcriments [10].on' the production. 
• • ' ·" .I ,,_-.,.. • . - .- • • .• • . • ') . 

of i~~t~pes of
1
element 1oii~ the 244P~+22Nereactjon, see Fig.4. . ·, . , ,. - _, ·, __ , 

3. "ldentifica~iori ~rid St~bilityof the New Nuclide~ 262104; 
.26s,2.6ti106, ii.nd 26110s .· .. . . . . .... 
. ·,·' . -

. In the first·;~perini~nt'perf~rmed in,Apr.il 199~ by using'ih~· 248Cm+2~N~ ~eactiop we 

discovered tht~e·n~;/h~~vy ri~clidesi 266106, 265106, and,2!>2104 [5], \ve obse;~ed a de~ay 
, • •• ·\, .·'. : •• ' • ,~'". ;:. "'~.'-••• :~1 •• :-·, ~· ·, ,:·.···t , :.~ .-:, --~ ,: •.· ·.·, ~'_,,:., : ~.~)l-,' ... ~-

. with the a-pa~ticle energy E0 ;,8.63±0.05 MeV for 266106 and measured·a. half-life of·· 
'· ., ' ' ' ·. ' ,_ ' . '·' .- ~ . '. . . ,' - . . ' . 

T1j2~L2~~:r~ for its spoJtaneously fissioning daughter 262104, th~s not. c6nfir~i~g a> 
; ' - . ~ ~ . , , .. ' ,, . -· 

much. !owe; value of T1%==47 ms t~ntatively' ~cribelt.~· 262104 }~ ReL [14] .. For 265106' 
. . . . :... ,·~- ~ "'- ·, .. : . ,· '' ' . ' , . .. . ' -

•we measured Ea=8.7i to8.91 MeV. From these E0 energi~s we estimated partial a~decay 

half-~iv~s of 10-3() s for 2~106 a:;d 2_.30 s fo~ ; 651~~: We esti~~ted SF6ranch~s' of 50% ~~ 
.. ' - ..- , ' o· • . - . , 

,•.••• '.. • :•• C • •• • --, • •• • " : :.,- • • .' ',, • 

less for both 106 isotopes. From our data, we set" a very conservative a-branching lower 
. ~ . . - . --- - . . ~ . •· 

'1. 

-+t\ . l·. 

I 
' . '~-. 
limitofl5% for ~66106. We could.ri~t·excl~de,a:sig~ificarit electron-capture (EC) decay 
' I . '. , . '- ', •·. '_-:,... /,., , <, ~:.. . ·,-. , ·', . . , :-,· • '_- . .,_, ', ' 

branching in the decay of 265~06; • .. , 

After the unambi9u~us id~ntificatiori of the spontan~usly•fissioning i~titope .. 262104 

'. h~ b~en·m:d~ by obse~ving it as .the a-decay daJghter of 26610·~:[5], we ~a:rried out 
• l 

1 
•. ,,. ,. '> 'I. .._ , , I 

244Pu+22Ne experiments [lO]to probe the a-decay branch-of this k~y even~even nuclide. 
. ! ·. . . . . ' .. ··. . •· . . \' '··· . . . ·, .. 

We .were searching for time and p~sitioii correlations of a decays· in the Ea range expected. 
• .'., -, '' .•·., ·•• ,- , • • •,. • ' • '_J r • :;. ' .... , ::\ ·,, • • :,r .' ·~'.. • 
for 262104 tosubseque~t SF events from its spontaneously' fissioning daughter 258102_. .The ·. 

' . . ' .; -' : ·' • • i - /. < , ~ ,. • ' :,. • • • 

, : obs~r~ati~n of the I a decai' oL 26~104 would give irnporta~t informa~ion f~i improving 
, / ~, l/ '. • _, ' '. • 

1 

," ' , f , , • , .. : • • ,. •, • 1 l I 

predidions of mass· excesses and' shell corrections for .the a~decay chain·.·with N-Z~54, ; 
·, . . . ' d .. . C '. : ' ' . .·. • .• •' ...•. ' • '. \ :;. : . . ·.' 

'-involving 266106 and the yet undiscovered doubly magi~ N::b152 ~uclide 27~108. This would 
, ,. , . ' , , ·; • . . . 'r ·. ~ i' ,.• ; "'· ...,..'." , ' ."' . '. .:• l •• •, ;:: ·' ·. 

. also ~16~ th~'urieq~i~ocal id~ntifi~~tion ~~d th~ half-life riieasur~m~~t ~f258102: which io 
~ · _,, >: ', .• ' I i " ( • ' • / .\ -t._ >/ 

far is be~iev~d. to he .;_· ~hort~liv~d spontaneously fissioning nu~lide "'ith T 112=1.2±0:2. ms · 
· .. ' ·. ,.1 " . . ' ' .. ', ... ,· 

\ [15,16]. . ... _ I . 
' ·.,. ·. ' . '. ":, C' ., . . > •• ' • ....... , • • ~ ... ~. l •• ,' \ ' 

In the 244Pu+22NJ bombardments [10] we detected 69 a-a correlations linking a decays··,, ' 
'• • ' • • I ' • •~ ~ > t \ • . I • ' • -. • 

~f 261104 a'.nd 257102. The hru:f-lives of these' two·nuclides a~e know.ii to be simil~ (65±10 s 
• • • • • ; • •• :,.. • • • > • ~ • • ~- , • • I ' • 

• arid 25±2 sJrespectiv~ly), whili the 0: energies ~f 25710foverlap those of 261104 [15].• For 
': ·- ', .·• ., , ' ' I , ·.; - , , ~ -~ /'-.: _?. ' ·, ' , ' ; . ' l' .' • , 

. · the first time we were ableto ohserv~ ~learly,'for'each i~diyidual a~deca~ ;vent of 261104, a 
,.. t. .. 

. subsequ~nt tim~- ~d p~sition:~~rrelated,a~d~ca~ ~ve~t 'of its ge~etically relii.t~d daughter ..• 
• ., - • ' , • .-' < • • - • ',--, • ' 

25710:t Let us ,~ote here that . the nuclide; 261104 ~d 257!92 

descendants in the :a decay Serie~ starting from 273110 (see "Sectio~:4). As shown in the 
, ,. , - , : . - . . ·. L - .. , 

lower' panels :in Fig.4, we· observed a-particle energies E~=8.22. to 8:41 Me V for 2,61104 
: . . . , ' I . . . ,· . , . - . . . ·.. , • " . . . . . 

