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0 . AliD N c;,;; ~VARIOUS TARGETS ·.-•.-.,.. :.:: .. :r·;;. :·~,.'· ;r.-.·:;,· -. ' 

• ~bj,rn Sikkeland ·~~;f~;-,~~t.':,f_·_·.".·~-·.tW);._/_··r~_:··· ·. · ·.· y:;/· .• ~·:.'.~: .· 
La.wence Radiation La.bOratoey '·:.····~ ·:., · o.-.·· ... ·;~:~ '~. _;_:;r~·~:: 

University of Ca.l1fornia .. " . .. . . ·. . .: · ·· -., .. ·-~·- · •, . .•. J __ ~:;; B:= ::~:; .~~·,··:).:~··"··.;:·:,~r;. : ,·: .. :; ·:.,.:i~;:.·.;{:il;;,: 
. - .. : ~ -~- ; 

.,··.·.,· 

-.-., .. 

I. 

.:·-,"-. . -.;.~·'"""·. ·_· 
.. .· ... --:- ~;..;~' ;;,~_'1. '• 

~ .. -~- ... ·,j:~: 

.. --::···· . :. ··.·;·:~::~;:·:··. '1',· 
-/. 

!.~!he _fission cross sections_, at. 1 in the bombardment of Cs1 Pr1 Tb, .>V::_·::· ·. ·-:~ : ' > 110, Er170 , iln, Yb
174 , Lu, wlil2 

; Ay., and 111. w1 th o16 
I iln with c'-2 • and 'J.'b: L:·. ;; :~­

> .. :'.' :.~-._::'With N~~ have been measUred as a· tunctio~· of projectil~ · en~gy. Tl;le . . ~· \\.1:: : .. :}.=-:.~:::- · :·-~ 
-' ,.... ~ I ... ~ ~. 

. . . . . .. ... ~ -:...;- :·<_: ... ~>~' .:_/_~, •. -·: 

·:';_ . technique consists of counting coincident fission•:f're.gment pairs with two. :;·,~~!: 1:>;· >-:£ .·~t.: 
-: .. ~ .. <~~---.-~f .... ··~ .. ; . 

· Au surface-barrier Si detectors., The results are given in units of the· .-<:,Y;-.t:~··:::..~t;t_:J: 

'. ' :, .'·.•. total interaction croSS SeCtion ~ 1 and a& a functiOn Of the excitation _::-c::::':r·::·~;: . ~t> 

·'1.• 

•' 
, . -~~- . '· 

·energy· E of' the compound nucleua. It is demonstrated that tor a constant:'.: .:_:;~· ::J: ... >·~.:. 
' . .. / >~:;/;. ~ ~~,- ~- . ·-~: ~--..: 

is a function of the mass ot :-~-· _ .:.~:. '··· ·;:_~ · 
': ' .. ~,_:\~ .... ~:. '\::~ ':.~' 

. '. . ' (~~·: ... 

... 
val.ue of E for a compound nucleus 1 _ . af'/aR 

, · the ion used and thus of the angular mamentum · ot the nucleus~ 
' _--.;-_. 

. ~ . -~ t '!' 

'· ~- '-:~ ·.• ; 

Fission for the s-ystems ·investigated takes place o~ for nuclei ;':;";:X:~-~: ..•. .. '·. 
' ~;--... .. ~: >~::~~·~::r.'' '-~- .• . ~- -~ 

<' · :. · > .. ~·\. formed in a co.uplete fusion of the ion and the target- nuclei. The cross . :;;:· ;:/.'.: > ·· A~;.~ 

),_,' .. ,: :_, :·ct~: ~: ~: =ed~:.::.··:~~ntoto~eo:;::;:Dto~.·· . ;;f~t{~~~ 
~·. - .:·:-. and Ne22 respectively •. From the ratio af/aCF , experimental r /f'.n vaiues : 

. :· / 

,,.·· 

·· .. :· 

,, ' 
, r~· 

are obtained and compared to theoretical ones~- ''rbe following Values in MeV :.._ ___ _ 
' . . , ; ·~~} .• I ~ ' 

.:·.·;With a standard deviation of 2 MeV for the experimental fission threshold for ' · ·' 