. ,and 8.07 (~e~), 's.rnto 8.4() MeV for ~57102; conversi~n electrons cbincide~t ~ith s6me 
~..,_'~ : :, • •• • \ < ,• ••: • •• '• • < , • > ' - '~ • \ ••; , > ,. ' : .- '• • • a i • ,' 

··of these· a decays were detected. The. half-life of 257102 was measured to be 25±4 · s .. No 
, : , • · ·· ". i . ~ ' , '" l . , .· .. :. . ·. '. . < - ' ,. · 4 •• "-••• -.- • • .~ •• • ••• - • ., • • 

.. correlations were•found between a decays with Ea~7.6 MeV and subsequent SF events· . 
I•·, .. , . .· . . . , •. ' '• . . . . . . . ., .. • 

within the· time wind.ow of 10 µs to 10. ~in, from ;_,hich we c.;_iculated the 68% confidence 
l . - \' ;~ ' . ' 

level uppei limit of 1.5% for th~ SF branch of 257102. and a preliminary upper limit of . ' 

T 
' ; :_- -?·'._ ' . ,· ,_ ·- ,. ·, -- : ·- : ·_., :- .. '' . : ,; • ': -. .:·· - - '_,,_ ., :i, : ' '' ,, '.· . . ·, :,., . ' . ' './· 
·~ 3% for 'the a~dec~y branchof,2

~
2104: Both, th~ lmv ~. br~ching and the pied,o~nance of 
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thtSF in t~e'decay oU62104(and all ?ther even-evenZ==104 nuclides)is'a ve~y d~finite. 

; p~edict~on,of tli~ theory [;-4,17]. The ~ost rece~/theoretical values [17].'ofthe partiai 
.' : '' ' / ·. ,_t ':·': • , '

1 
'.\"., '•1 • : ' • ' • • ' • :_ ': \_ ,: ' '; , • • • / ' .' ,., • ~ '' • :. I 

half-lives for t~e a and SF decay of 262104 .are 180 sand 0.21. s, respectively; the Qa,value 

was predip~;d\o be 8.26 MeVfor 2521()~ [17].. . . ' 

:: The ·ground-s~~te. dec~y prop~rties thit•. we. established: for ~66106 ,'ani 26;1~4 r~veal 
; • : , ', < 

1

,-i, ,' .-.~' ; .'• •" • ' ' ~: - .•' ' .. , , - ', ' '.I, • ' •' i > I , •. • ',/., , I~ 

'a largeenhancement in their stability ll1l compared to that of nuclides with. lower Z or· 

N \alues. · Fo~ example, the tran~ition •f;im 2621()~ t'o 266106 Jr N~i60 or··fr~m 258;in 
,' _·,::.- ,:_ ' • ,I/ -, -· __ .: '1' i' ' ' '··:. ! ·::·.,-.~. ,·_. ' ' ' ·: .. , ,:· 

to : 62104 ·at N·=158; ~n addition'of, fourprotons1 iri~~ea~es'tiie:~t~bilit)'. against SF)y 
••,•• _'I • ,>, ', .j1,; •' . , c ;' ': .. ,' • .\ '•\;, ,: •,•,,' ' •:•. •• \,, ,"i•,•• /,,,'i /~• ' 
a factor of ~3 x 103 '(see Fig.5). It, was observed for t.he first time that. an· increase in Z 
' .• ,' \. • ' ' •. s :· ·' \. ' ' ·; • ', ' ' . ' . ,' ' < . '"/ ,. .-. ; '' 

at;a give~ N ~au~es a~ ~l~vation i~ the SF half.lives of eve~-eve; nuclide~. The. ~nly 
I ',, \•~\•• • .,_,? _' •.·.•.- ',, f•:• ;·'' • •,•, \. ,<_.·>· ,)• '•. ,'•' ·•,<. ,••\ ~ ,'.. - ,·.,• ,,.->•,, 

explap~tion for this.fact can_ b~the appro.tch'to a nearby proton sheUclosur~; Similarly,· 
. . . . .. I ,, ,.. . . : . . ,: , . , . . . .. . . · .. , , . . .' .. . . . . .: . ·... . . .. , .. : . 
in going from 260106 to 266106, the stability increases by a factor of~3x103 for SP. decay 

, • , r ( ,' i I,,, :'", .· ':,.,'. ' I:·· , . ". . ., .. , . , . -\• /, "' ·• .. ' ',. ,t·'/ , . , .•· .. i ,::. ' '1.,; ' 

.. and ~3 X 103 for :a decay. Thus, the groimd-st~te d~c~y properties of 26~104 and 266106. 
.- ',.-;, ,, • ':: ' ' • ~ ' •, • ) ', \ J I •·: • ' ' •' • ,' r ' : • i '. '';· - ' : I ' ', ~ .•> ' ,I<' I' - ' ,' :~. '' 

provide a strtng indication of the existence ofdefo~med shell closures near N::::,162 and 1 

'\-•:\ :,• ,\ ,•_,,.•,, -~ •, < •>',' .•• :, ';' •, ',:~•,\ I •\•,: ••,.<•-> . \: !• •,••:, 
· Z~108 (see Fig.6). · On the: other hand, our data plotted in Fig.3 show ·that the SF 

.- ·": .-•,"·:,, '. ~- :·•,·,:· '·,· ...... ·.•,> ,.·,-,.(_',: _·: ~- ..... ·~· :; ~/'-~\ /:_,,,/ ·.' \ ·,: ,~~ '·1_··;. ·,,·, .. 
. stability at· Z=l0.6 arid,~ =160 i,s not r.educed by t,he de~tabilizing effect of the new ~ssion · 

\ 

,, 

j .: 
. ;l 
, /l!i .. 

. :. ·- '.!,, 
:.1 ' '·. 

J\. 

' . 
. valley which was predicted by. theo~y to. dev~lop · clo;e. to .the fragment magic numbers· . 

, , , : ',_, ' ,: ,; , ,. 1 ;, ··: : • • I; , , ,', • '. - . , , ·; _ \ : . ," _ ' 

N=?~82 a~d Z=2x50; 'to, extend up,to z~no, ~d to lead; ~fth 'l1o'V i~Uective' ine;~i~;> 
'. , '. \ ,. • :: : . \ ', •:' •'' .':, ,, ; ',) • •,' ,, . •,_ ,I ' t : ' ,' ,· •;. '.:• ·.-.>.' '>",,: ': ~ •,) ' 
, 'tovery compact sdssion shapes and very short SF half-lives.in the sub~ms range [1]. The:; 

c • 't_ ,' _'.' ', :, . •• •,: ·.I .,: > '., ·,• ,'•, ', , ', } ' ·:.~ \ '•.' '. ,'._,_,, , '/" l ',' ·:' '•' ,I , ;- · ·- ", 

, disco~ery ~£.significantly i~creased ~uclear ~tability hear'N==i62 a~d Z==i08 offered n~w 
• 'j ' ~ ' ' t '/ ' , v ' ' 

0 
l , • , • ' ' ' ' ,,; , 

., 
opportunitfes f~r ~xtendirig the'. ~hirt :of the nJclides ~t itsupper ~dge. Moi:eove~,' this 

'· . ' ' '' '.. " :·,. ·:. ' . '·• . ·.· . ' . ' . ' ·. ' ··• ·:' .'. /\ .. 
discovery paved the way for detailed studies of chemical properties of the element .106' 
•,,••, .. ·•: .' ,::,· '•;i•,:••,, •~'.•• ~ 1

,·.,:',,1 '., i•·,,., ·,,M,,_••••,,,:·:,/:,'."";;, ..... ':.,. ••\•-,\, .•, 
and nearby elements; including chemistry studies with aqueous solutions.·· In 1995, first' 

' ' ' .•. , • ' . , ' ~ , ' ·, ' ' ' •• I 

,. 

.\ f 

: , ' , ' I -. : , , - •• ' " , ' ' ' • ' . , - "' • • ' • ,, ~ , i I . ' , • , • - ~ 
.. chemical sep11:rations of elei;rient 106:were performed (21], based on the production of the 

,,,. • I ' " • 1· .•· . • ·'' 1 · • ''• • '· · ' 

i~otopes 265106 and 266106 hi the 248Cni+22Ne re~ction: · 1 :, 
. '.· .. ·.·. ' . ,· · ...... •· .. · .. · : .. : .·. ·. . ·.. . 

In March~April 1994.we·carried out experiments designed to explore further the.nuclear. 
::' •,_·": '.'., /·' ' ,;; : <·<-,··.',-,:.·;· ;;····~: ,· ,·,\ ~ .. •";' . ' \i· .. _ ·.,_' __ ;·,.,:. ,:<·.\·· ··.' ',,.~, 

stability near N=162 and Z=108' by producing new.heavy isotopes of element 108 in the 
( _, ' .' '.' ' / ' . ' ' ' ' ,. ' ) , . ' 1 ' 1 ~. 
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nuclei with · Z~98 ... · Squares 
' \ ,,.. •·. ' \-' . : 

show the data for 262104. and / 
• /" ' J "'/,' •• -. !' . -

266106 from ReL (5], as well as 
. ~eC~Ilt data fo; 'the lightest Cf1 .. 

i~otopes ,fror11 R~f) (18]. For 
'· . 

origins of other data points, see 

Refs. (11,1,5,18-20]. Op~n <la.ta. 

circles a;e used. to mark que~--, 
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· . a-. decay of ,the even-ev~n)06 
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squares; respectively. . . . The. 
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dashed line connecting the tri-
1 ' ~ - - • ... " '-

~ngular point~. sho~s SF. half~ , . 

life prediction~ fro'm Ref.. [l]. 

The e~pe;im~nt~l values· io; · 
168 · ' 260106 (\5]an'd the results for 

2~106. fr~m our work (5] 
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. co~plete fusion•;eaction 238U+34S. Another goal o(these, expe;iments waii t~ probe cross, 
!., , ''•,,•~.,-~ ·.1,,.,,.••~I :. ·, • '·· ... ''. 1 • • ... -~.•••, .-·,, i/r,.'/ 

kection valu~s for the actinide-target-based fu~ion~evaporatio~ reacti~ns leadi~g to the 
' ' ' . ' . ' ., ',. ' . ' ' 1 

\ 
,, ~' 

,'. :.-
-. ,- >' ~ 

'. : I,' ,. . ,' 
0 

, I ,,. ,• • ., f .. • 

Z=108 nuclides. fo a 36-day bombardment we.identified the o:~decaying N=l59 isotope 
' ' , .- !, , 1, •· ' i • : • I .• '.,. ; ·, : '. : I ' , ' ' ' ' " • '' -~, ,\ ! ', ', •• '' . ~ '. / , \ 

267108 'with a half-life of19:!:~g ms and Ea=9.74 to 9:87 •MeV;(6]. An .important result-
• • ' ' ' \ ' ' - ' I - <' 

. of thi; wo~k,is the· meas~rement'ofthe ?·5 . .r,b c~oss .section for the 2381JeS,5n) reaction, -
, : . i \ ~ ". ,/ ','• , '.'. I· , :~, •::' : . / . , .. , .. ', •, f ' . ' '. r '( ' , ) , , ,\ t , :• ' '., 

'which is·l05 ;times lower than th'at of the reaction 2~U(22Ne,5n):. This dramatic 'cross 
.,, i i i •. , .> •: •,•: ',.~ '• ., I •, 1• ,•; l' ~•;: )'., '-~. ,' ,: ·.' , ': ·., \;!•I ' ·. ; ' '.'. • '·," . ', '. ,, • /, '.; • .. • < ',, .~ • • ,;, ' 

.· section decrease (see Fig.7) reveals:a fusion limitation· mechariisin' different from :that 
' . ,.,·•. ·•, , ' ' . ' ,•,; ' . 

asso:ciated ,with the 6vercritical C~ul:mb-to-nu~lear f~~ce rati~ in the .entr~ce reacti~n 
•r: .. ,.' '. ',';\,·. :·•:>!•,,_!:I,/.;:•,_:'!'\ - ''<: •. ':\<,,,., .' :\,•;,!,,!,•:. ' .. _<;:\.,,,,'.)·.,-· 
chanrid. As anrintermediate.case,' Fig.7 includes the cross section valu~ for the reaction 
' ' • < _' , • ' •,, '. ' ,! • •, ,.. .' ' :,: ., ' ;'. ! ; ': • . ' I " , , \: ~ • • , • '" \ 

238U(26Mg,5n) that ~~ measured in a separate experim~'nt, by detecfoig o:-o:, ~orrel~~ions '. I 

. . '' .. '. l '. •, \' ' • . : ': i ·, . . . I '. • t·:·>.: .' . I:,.- ,: ) ; ' < ' \ ' ' . '·: ; ". ' . ''• ' ' I : • : I' .• ' ' ~ ,: : ' •. ., 

linking 0: decays of the known nuclides .259104 arid 25~102. '. I \ • ' •• 

-, 1 < '. f l • '.••I/' \ 'i • ', :•/,•.,I 1. . "•·' ' • ' ' I··, ;• f 
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tions for the 4n and 5n evap0:, 

ration channels of the co~plete! ' 

'fusion re~cti6ds hetweeri l 238U 
', :': '1' , ·t 'J ,,·,_ ,, ., 

.. and.' pr~jectiles · · 12C ,.•.· thr~ugh 
34S .. The me~Jrecl Gr6ss\sec- -
.;:· .· :·· ·.i'· .: .. ·. 
bon •' for the .5n evaporation . · 

ch~nnel: of the , 2441>~+34S re- . · 
, .. 

19p - - actio~ ':\s showfl f<,>r .. co~par-· 
.22Ne'' ison. • The data points .for · . 

bt) '. . • . . . . . ' , .. , 

o -38 26Mg '', ·.··• . ,. .. . 26Mg~ and : 34s~induced ,reac~· 
' · · · • 34S · 244Pu +' 22N · 244p + 34S · · · • · · · · t-4,• . , . C U · , ,. . · ,. · . .,, 

-39 ' fb . ' i tions. shown by triangles· rep-, 
•96 9s 100102104 1'061os 110.112114 1 ·t•,·. ·". t::,.· ·u1·· t' ·f·.: · · . , · · .· · . rese11 expenmen ~ res .s .o 

: Atomic number Z ' · : . \~e pr~se~t \vorki• Oth~r d~t~ ·, 

ar~ tii.ke~frorri Refs: [22,23]. '' 
.... ·., .· . . . ,•.__ -. '.', ' ' 

.\. 

,) 
:1.· '. 
(,. 

I,. 

(: 

·,1 

.. ,4 , \ Identificatio_n and Alpha ·Decay of 273110 
' .. ' ,, \,. . ' 

In bur· 106 expeririient; we foudci' st~ong. evidence for the ;shell' cl~srires near N~162 and 
• \. ' • ',. • . j '. ; 1 · . 