_· · .a nonrotating -nucleus are obtainedt. ·34~9,'._26.5, -~~•l.; 24.6, · 24:l?, .f.o .. 4;·_ i9~s/:.\:: '\·~i;~. 
. , . . . . . .. . . . . . , ., ' .. · .. ,_. . -·r. . . . <· .. 
' . . . '· .. . . . . . 149 " 357 ·.-.· i75 ' lSl : .. 186!. ~r;:;,:. .... . ' : 

, _ lB.2,·and l.7.0.for the compound _nuclet Eu: .. ,1 Ho . ti ~. :'Be. J.Os , -:~ 1 1;'-'~,,:·:: :·· :<: --~· • 

'· '·. . .. . ..• · , · · · : ; · ,; . " · . ,::;1~."f~£',:f:~{,w~;;[f{~D:J;"·r:~;;;:~.,r · ~, · 
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., 

185 . 190 191 . 198 ' . Ir . 1 pt . 1 AU . 1 and Po 1 respectively. 

tor shell effects, fit well the formula tor a nonrotatirls cbarpdllqu14' . 
. ' . 

drop: 

E ... L 
t 

. .... ·~ 

. , •' . 

: ::~,...,!~ I 

'!,.: '', I Q .. 

.V~} 

Bere1 X • (r!-/~)/(z2/A)C5;it~· and we obtain the value 47.9±1.0 tor (~/A)Crl.tt.~·~':..<~·:_::';:·::;·:· 
;.-;.-.; 

'Ele ratio between the level-density parameters tor tisaion and neutron·. ,:: 
. ~ '. 

evaporation is :found to be 1.22 t 0.05; this ratio ia independent o~ 
-.~·1. "' \( : ~' 

nuclear type. In particular 1 the :ratio is near~ the· same inside and outside ::· ',: 

the region of the closed shell.~ · 
.··-· 

evaluated :tram the amlysia. 
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Fission cross sections induced b7 Be4 ~ve be~ Jneasured for bea'¥7 . · ·d·'>·.:,·.~.i-; · 
. ' . ~ 

·'·" 

. ·! 

· .elenents ~ > 901 see reterence.l) and for Au, Tl, Pb206, andBi (reterence2)~·:_: .. .:·,J __ .'{_, 
• • ' ' • • . ~ ·•• . ' ·I' • . ~ : 

.... 

•. Similar measurements involving heavy ions ot various energies have been per• ·' "' . :~: .;·· ~, 

formed ~r BU~ cl2; r 4, o16, and Ne20 inci~t on if,S (reference ')J . : ·: '_ .. : 'l·/: 
r-4 on Re, Au, and Bi (reference 4);.c12 and 016 on Au ·and Bi (reterenctt5)) · ·-.: >·;.~'·<{·:: 

.• •' .·and c12 on 'nn ~nd Re185 I 0~· on Ho, ~~ Ta181 and Re18' I and Ne20 
011 ~0 and . ·.·. >;:\··':r 

:·;· ;_ ... : · . , ~J.Sl (reference 6) • Additionally, Cit bas.been detel'Diin~ fozt ,;a 1 016, . :· .. ,_·. 

· .: < .'·,_: · ~ and Ne20 of 19.4 MeV/ ~cleon interacting with both Pb208 and v1th B1 (retere~oe '/ ·· ~-:; 
·!J '• .. '.:'-·: .. :,:::;-~~·7)·· . . . . tj .: .• ·-;: ':·-~;·, 
I ·~:-:. .--~· '···. ~ ·I :~~ -~ t; .. 

/ -; , .'', :· A knowledge ot tissi6n.oexcitat1on ~ct1ona is important tor a p~er .. ':/:,,_:\ 
1 

· :: ; .•; i 1n'fest1gat1on and 1nterpl'etat1cni 0: :trasment anauJar distributiC.. f'unotiimaf .. · y::., ~; 
.... _ ....... ~.~. 

-~ \:.··fi • -~ i ·' 
... : • ,'f· 

and· of tra~·nt kinetic energies. The quantity "t is tllal, given _in units_ ot. 
( ·)·• 

.~ .. the compound-nucleus cross section aCN as a f'uriction of .its excitation enersr!_·-,:< . . ·'f:!; 
. . . ~ :: ~-":·.~ _i-.; 

• . ._.,.: At the steep 
1
pert of the curve·tor "t 1 first chance fission is dominating · ·' ">-. 