' . Z=i08 'by. exploring 'the nuclear stability. pattern, in the regi~ri just below these magic 
·:,· • ' ';.. ' ' . . •. I.:.. . . \ _:· ' ' ' . :'. -: . , ' ; ... · ·, '-.. I ,,_ .. '., ' . ',.'.-, -~ ' -.... 

: nucleon numbers predicted by theory ... Another direct test of the theory could ·be the 
. . . . . . . . ' ' • . ·: .· . . ., • ' ' . .. . : i. . . . . • .· \ •. 

observation or'a d~cre~e· in stability foniuclides ~ith 
1
Z, N. beyond the pr~dicted magic •. 

/ , l c •• 

. : nu~b~rl This would allow the e~act z, . N loc~i~a.'tio~ of the new shell dosures. ' In l. , . . . . . .· .. . 
J ,::·; ·,,. '.\·. ' :'·,, '';i:. ' \. j ' , </ '', '.-· "•,. • ': .• :· ' ': -·- ' ' 

particular, the determination of.whether the neutron closure is at N=;:::162 or at a higher 
'> '. ., . . ' ' ' . '',,. • ' 

. N ~alue' ca~ be mad~ by meas~ring a-decay propertiesof a nii~lidi with N=163:or 164:: · 
i. ·,:,:, ;, 1 ·;;,·/-~ .. ';!1·,.' ,,, _'' ''-~ ,, .. /. ,. , :.<, ·: .. :,·, • _;,,:': :', ~- ,.,,,· ·_,:_,,<~;, ',, 

As known from ~~decay studies.of P0:-Th ~uclides around the'N~l2.6 shell,' the a-decay 
.': '. . , ' ' ·: ''' - ·. - ' , ! • ' . \ ·, . . , '~ 

energy, Qci., bec6mes ·co~siderably larger if the shell is crossed aiid breaks' th~ trend 6f the• .·. 
~-- , __ ·, .. :'. i- ~ .·•· ,: -:~, ,, ;·,. :· "·· '. ·.~ \i', ,·,, .' ,J:··_- ,..·: '· i·,,, { . , ; l., ··'. '.:., 

Q~ ;a1ues decreasing ~ith incr~asing N for isotopes. of a given z. From 209P~ (N =125) to I : ' 
.:. .• • : ,1 ' :,, . ' ' ·, ' ' . . i' 1i._ , ' "\ 

?11P~ (Nf:127) :the Qa' value· i~~rease;:by 2.6·MeV, and the half-life decre~es' by 6xl09 ' 
' , 1 , ' •. • ~ , • , ' , I ', • ' • . ',:: ;1, , ' • /. '.: . • ; \ • ,, , • ~ ' ' ,f ' ' > ' 

tiines,:reflectirig the outstanding 'strength of the N==126 shell. 

\'he ~hoice ~ffea.~il>l~ targe~-projectile' syste~~ to produc~ a. rieutroii-rich nuclide with 
,'-- ,,·;::.·,.,, ,,-·,' -',_-·,·, •• :•_:',

1
':,.· ·,•, ,'.\.t·.\.•:'_..:' ,'·, ,(/. ,.:., .. ,'. -~\~·i:,··, , ( ~· ·" .. ~:,·-~1

• ', ',;.~,:_...},'-,·,! 

.• N>l62 is stronglyJimHed. ~po!d fusi~n~ reactions with 208Pb or 209Bi targets .allow thi~ . 
' 'I ' ;•, ' < • " l ' ', - ' • 

to be ;chieved.only'_lit\Z~ll2 .. With· actihide~target-based fosion'~e~aporation r~actions, 
,:' __ 1;•,'.,: '_, '; '•,,.,,•.:,_', ,': >,,\,·,:·,' •• .. \',/;';.,~•-,-;I:•'._,,\:,.":' ', \ :. ' ' . '· .. i,.'- / ' ,•/ f\ 

the N~l62 region is achievableat Z=ll0, " 
.... :;.-1•:'., , .. >. _.::,':_,1. .... .:. :\<;'~,

1
-1.\ .:;;. 'r · ·.: , .. '--· .r .. :,_·:. ,: 1 , ,,-. '!•t ... ,_ < : •• _· --: • -'.1· '.). 

During·.the,:period from Septemoer.10 to December 30,.1994; we ,carried out exper- ; . 
', ,>.' ·_:· .:,, ·,. \',; .·· ',,'\'\, ·_._.-:--:~·:: :,. _,t ',.,''.,)'',) _,,.:. ,,' ' ' '.·,, ;_,:,i, , .·.,-,' i; '-~_,,-/·_·_ .. ,: 

' iments at ,the Dubna U400 cyclotron to, produce neut~on-rich Z~ll0_ nU:clides. by the .' 
' <,1 • ,,'I. '\ ,' '• ',' :, '. ,_: 1-'' ' •\.1, I ', .'.•I: •i j '•,. ',' _, • ,; (' 'I 'I' \' • , '. ,' • ,'. ,' ,•,, :•",:'/::, .•:, 't ,•,': .•.- ', •'.," \.: ~./ 

244Pu+34S reaction at the bombarding energy E(34S)=l90 MeV, some 6 MeV above.the 
• r • , ; • • t ; < ' • • 1 ~ • \ , ' 1 ' • a I ' I 

Bas~ fusibn barrier [24],·resulting in~ ~icitation en~r~ for the compound nucl~us 278110 
,.·,. I ·'. 'i:, ', :,,' -. . : / ,' I ; I : ' : ,: • ,,:_ • ',' ', 1 i I '' ·, ' •• ' 

: 'of ~50 Me V. This bombarding energy is e~ected to' provide the maximum yield of 273110, 
• ·•·i .: • f _" ,' •, • ': ~•- , 

1

" '·,;' , •. '. ~ ' 1 ',, ' ,i _' [ • ·, \ ,f I ,r -·, • ' , ; '' ,• ' • : •_I • : , - ., i'" '. '·.-. 1 

the 5n evaporation product, although the 4n and ~n ch_annels leading to 2~
4110 and_ 272U0/ 

' . . : . , •., ' ' . , .· , - r , . . ; .. . 
· are also open. ,· During part . of the abo~e time period we used the 238U + •~Ar reaction· 

·. ··.a(E(49,;r)i:f1,r ~eV t~~t,,le~dS'tO'the sai~;comp~u~~ .. sist~m' 27~110 :wi;h, the;saine. 
• ',. • • • • '·. ' o l ' ' ', .,1 - .,\', • \ \ :•• ;_.· '.. ". ,, : 1·-' . ,' .· ' ""'" 
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We coKducted ~ extensive off-line search of th~ raw .244Pu+34S data fo~ event1se- · 
" ,' • ·, . l , - . , ' • 

quences which fit ,the expected pattern of implantati~n i~ th~ PSD arr~y and subsequent ' 
.~. •• ,' :·-:: ·::. ·• / ••• • ,' ,> ,· ,·,. •. \· 

decay of 273i10_and its descendants. As a-result, .two prominent event sequences.were 
' /, '-. '--·.. • ', • , - ' I , ! • \ ' . I' • .. ' ' .· ' ', ;' ; . . ', . . . ·. , - ' '. • .. ' ~'. 

•observed (see Table,11 and Ref.'[71). The first.sequence ~hown in Table II fit best the 
~ • ., - • • ' ~. • ·' J 

' expected pattern ~£ implantation in the PSD array a~d su'bsequent d decay of the ;ew nu0 

~ ·. cli~e 273110 'and was ~f~du~ed ~ft;r 4~ days ~f a~~la1 bo~bardtnen~. This ev~pt ~equ~~ce . 

'occurred in the cenier ~f the:PSD array (5 mm off the_ver~ical-middle of strip 4), where' 
I ", ~ " • ' I • • ' ' ' '' • ' • / 

· a 6.39~MeV EVR im~l~tation event d~te~ted i; coi~cidence with.a charact~i:istic TOF . . . . ' . 

signal w~ followed in 394 µs by.~ a-dee;; e;ent with Ea;~ll.35 Me\'; then·, following 
• ., ':< ·. . ' , , · _'- _.'' ., . ; -..•. , / . ' ' ·- _· '• • , . ·_'. ; ' . 1 -~ '_,, , ' i .: · .. 

this by:158 s,;~n out-of-beam a-dec~y ev;nt with Ea2 =· 8.63 MeV was d~tect~d, followed 
.:: "·.:- i__ :-· . -, . ' ', .' - ,' • \ ,.'\ ,. '. ~ ~ .·:. . •. . • .. ',. ,\'. ..• · .. :·' '.: - ,! : ', ;. ,· : - :i, . 

384 s later/by a third a-decay e~erit\vith E.;,3=;=8.~2 MeV. The y-position signals regi~- I 
• ',• ' ' • • -~ • •_,. , .' •• _', •• _, - I • \ • '', ' ';. '. '.' ,• ' ' ',, , • : • • 

t~red for each m~~ber of the seq~ence; rev~ll~d a close correlation onhe foiir e~ents ~n 
' ,_ . . ~ ' ·' 

•: ,-'- ' ' ' ;• ,• ,' ' a C ' J' ;: ,' '• ',,,/ - ,,', : ,' ' • '• ' •• : \ 

, strip 7.:_on the whole, the correlated EVR-a-a-a'sequence is documented by114 measured 
; ', ; I. ,' .: . ·, . . ./,': , .. '.' ,• <. ·' .. , . ',\ ·. '-:··" :.'~ ' . ''." ~ 0' -·,.' f ', 

parariiete;srthe main parameters are summarized in•Tabl~·n . 
:·' ,":·_, ··:· .. <''_ "·_.,.:-.· .,,r. ~.• ' ;, 1 :,·.., • ,-', ·.\ )',,::,> .' ,,:·,~\;. •:· , ,, , .' .,' '.: ,_,•. ·'..._ .' ,' ' 
As. shown in Table II, we'interpret this correlated ·event sequence as .. the a _decay of. , 

• a. • • • • • ·, - • ,. " _. , • '.., • • .\ ,'. ,. I · r' .. , ~ . . , : 

the _new nuclide 273110 followed by t,vo detected d decays of its descendants, .265106'and 
' . "' \ -, ', ,: ' . ' ' .. ' ., ,'' .··- \ ., .. , ' ' 

( ,. > \ • 

~f 102. On th~ ba:sis of ~ur data ,we calculate straightf~rwardly and \onserv~tivdy that 
' ' ' ! ' . ,, ' ' 

,' _. . . -.~ .. '. . - \ '. : ', ',' ' ',,'II , ;'' . , ,, 1•' ',_,· 

the expected number of random 4-fold correlations ,of the above type is. 6x10-3 for the 
' < ,,' f ' I , ',. ' ' 

whol~ PSD array and th~ ~~tire measurement time T=l375 h: ,· 
, ' :, , , ,, ' ', ' ' ' ' 'i 

The th~~e-member eve~t sequence in. TabJ~ ii with 'Eai =11.72 MeV ~lso shows the -. 
' ,. ·-·,·:. ·~ .. ·~.--·.~ :.' <·: ", :,_.,, -i:_ '>:-_; ~· ,· ,_):,:·-·\:•:,-,•;,; ''\" :: ... ·_:·-··-· .. ,, .. ' 

2:'3110 implantation/decay pattern; The observation of the'out-of-beam 8.86-MeV a event · 
~ --~' .· ,/. ,, ,_, ' ·,. " . .1·· ' ',_- ./"·... ·.··.-, .. ··.;_,·'.: :-. ':, :··-' _'.'' ·.~," ' . '., 

43 s after the occuri:ence of the.al event lends a great deal-of significance to this chain,· 
I /••:, • '. , • :: -'.,\_•' • ; ( ;i • ,,-~_•, 1 •• .\ •,;• • : >'•: • .•, • ' " ,., ' ( •, •' '• ' 

, but there are a number ofless perfect features as 'well: It occurred in strip 1, where the 
'/ " , ' ' , ; ' ' • ''·, ' ' , , / ', .·. ~ · .... · , < ,' ",_ ' 

bi;1,ckground. is some three times higher as 
1
compared to the center of the PSD array;. the 

'< ', ,'· . - ' '; '·_; : -~ '" ,' .. , ' .... ·. -"-' ~ .~ t ··:,..,·:•'.-' '~-;:•. ::: ' ... i< ,: .:·1.'·' 

measured EVRenergy of 3.81 MeV,was at the lower edge. of the expected ±2o- range' of 
. ' . ' " '·, ·, ·, . .. ',· ' . 

Z=llO' EVR, e~ergies, arid the ~ea:sur~dll.pos valu'es were close to their highe~ li~its. 
{ . . ' - ·, . ~ \ ' - '• ' ' : , 

The Eai of 11.72 MeV gives a Qa1 value for this tr~sition oL1L90 M~V' ~ome 0.7 MeV' ,, ' 
' • .• ,, ~ ~ ' ' i 

12 

111 \ 

'\ '.; .,,_ 

I 

\I• 

jl> 

I\. 

Table IL The.~easured para~eters ~f the c~rrelated: 273_110 event s~queU:ces obser~edin 
the_ 244Pu+~4S reaction. · ' 1 

• ' ' • • , · · • • ' ~ 

,·Particle Particle ·Strip· .. 
, ,, 

energy no. 
,1, (MeV) 

EVRa) 6.39 .:·. 7 
,a, '11.35 . 7 
. a~l i 8.63 7 ., 

.' 1 8.22 ii ,7 a· 

•,EVRc). 3.81 1 
:a 11.72 1 
ab) · 8.86 1 

fl.tdl 

. 394 µs 
158 s • 

', 384 s 

li2 ins 
43 s 

. Ll.pps•> . 
(mm) 

+1\ 

-0.5, 
, -0.4 

. +1.4, 
i 

'-Lo·•. 

, A~signment · Nb/l. 