'·., · <\ ·;~·_·. - and the f'issioning nucleus and its excitation eneru are known. fff:j-(;;r .~'!'. · .:~:\'. ·i!,.:>· 
•• ,.c ~, ... ' •• • ..... ~~~ .. -~. 

j ·,.' 

;; .. , 
·.: · ~·- :. ,: ~ys.;tng:W,' this region of the function ~t is·posaible to obtain va'-uea tar the · .. ---~>i't 

. ·. .. . . . . ' . . . 1 ... _._;_·, 
' · . : ·., fission barrier. Such amlysia ·bas been performed tor the heaviest nuclei, .· 

:'.'' :", . and for nuclei 1n .the closed-shell region around Pb208 (reference 2). It was 
• i.~' . ·,; ·. ·. · .. 

·· ·:. -.: then hoped ·to extend this analys~s to ligbter nuclei (outside the closed shell) 
• J •• 

l~::- .. ,. 
' ". -t~ ' ·, . 

., t ·'. 

that can be induced to undergo .fission by heavy ions. A more direct comparison ... 
''. ~ ' 

," .. 
• "1 ·, 

.· · · · · -~ · · · . :. neutron evaporation and fission can be_ enhanced and studied. 
'~-~- I ,~ ( '1 

1
, ; . 1 

. ~c.. •·: .. In our wo~k,· the tlatural isotopes of Cs; Pr; Tb; Bo1 'l\n'1 and bi, Au, · ·,· -T"-; 
. ' ·.· .;,.,. lli, and Er170, n1~, alld ,;&:!; ~ ~~ vith o16 o:',.,J.7111s e.-a1ea. ), . ' 

.. • :· . ' : ; ' '· ; > ~ : ~: 1>: ~ .. •, t; .. ·~: ' : . 
•• ·~, .... :: ,• ;.,;·~-:·.:;, ~-.~~-~"{;• J '"it "."• ' r.r _;··,· •,('o, 

... '::1~'. {. ;_ '·.:: #~·\·~~-~-~~# .. -< :: . ~ .. ·t•. :. .. 

.. . 
. .. . ~ ~ ... 
' .... ·. . :·" -~ . 

. ·•·· " 
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To study the effect of angular momentum · I. 
l.Sl . .. 

we formed . the same compound nucleus Re . three ways: 

and Ne22 + Tb~59, having the 8ame E but di;f"ferent. I. • A similar s~ 
0 • 

ot the angular-momentum effect. bas . been undertaken by G1lmore6 ua1ng a 
. . 

· .. technique where the f'ragmtJnts were caught in photographic emulsion. This · 

method is probably not adequate in separating real fission-fragment tracks 

from other short-range reaction products. At the start of' our investigation 

;t . 
· ••• ·. -;: .. _>t 

. ,:; - . . ' . ""':.' .~ .. . . ... :-.; - ~~ .. -~ ~ 

"':; .. ·':' '\ - -~ •, . 

-:. ~ ,~" ._·:·=·.:"-,.~·~_:_.: 
~: .. ~~-, .~ 

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

we intended to count fragments by analyzing the pulse-height spectrum obtafl.ned · ::· :· <: 
-~ .. ::~J.~;~i- . -.~;;: . 

with one detector. Such single-spectrum analysis was found to be adequate 1n . 0
; ••• ~_:;;>· 

. ' . . . . -._· "'·,(·::;.~. : ··. ·-~"'- { ~. 

fission studies of' Au and heavier targets.:5,5 With l.ighter targets, ·howeve·r,··:<·.· ·. ;·J};·. · 
• • )'.·":.< 

. . . . ~-; 
• t . -~ . -;. •.•)." .... ~ 

the. energies of' the f'ragments are lower;, makllAgc:it\impossible .to separate the /: ~.- .. : ::::::~:-

tission-trasment events tram other reaction prodllota. lllstead, we ~d .to ,;;.e :,;·'~}·: ~: 
two detectors 1n connection with a coincident c~rcuitr;y. · 'l'b.1s method. should·· · .: · · ~;:(· 

--~~-~-/--

. be superior to any other used so· tar since a fission ·event tlien is not ~ . -.~ ;"(\·:· 

·. identified by ·the energy' of. the fragment but also' by ~ · 'coincident req~nt. · ' .<::.f.~~~ 
We therefore. f'elt the work to .. be of' .importance from_ an ezperimental point of' .. · ·r·~ 

t ,· - .. . ~ to' ·. : •• : :. .. --~--~: ~j·>·::-;' 
. • '·~ '' . . :. ·: . . ·.' -~- :\.-... ·~~~ ·:_~;~_. ~i.-.! (· ::.:.' ~ ,. . , .. ·;. ~- ,': ' ~ . ·;-" .. :; 
· -view. · · ~· ·: >_.:·: .. ~~~-; ·. · 

;· ... ,.., 

. '(. 