'. 273110·, 
'273110·' 
'~6510.6 
?57102 .. 0.006 

.. ,' (: . 
' / 273110: 
'' 273110 

265106 

; ,• '/ ' ', ' ·' ', '1 ' • ' ,\ 't, . ', ·,. ,' ' ' ,:,·,); '. .·. ,, : •. / '',".,_ 

a)This sequence was detected at 4:49 a.m. !on.10 December 1994 after 1041 h of actual · 
• t • .. • , , . : . , , - / , ' ' ... • ~• . ' I , ·, ' , , ,, .~ · , ·, • 

boipbardment at a beamdose of L9x1019, particles of.34~.. J' ' 

,blEve~t'~ccur~ed betw~~n ~ydotron beam pulses.: ''. I, "' ' ' ' ' / ,. ; \' ' 
1 c)This sequence was. detected at 5:35 a.m .. 'ori 14 September 1994 after 56 h, of actual 
b~rriba~dm~nt '~(a beam dos~ 6f r:1xl018 ~articles of .~4S.: , . . , . . . 

d)The indicated Ll.t values are ti~~ distan~es t~ the prec~ding eve~tof a giv~n c1mel~tion : •' 
':,chain., ·- ,' . , , '., ,\ ' . . ·-.i :': , . . . . 

~>The 1fpositio;i deviations.aregiven ;ithrespec{t~ the al eve;tfro~'.27:3110.·· , , 
'/lThe Nb val~es .ii~ calculated for the whol~ PSD array ~nd the e~tire m'ci.lsurem~nt time 
. ' ·, ' ... , . ,' t';' 1_1.', ;':,./ '.·, .,•· ' ,' ,, .- • .. ,/ , i' ,.,, .! ,·,,, .· 

· · of1375 hours. ·· · · · · 

',•., .\', .. \'. :._< -<l '.'. _, ·1 Y'.'- ·; :;_,'..·:.-·.-.·. ~ ,,,, ·· .. , , , .. 
: higher than,is expected from\ theo_retical predictions [2]. · This Q,;1 corresponds 
' ' . ~ ' " ' ' ' '. ''. -: ' , ' i . ' , . • ' -

unhindered T 1/2 value of 1.5 µs [21 j ~hich requi~es ~ hindr~nce factor of ;imoo to achiev~ 
.• '; .. < ;, '" ,' ' < ,> \ ' • ' '' >, °:;,, 'l , ' .'•. ' '< \ : .' ' -~ ·, •. ',' \' / ,' ', , ' ' . ' . \ 

.a Ti/2 ~(9 ~s, ~ the ~~l~~ ofll.t1' indicates; su~h,;: tr~nsition ~~ultl likely h~ve\a low 
\ ',, ' - . ! ' '" ' ~ '' ' • ' ' . <' ' ' '' ' ' '.:' . ', ~:· !, \ ',. ' ~ 

'abundanc~. We shoul,d expect the odd~A nuclide:21~11o'with N=N,h,11+lto have a broad 
; ', :: .· ,·, ·, ':: ,: ., ' ,: ; ·\, <, ',' ' ,',, , :'' ', , • , '.:°_ , .. <,' i ' ! '. : ' ,. '.. ,:' '~,,' ~ \ / • • .,: ) ' • ! :: :.' 

0

1, : •, ' /.,, ! ,' I 

, and complex.a spectrum, as it is the case,'e.g:; for the five known even-Z a~emitien/ · 
• ' ·, '., \;- ,' : . . , . ' ' , I 

\ \ ' : ,·, f ,·. j '·' ': '. "\' ,, .. ',•,·,! '' 

with N=l53, 25~.Cf through 259106 [15]. Different versions of.rnacroscopic~microscopi~ 
' ":" . . , ; , ' ·, . , , , - ' ·\ ,,., ·l . , , , . 

caliulations [1,2,12] defi~itely predi~t a· s~riking .bunchiiig of single:p~riicl~ levels with· 
~ - . ' . ' , : : '. ' ' ' '' ' ·. 

' " ' '' , " , • ' ' ·1+'' 3+ 7+ 9+ '. 11- ' ' ' 
spins and panti~s J,r .of .2 , .T, ·.""f'., 2 and 2 of the N=157, 159, and 161 nuclei as 

· .. weUas -~ la~;f,'~1-~~v ~ap upto ~h~ ne~~. de,arly i~,olat~di N'.":~6i le~el 1w1ih J;~ ,T' 
which should re~~li in·~ large hindrance 'ra~tor for th~ a d~c~y' of ~731,10, siri~~ ·~o)13:_ /2' 
, ' ~ . i , , ' - , '-< 1, ' , , ' , ', •' . \ ' , ,· , ' ' . • ', • , ' , . ' ' l 



) '1 • ,, • ./ , : • • • I . , ·. • , I ~ ' , 1· i . ·",1 

Thus,.our detailed analysis of the 244Pu + 34S data [7] confi~ms the uniqueness arid the ' ... \.. < ' ., . ·.· ; ,·.. .. ' I • . ' .•. / ·_i .· . _: 

-high' sta~istical significance of th( 11.35-Me V. event ~equence belonging to 2731 io, _which 
, "'', ,l '.·, J\ . , . . ··. - .- , , .. 

was fir~t ~ep~rted in Refs.[8,9). ·Th~ c~~plete analysis rev~als'~th~~ event sequ~nce;·which, 
. ·.,· . \ . , . 

deserve further consideraticin, including that with ,Ea1 ==11.72 MeV, but their significance 

.. i/low~~ th~ii, the 11.3~~MeV. chain, and the following 'di:~ussicm will b_e based ~nth~t 
., ', , . . : '-. .- ' . '\ ' ,- .. ~ ' ' . . ., ~·· - .· ' ' . ' . . ., . . 

\ ' 
s~quence. 

·. The ::::0.4-ms interval between implantation and a decay 6fthe 273110.EVR result~ in· 
. ' / ,\ •. ; • : • ' '. ' ' . ' • ·1; ·.·' ; . ' - .• ;.,, .. · ··:· : \· / ,. ' 

·.;, maximuni likelihood T1j2 value of 0.3~~:~ ~s (68<}{/ confide~ce i~ter;al). Based on one·•·· 
i . , '.: ; .' \:.. ',·· -. < \ , .' ' • •• '' / '✓:· i <'. I ,. ,-, ·.'. ·::," • • ' ' • • .·,:, • /· ••• ; I I ,. , ... ' ' -~ ' •• 

detected chain, .the production',cross section of 273110 at-E(3,4S) == 190 MeV is roughly, 
,,_;;;1 .,_, .-·,:_:'·~ · . .-">•·r. :.: , .. ,~ · ... :.-,\.- :,, .· ·~-- ,·· .. : ·,:\><._:- ·.·:· ·.·:_,-._·✓• 

0.'4 pb, close to expectations when extrapolated fromJhe 2.5 pb cross section measured 
;· :'· . · .. , '< ;:·< _;_',. "\ .. ,.·. ,;"·· ~".:' ''. i") . . ~·:.-','\\· .. \'1{' ' 