.. '" . .;;· 

. . . ; . 
~·- .... · 

·,1'1:'-' . . . . 
~ ;_~ ·;~>~·:: 

·"· . II. EXPERIMENTAL PROCEDURE 
.I ~_.) '• .._ 

;' . ..~ .. 

H~v;y-ion beams were· obtained from the Berkeley BILAC, which accelentes··:~:~.T 
· .. ':. ·. ·._::~·;·:.· 

ions to 1Q.4 M.eV/nucleon. The ·beam was def'lected through '0 deg by a magnet .->···. v. <:.:,. 

before reaching the fission and scatter -~~er 1 which bas been described 1n 
· .. ,' ' .. 

·, 

• 0 • 8 . . . 0 

a previous paper. . We obtained lpWer energies by insertinlJ weighed aluminum : ·. . . 
.. '";' ' ~ ·, 

:.·· .·, 

toils into the beam path. Northcllf'f'e's range-energy curves f'or aluminum were :.f, . 

. : used to estimate1the res~ting energ;y.9 Additionally, the ranges of' the :ions 
0 

·~ •• -'··:·5·/ 
. -"( ~:·'<· -~ ''! :: ; .. 

from· this the aVerage energ and the energy spread ·. 0 

.; • .; 

- ~~ ... 1n emulsion were measured; 

could be· evaluated.3:-0 1'he average energies obtained with the ~0 methods vere ·. 
. . : ;·(··~··,;. ·, .·.:\~l ·.·· .. ·• ·'·;·,- . 

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

. . ''.'•" '· __ c <··_;~,·~<.~,--;~:~< . . ~;f· ._;-~J;·; j:c;,;:.-:.'-~, ::. ~· :·; ·. • • 
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Before str1.k1ng the target, the beam passed thrQugb two circular ·. '? ', " . ···· 
- . . ' ; . ;~:_:~· -~ .~:f/· -~:~~: ~t:<~ .·: 

cow.mators 1.5 mm 1n diameter .and 62 em apart. The lest oolHmator was 6 · ::~·; :_".:::,. 
. . . . ' . - .. ~"·-~·2···, -~· . .,_.>j'<~~:\ ~~: 

am from the target. Beam partiulea were collected 1n a 7•5-= \11de Faraday-.': :. '"\ .. :~::·"···· 

cup at the rear of the. chamber snd the current was measured with anrecd ' ;.: .. :~.,;: !:,_· ~::;{: 
:: ~ l . ~ .. -~-~;4i:~ 

electrometer, the output of \lhich was ted to an !Dtegrator. <.:;:': . ., ., , 

nickel:=·~:~.::::::.::::::: :~:::1' --~,-~::;~i! 

.... -. 

~n be obtained by mea surins with the same detector geometr,r and tarpt the.·. · :·~ ·, ::: · · · .. ~<t 

. : . ~tive clidel'Gntial. cross section both tor tio~ion, e ('/I) , aZ14 tor .. 1 <\: ~ v 
·:.· f .::·-\\' :<·;.·.·., ... ·, ~:;;;~ 

'. elastically scattered ions, . es (?/!) •. ~proper ~sformation·to the . \. ·.-.. <t·~ ,:·.·_>f~ 
. . . . ' '. :-~!· . . ·. .. .. ~~~:.~~ -~\.'' . --~~> 

~ . ' ' .1:· 

, cW:lta-of-mass systems of the fiss1onin8 nucleus and ot aoatter we obtain. tent ~~"· .;' .. ; .;, .> 

... ·.. :::"~:~inarr fiaa7 .· .... ·.· :z. ;~, ·. ··:'. · ~: .· ..• ~~~}t}~~- :.; ~()~,~~ 
/·<.: -rr 