,I for the 238.U(34S, 5n) reaction' (6) (see Fig.7).i The cross section estimate for': 273110 could ' 
/,,'·. '{':/·_,~'.·.,.~ ... ~./:·:,\·.! :_ :_.··:\ ~\·.·· :.: :··, ,• ''·:,:, 

be higher if we assume an EC branching in the decay of 261 104, 265106, or 269108. ,J '\' 

. - \/' - .: \ ,· .- ,(,' :-,. ' - . ,. ,, ... ' ·' •, . :., ' . , ,'., ... ··; -·.. . ' . . . :· . _;.,i 
The· a-particle energy E.;==11.35 MeV. measured for .. 273110 gives a Qa·of1L52 Me:V · /' · 

'' .l ' . ' ' i 

.wh~n corre~ted for re~oil energy of the daughter nucleus: S11ch a high Qa value for the .· 
,,, ' ' ' f ' . 1..-,.., :,'· ' . '·' ; ' _:·, -:/-- .. / '.' :, ., / \ '--·~-. ; _i • . .,, ' " . . •. , ' . ·:.. • ,' 

'. ~ Z=ll0 nuclide with :N.::::163 provides _diiect''and coriviricii:ig evidence that·_a neiitron shell. 
./'"- .... ··-,\ ··.: r -,:: .. ·\;· ": .· 1:: .-1, '. :,.··.,·, ·-1._' .. -.. ~ .· ... .. •':.:,• ··,' ··:,·:' .. ' , ., .. _. .,·'.' 

closure indeed exists and is located at N=162 and not !!,ta higher'value of.N."-The·QO .'· 
• '·' . ' , ' • I ' • , ..• , , ' .- \·. / . . •.. . . ' '. . . . . ·-•, 
value for 2,73110 would have been about 1 MeV lower. if the shell closure had 'occurred at 

, j • . / . . • , ( ' • . . ., , ', \ ~·:•~ I ·.' ,, • ; 

.·· N>162. ,We illustrate this in Fig, 8with _a plot of Q;, vs N for isotopes of even-Z elements 
•. ·\ .. :.',.,:·'.· ..,1,.r:.~;_'., '.,•,.·:· , ./,,'. ,,, ~·· .'_;' · ... •.- .·, J //:.::.· ,.•:,'.·' :~ 

Cf through no, focluding ,Qa::::11:3 ant ~rn.g M1N.for the isot<_>pe~ 269110 arid ,~71}10 
•• ,i • j •• > ••' • < •:' r, /'' ; •,: • ; ' ; J • •• • ,' •·•,•• ,, _.:, <-; •: ,1 ,,.,: r': • 

that. were identified in 208Pb+62
•
64Ni. experiments. ~onduc_ted. at . GSI/Darmstadt (26] _ in 

1, ' ,I, \' I • 

1 
the same ii~e period as th~ present ~xperiment; ,;e also s~ow ,the point Qa~U.8 M~V 

,fr~m ~ report (27]_ oi1th,e possiblfi:_prod~dion of26~110 in 2'.'9Bi;5:Co bomb~rdrne~ts at> 

.. LBL/Berk~ley. The meastir~d Ea eftergies for Z=11o'· w:ere' assurr{ed t~ correspond to, 
' "r /:. ', ' , . , ., . . ,- ' 

.the gro~rid-state to ground-stlte tran~ition'. A!thou~h the cidd-A Z=:110 nuclides are not 
' ' - ' .. . ' . . ., ~ . , . . ' ; . \ 

expected to decay to the ground state, they would have to decay to da~ghter energy l~vels .. 
, ·. - . ' ' ,• ' '. ~ ·- . ·, . : (, ' ' , .. : ~· . . . ·' ', 

-· ' ' ·, "' . '.. . ~1 , 

'unrealistic:ally different to alter the Qa · vs N_ pattern in Fig. 8:. · 
. I' ·. •- ' •' ', . .._ ·•_·• .; .-

In Fig. 8 one can clearly see the rev~rsal in Qa vs N beha.vio~r for 273110 a.ii compared 
l • i, :: : ': , : . < '\,, ,, 0 \., \' \; •• <, ! : •, \_ \ i ! • • ' I \ ; • • _,,.• - -

', \ ' 
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' • 't - • •. ·-. . • 

Cf tliro~gh 110 (5-10,15,26,27]. 'Squares show. data.from,Refs. (5-10],. as well as Q,; for 
' F • •- '• • ,"• ' ( • ' • • > 

2" 3110 frorri this work. Open circles show theoretical Qa vaiues (2],fof even-ev~n Z=ll0 

·. 'isotopes .. The ~eut;on numbers'N,h~!i=152and~N.hell=162 ar~ delin~ated toempha.size 
V • -- • • < • •• • ' • • / 

the behci.viour of Qa with N in the region ofshell clos~res> . 
. ·- ' . ' . . ' .. -

· with: the trend for t'iie lighter Z=llO iscitopes. This cibservation is in good agreement with 
- . . ' . . ' ·:. -- , - - . ) ' '' ,· - ,, 

the r~c~nt theoreticaf Qa predictions [2]sho~ i~ Fig.8. A mor~ detailelcomparison of . 
- - . . ~ ' . • • . . ' ' • • ' ff,-- ' / - ' 1 . '' 

the meas~red decay properties of 273110 with theoretical predictions [1-4,25] is pres~nted 
--.: ' . ' ', . ,, - - , . - . . . '·" ,•' 

in T~ble III. The 0.6~MeV increase in Q~ bet~een N::::161 and N:::163 reflects the strength 

. of the s~ell clo~tir~ ~t N=162 an~'can;be confo1sted with a Qaid~reas~of 0~1_:0,3Jd~V ' 
' -, \ - ' ... . . -~.,.' . ·..,.. ~:..::. . . '. . . - : ' ·: .- . -• ·:. _· ' '.- .. _·_ : . ~ 



\ 

· . Table nt Comparisoii of the mea~ured decay properties of 273110 with theoretical pre-, 
, . , I 'I. . 

di~tions [1-4,25]:· ~ · · · 

THEORY PREDICTS ·, EXPERIMENT SAYS 
/ 

-~ 

A neu~n-defor~~fsiteii.~~st~ iuid is. at I Yes, i~ exists i.ndeed~nd is at N~162, not 
N=162. · .·· .-- , .... ·· at a higher N value: . · /; 

' .. There should be a dear reversal in Q" VS N Yes,: the Q; re~ersal. for ' 273110 ')S 

after c~ossiiig N =162, not only a flattening . observed. . / 
-like at N=152°>.1 

• ,, • •• 1 

The N==lfi2 shell s~ould.be stringer thanl:Yes, the N=162 sheffis stronger'inc_ieed. 
the-N=152 shell•>. - · · · · · . ·· ··. · · ·· · 1 

QJ.antitatively; the increment. in Q0 be:.. 
tween N=162. ~nd N=164 for Z==110 ·is 
0.6 MeV">. -

:.. 

'A high-spin_ er) grmi'nd-statefor 273110, 
'_resulting in.a large HF for its_a de~ay, . 

... 