2 efC~/2) . · · :·J·· . it (8;t) sin et d et ·.· .. · ···._;\;~· .. _.~. ·· · .~.~ ,.·\: .:~~~·(_~~ 
. '<. · · '· · at • 4 · · . ~ --·; :, -:_.• ':,·· ·· ;, (l) .. :i:i·'\ ·;;:"-:: 

·' ·' ,:,· 16 ~8 (98)ain _(98/2). ·. rr.f:('ff/2) . . . ... ::· .. : ·. '·}·:.?{:,., 
••• ·-. '-1 •• ~.. ' ;. • • . ~ : •• ';. -~ 

·.·. ' .. '.:~· ··::,.:; :. ~ ' . 2 . . . ' \. :_ ~ :··~:< ;~:i~(~ 
,r:.t· · :· Here we bave b • ZI ~ e <mx + 'lllrr) / (~~) 1 where ~~ l1l;r and Ez, are the atomio · ~j~,-~;;~ 

.. ""~- . --~. , -'~:- ·- --~ ·:·':!~~-D~-· 
. , :. · · number1 ·mass, and laboratory energy ot the ion, a~ ~ . and ~ are the atomic ,.,, ·~\f): .. 

·-.~~~-·:~! 0 ~ _,11}; •••• ?~-·.t 

number. and mass of the target ~ucleus, "fhile 9 8 and 9 t are the ansJ.(es in . ~):::· ::>~i~~·: 

. , the c.m. of the scatter and of the :tissionitJS nucleus,· respect1vel7• ·'l'he · · ,,. · 

. ,,. , tran-tion 1o accOII!l>lished with the pal'81118t8r · ,/ •, ~ )2 , vhere v.· ' ~;~;, 
' .. is the velocitT ot the center of mass and ·v< the ~1oo11;7 ~ .the. l'eaoti~ ;1;} • ;I ;G~t 

,. ..:: .. procluct ~.the o.m. In elastic -~~tterirJS}Vli:·b.w~:. -~.·-•. (~ )~/'.-/~·:,;~~;i§S:. . .. ; , g;,, 

. ' 
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fission the most probable value ~ mp is obt.ained ~ trea-t~ . · ." :.:; · .. · · • 

angular-correlation•funcrtion ~surements as described:. 111 an earlier paper.8 ::.:·· ·. · < .. ! 
• :' •• :· •• ·.-~~ •••• ~ '. • • .<" #~ ' • ' •• • • ' ' f• > •• 

At the peak for this function we have . :. . l ~: .~ · . . . · · · 1 

~' ' '- ! . 'J • : • f1 • :- ;.r • : ·• ~ • '.. • .. ; .• : :'_ j 

,· 
.. : . . • ~~. 

l·' 

'I . ' 
and· 

tan '/12 .. (sin 8)/(~· cos 9) 

,, •• ~ ' ,"i ' .... 

} . (2) \ 

(3)'' 

; ' 

·.; ... ' 

. -1'' .· ••.• 

' ~ . ;,. . :_ .. 
·; ~ ... . 

·\.;_r'.'·:· 
•\• '·' .... 

·' .... ~. ·• ---·~·- '-t~ 
., . : -~ ' . 

where t 1 and ?/12 are the laboratory angles between the beam axis and the ·. i~' · :;-:,: 

'axis of the ~0 detectors Dl and D2. In previous worka,,,u af 'was determined':. '~~-

·.·according to Eq. (l) by the use o_t one detector.''U with . T}'58 and iOill!j '> .'·:<I 
up to ~e20, and with Au, :Si; and 1ons up to ol!J, a satisfactonr separation \~f .. ..:·· _:>_.: 

_:{\--:·· 
! . ' ·~- • ; ;·' • ' 

the fission-i"rasment pulses and pulses from other :reaction products is possible.' · ·:: · ;:/ 
' . ' '. . .. '~: .. 

· However with heavy ions incident on lighter targets and ions heavier than ol6. '· · · ~\·::.> 
'·\:;·:::' · . 

. incident on Au on :Si this sepa);'Stion was 1mposs1bl.8. ··Instead, we bad to per• . . ·' · ·.: .. , . 
-~-- ·-\~~~'}-. ~ 

-~> :torm. the counting ot the fragments with two detectors b)" Uains a standard 
' l 

. I . . . . . 
. fast-slow coincidence technique. The electronic _system and aoa~ring cbamber > 

used have _b~ described 1n earlier publications. 7·,l2 
,. ·~ .. ,'' . 

. -~ ,;.· 

.. , 
In the :t1ss1on-dif'ferent1al croas .. section measuremeJ?ts, the two detectors : . · .·· 

· were placed at the angles 7/11 and ?/12 as determined trom f'ragment•tragment ·.<1: .. ·,:·;_: if'~ 
/-' . ,' . .;.~ '.· 

correlation .. experiments. DeU,ctor Dl defined the geometr;y and was later used ·· 
:-' . 
• • .;-! 

. . . f . :;· ~~ 

· .. ~ . 
. for measurements of e ("'). ''l'he ge~tr.r . of' m had to be large enough 

.. · ' ..... ··"':· 

8 . 

Dl. We used circular collimators tor both detectors. The Dl collimator bad 

a geometry ot 1.4 x 10•3 sr, \lhile ·that ot m was .0<»28· ar. The oountir.g 

'..\ 

.... ' 

,l • ' • --, """~ ... : 

· .... · 
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_,_ . • . t=-!W>2··~r::_;sJ·/.~ 
:::::.::::t:~· ot the ~der ot ~ ot the value obtained tran ···•.·· /'.',lJ::;{,'; 

Fragment angular distributions could not ·be o'btained with the co• .. - .·i ·, · · 
• . .. J :~;~-~~- ;:~:·:~->.-~-~! 

inci~nce · teclulique since the· geometry of .m was too larg~ .:to permit ~t(~) : ·.<:··::~~7~;; 
to be measured at extreme forward or backward angles. Approxinate dtstr1b~t1ons··~}· 

1

~·:).1 
. . . . . . .,: : .>·~::' r:::r ! 

measured with a single detector indicated thilt tor targets ligb~r than Au the. n:." '·. 
. : ·. . -.. ~,··'' .. :I 

distribution followed the 1/ s1n9 ·la~ up to 170 d.eg. For· such. a distribution, . , ·~~ .:,_ :·:;::'~f 
~ : . ·~ ~. · .. ~·~~:~: ~ 

the value of the intef;ral 1n Eq. (1) is 11'. It is elq)ected that the actual .-, :~~::1' 
... · ,-, 

• . ; ~ • .. ' . 'i . 

distribution ·~ll·be below that predicated b~ l/~in9 at extreme angles. For ... J.:_::.:!_.~. 1 
the system .,J .+ cl2 the value of the integral d.ecreases.lin~rly with the c12 ·· .... 

. ,<,.., ,' 

~ergy from 0.90 7rat.l24.MeV.to ~070 1r at 74 MeV~ (reference 11).:· Tb~ .... :f.:7<~.:~~~~ . 
.. .'., same ·value is around 0.95 1r tor c12, .ol6 and Ne20 ·ot.~o.4 MeV/~uCleon 1nci~n~·:.·.;'o:=::::~~~·:;: 

.. ~ 

• '.i. 

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

. · on Au and 0.88 7r fc:r· the system. Bi + 166 ~V 016 (reference 1:5). ·For targets {~T,\t'·.;:;fi 
·. . , ,· . ·, ' :' . , · .. _.~~<-::_:.,~•/<.-.:;:;. I 

·lighter than Au we have assumed the integral to have a value 0.95 'II' at J-0~4 >·;·;: ':;,i,r~S:·: 1 ;'. ~ ~ ·-· : . . . . ~ .· . ' . ' . . . .- '. . ·_. ·. . ':.·· .. ·: -,~,~~-~~: ~ !.~~:~;.- :: 
. MeV/nuc,leon decreasing linearly' with ion energy to 0.85 n ·at· 6 MB"'/nucleon.: ·.,,'.::;~:.=·:. !:1\;,. ' . > .. . ' . ., . . ' . ,,: . ' ·. ·, ·. :;· ·. ~· 'J· ... •.·• ' .: ]·..:~ . ·. ·: . . : ·.·• .... ·~·> .. ~:4 .·:·-t .·- '; : ~:: : 

.·:., .··Errors introduoed by this· assumption are bE-lieved .. to ·be· at-Ouna..~.:::, .•(BY'~.e~o::-~.:/,;.1:,.:.:'~··,:.: .~ 
. . (. ·' . .· . .~ :.:; ..... ~~~-. ~~ .. ··,:·. _·_ ~:~-~~·~·- ~.<~ ·, i·~~·~:~-y~~~t.\~--~. ~~-/:. 

here and later are meant standard deviation~) .. : · · ·.;,:: · ... , · "' . :· .: ... -, ... ~::. :, 
. . ··.·~-.1>;, . ',! ~ .:·.~ < "'· .·• 't'"<:.· -.:.; ... ~· .. f<' ... 2:..t;; > '··>·~~ ~· . 