_Yes, .the· Q0 _iricrem~nt bel.,veen N=l61· 
arid. N=163 fo~ Z=no· is 0.55 MeV at 
least. The_ N=162 sheUappears stronger 
than predicted.• But the theory ,uiideresti
mates'.the 'stierigth of the N=152 shell as 
well: : · · .· · '· 

-: 

Yes, , with, E0 =11.35 MeV and 
T112=0.3!~:~ m;; the.HF is 30!~g0

• This ,is 
a strongly hindered rather than favoured 
-~ decay of the even-odd nuclide 27~110. 

• ' .. , I ---'" 

.. •)These p;~dictions have been macle_ in, Refs; [2:...ir',. 
' ' . ' ' \ . . . 
' ~ ' . - . . . . •. - ' ' \ . - -- -. . -- . . ' . , 

between N=151 and N=153 in the region of Fm to Z=104, or, alternatively, with that of 
. ' - ' : - . - . ·. . - ~ / - ' '· -- ·, . ' - ~ ' '. .. 

L8~2.6 MeV between N=125 aiid N=127 in the'-P~Th·region. The N=162 shell closure . 
_( - ., . . - ,,, . . ' - . , 

appears much weaker than "the sphe'i-ical shelf N=126, but seems-~[ least comparable in · 

.strengthJ~,t~e defo~mel";hell N'7152·. . '-' . . . . . 

5 • Cm~clusioris 
'· 

Table IV summarizes decay properties ~f the new ·imclides discovered i~ the present series 
- . . - . 

. of experiments. We note th~t. these nuclides repre~ent. the heaviest isotopes of ~lements 
I • , • - ', - /. 

104, 106·, 108,: and 110 produced up to now; 

,. 16 ·, 
.... 

~ -
'· 

-1:' 

Tabl_e,.IV. D~cay properties:of the new heavy.nucpdes discove~edfo the_ present series 
.. of experiment~; ' ' , ' - . ' - ' :/ 

·• Nuclide .Principal' 

' 273110 

267108' 

266106 ·_ 

265106 

,· 262i04 

23scf 

_decay mode 

a· 

a 

_a 

a 

SF 

SF 

~ ' 

Alpha-particle · _, Half-life 
'energy, r-.Iev 

Ref. 

1 35 . .. 0 3+1.3 : _- [ 8 9] 1 . _ ...... _0 _2 ms_ .. 7, _, 

.-- +29 [ l 9.74 to 9.87 19_10 ms 6 
) /" . . ~ ' 

8.63±0.05 10-30 s . . [5] 

8.63 to 8.91 2-30_s. 1[5,7],, 
, I • 

· - < l.2!~ts. . [5]· 

-,-,,-<:", 
21±2 rns; [18] 

The ;roduction andpositiv~ ide~t'ificaticin of the nuclide 273ll0 signifi~s the "obsfrva- · 
. " ,, ., .-· . .·.. ' -- _· , 

tlon'.·of the'element 110. The principal:resi'ilt of our ll0 ~ork is 'ihe direct experimental 
0 I "/ - -

·~videncefor a s_trong sheli closure at N=162 as det~rmined by the measured O:decay'prop-
.,., . ' ". - . - .-- ' ' - ~ .. -.. 

·erties ~f 2731i0, th~onlY N=163iiuclide known up to.n~w .. Providing a decisive test of 
' , ' ,. . - . -,-- - ' - . . ' ' .. · ·. . . -·~. ' - ' . . ' : . -. -

.. and a new. credit'for the current' nuclear th~ry, this result offers predicted spherical shells. 
. . : ,., ' , . ; - , . . -._. , . - ; . - ' , , , . • . , . , . . ,/ . ~ 

at Z=114 and N:~178-184 to be a major. challenge for future experimental explorations. 
' . . ~ .• ' • .- - ·- .· ' ._,_ ' ! .-
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!Jla:mpeB IO.A.! E7-96~82 
ITpe,AenbI H,AepHOH CTpyKTypbl: 
o6uapy,KeHtte JaMKIIYfblX o6o.no4eK N ?= 162 H Z = 108 

· CoBMeCTHble SKCnepHMeHTbl .[{y6ua_:_J1HBepMOp, BblnOJIHeHHble B 1993-95 ~rr. 
c· m:noJ11>30BaHHeM ·izy6ueiicKoro raJouanOJiue1moro cenaparnpa npo.zi}'KTOB MepHbIX 

peaKUHH, npHBeJIH. K' OTKpblTHIO HOBblX H}'KJIHAOB 262 104, 265 106, 266106, 267 ios 
H 273 1 IO. 3TO Ha1160J1e~ n!)KeJibie H3OTOnbl SJieMeH~OB 104, 106: 108. H 110, 

· · ', · ' .· , " · ' 273 
H3BeCTHble B HaCTOH(Uee BpeM51. 11,AenrnqmKaUHH 110 03HatJaeT Ha6JIIO,AeHHe 
SJieMeliTa 110. Pa,nHOaKTHBHble CBOHCTBa'c1mTe3HpOBaHHblX HaMH HOBblX H}'KJIHAOB 
,AalOT . .noKaJaTeJibCTBa cymecTeoeanHH JaMKH}'TblX o6oJI04eK N= 162 H Z = I 08,' 
npeJJ.CKaJaHi1b1x · coepeMeHHOH MaKp<rMHKpOCKOnH4eCKOH reop11ej:j H.Apa. PeJyJibTil.TbI 
iiammit cepHH SKcnepHMeHTOB OTKpblBalOT HOBble BO3MO)KHOCTH pacurnpeHHH o6riacnt 
HaH6oJiee TH)KeJlblX H,Aep !I AeJilllOT npo,ABH)KeHHe K npe,ACKa3aHHblM cq,;pHtieCKHM 
o6oJIO4KaM N ~ 178-I 84 H 'z = 1 I 4 aKT}'aJibHblM uanpaBJ1e1m,eM 6y.AyIUHX SKC-

' ' 

nepHMeHTaJibHblX HCCJieAOBUHHH. 
Pa6oTa Bbmom1e11a B Jla6oparnpHH H,AepHblX peaKUHH HM.f.H.ct>nepoea ,011.SUL 

. .• ' ,. ' . ,·, . ' . 
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ILazarev Yu.A.! E7-96-82 
'Extremes of Nuclear Structure: . _ 
Discovery of the Shell Closures N = 162 and Z = 108 

Collaborative Dubna-Livermore experiments performed in 1993-1995 
by employing the .Dubna gas-filled •recoil separator have resulted ,in the discovery 

of the new nuclides 262rn4, 265106, 266106, .267108 and 273 1 IO. These. nuclides 
represent the heaviest isotopes of elements 104, 106, 108 and 110 produced 

up to now. The identification of 273 110 signifies the observation of the element 110. 
Decay properties determined for these new species establish the existence of the shell' 
closures at N = 162 and Z = W8 predicted by modern macroscopic-microscopic 
nuclear theory. The findings of the present series of experiments create novel 

'opportunities for extending the nuclear domain at its upper edge~and offer 
the predicted spherical shells at N ~ 178-184 and Z= 114 to be a major challenge 
for future experimental explorations. , 

Th~Jnvestigation has .been perf~rmed at. the Flerov Laboratory of Nuclear~ 
. Reactions, JINK · 
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