' .. · 

' ... ~ ·.; "" ...... · ni. 'IXPERl:MENTAL RESULTS . \ '• , . .,., 

\<"~:·/·~:~· ! 

. . . . ·. :~~.. ·._ ').>:..; ~ 
. Fission cross sections measured .at various proJectile energies tor the . . .::C< 

· .· . · · · · · ··.· ;:::-::\~:.;i;~:rr.;;!:~:·~· 
dif':f'erent systems are given in Table I. In. the ,same table .we list the ratio ,;:,.~ ,':.:;._.,, 

? , , .j : : arJaa 1 where we ca1oulate "R 1 the totAl 1nteracticm ~·· secticm1 by>, J;,:f);:~~ 
·~. _, .. ,·< .-~~·. using a para~olic approxima.tion to the opt~~looJllOClel. ~~ .Poten~ia~~ ~ ~· :. . .,~:;.>:f~;,~; :}·?." · 
• <:' .··.:: .·:'· parameters used were taken from viola an~ sikke:tai,.a~' ,:·xt"bas'.been' showx(tbat ;,r·;:;:~::k<i~t· 

.. ·- . ·.· ;:_•·: .•.. ·•::thej:?:".:~f:- ·. t~l;';~~-::;:~~:w~i~~~ll~t~~~~f~i;~~~~{·:·; :;.•!A·· 
•- -: • ·'· ~. . i ·~ ... ; ·. ~:' '·~~\' :;, ..... ;. i•. "; • •:J: • 'S; •~r ~ ·)1 ' .. ~ • 1 ' ~ • • ~ t_. ''~ ~ t* }\c.;, ~· :~ •. \!(1 ~to: ':.1 ~~~ l'l(\~ ... ,:.!:'1· ~,".(. ; ~ ,..,.~ \ :{·~ -\ t'$ ·fll• ~ (,. ~ • .,~ 

• i · · · · • • • . . • _ • • ·,:·.,~ir._·_: . >'M::;::~~E~-:,~1:.~:~f~)~~;}~-~:;':!::~~!U · :-:~ 
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assumed that at = aR. Willdns. and Igo has_ .shown tbat the V&lues are also: .. :}) ... >:"~/ , .. 
applieable for lighter targets such as Aland A8,1\. (ret,-ence l .. ). The ·' ~ · 

. . . ~ . 
ratio at/aR · is plotted vs E in Figs. 1, 2, where B ··is the excitation 

' . 
energy of the. compound nucleus formed in a complete twlton ot 1cm aDd target ,;,.• J 

n~~ei as computed fran ·Ex, aDd 
1 
tb4 masse a ~~ve4, . ~ mas sea ,.;... taken . . . ·;,. J 

from the compilation by Cameron. 5 GeneralJ¥,. the errors were 'bout-~- an4 include,·; "': 
,. ) ) 

according to formula (l) 1 statistical errors in tbe counting,. el'l'Oi"a in the · : · -~ · ~-~~_;;~ 
.. ~- .. -... · .~ - . ~. ~ .. -;i: 

value of the integral, 1n the angles · 1flt and_ tf! s • T.vpical values for the ,· .. ~ .:.··.f {~1 
• . • • • .._, >:~ • ~i . ' 

highest errors are given in the figures. .. _ .. '?~. ·\ :: }[' 
The systems Bi + OJ.(, and Au + ou, yield a~aR val~s that are nearl.J.:~/:· .. : •· 

... 
· constant for all values a£ E. ~e very: steep part ot · at ·• at .lowest· E · 1 \ . 

• 

therefore retlects the influence of the Coulanb barrier em the · reacticm crdss ' 

, . . . .. . . section~ In this region, af/aR will bave la~ge ~rrors\ breto~ we mve 
: ·.: : n~ plotted the a:r/aR :tun~ ions tor these systems.. Tb8 data tor these two 

systems are in good agreement with those reported by :Br1 tt and Quinton.' The 
. ' . . """ ( ... -.... 

fission cross-aect.ion data ·obtaizieci for ~ + ou, and Ho + Ol!J agree well with·-~:,'-{'"·, 
. . I . ,.. . ' . . . . . . . ~>···}:t· ·. 

· · those of. Gilmore6 at the highest. E values.. At lOwer .eneraiea,· his values ar• :. ,_ 
., 

substantially higher than ®rs. · We believe :this. is due to"izltroc1uct1on of\ .. :··. 
nonf:S.ssi~ trackS .in an emulsion. . . . ?'· . ·. ·~~·_\.';_;;f~:;~. 'i' 

-~- ·:. ..:':•····.·: .: 
·. -" ; .'· -0· ·• ,, ' '1.; I·:' ~ •. ' . ' .. : . ,: \-~"<I '·f • 

: . ' .. 
: ~- ·, ' ' 

',-.• 

·-~.: . 

. ·~·A:~:·<: ;, ~. : 
. · .. :,: ':: ~. ~> ~:;· :·::~ :~-~;;r~:.'· r . ' . ,_· '... . :' -. -~ 

Fission at a measurable rate occurs ~nuclei having excitation · : <·.':.;.-.~ ,~:_' . t 
energies higher than the fission threshold. SUch nuclei Can be formed in . : .,.:-:. ...;- J 

.' . ~ 'J '>' ~ ",; I 

I'l· . DISCUaSION 

A. Evaluation of Experimental r tfr n Values .. ·. 

nuclear reactions induced by heavy ions. ·We will tiv14e these reactions .into . · · : ; <~: :· 
two sroups. In the .first '&rouP .the ion. and tarpt ilv.cleus are amalpmated .in '·· 

. . . . .. ~~~ 

a complete fUsion (cr) proce~s~ ·For this ~reaction{:~ -~ound llUOleua and its .·. · :: :~.! 
;. .· .·_.:"·_ ..... -~ ... ·, .. : . _.:.. ·--~~~-:_i'. _,_, :·~;- -.~-·;:~{;~;~-:;.~~~;::~~~t~-'~t-ti~:~~~~ ~~~·~1f~tr.~~li~·<<~' -.. t!·.~>·-~~--~_>~ .. ~ ·~.'-·:.·.··:-~;:!"'"~:~~:: 
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. ·excitation energy_ are known. 
~: . 

The second group consists ot reactions in which ~ucieons ·are int~~ :-:_ ;_; . . ., · ~ . ·. -: .·· .· •t "..... _)(, 
\- ::~ ~ . 

.. 

changed between ion and target. and an incomplete :rusion .(ICF) reaction takes ~ · : ;--- ;. · 
• i 'i' t ·.:-:: . 

' '< : • • '·. 

. place. Here the resulting compound nuclei have a whole spectrum ot DB sees 

and excitation energies. 

. ·' 
.. ..... • i-1' ••• .rr: . ~ 

I , '.. •' ' ~ ..• 

The reaction cross sections for the CF and the ICF processes will be ·. ·: :- ~< ' ·. :-., . . . . . ~~:: : -~-~ y.~:{: 
denoted aCF and aiCF' respectively, and we have _aCF :-:~:• · aiaF • a~·, . ·."-.<~- ;,·:.- . -~t}. 
~ compound nuclei :formed 1n either processes may cleca;y by t1sa1on or by _:.;>;. .. _ -~~:·;· 

~.·~. . -· ... "--"'~ ... ;.: .·.L ... 
. ,' -" .. evaporation of particles. If the excitation energy is high enough, fission . :_v h· · ,:;· 

'· ' .. ~ 

can take place at several stages 1n an evaporation cascade. 
. -~· . ·. _,.,~·-· '; 

.~ • '.'I ~· • ''0 ,• ',:.:~:~ •• ~~. T ~l:, .. 
. • •!" ·, • ·. .,.. . .:'"! 

iberefore, the· 

·-·~- .<: .. fission cross section should with increasing energy approach .a value al~ \. . . · ... ·-·_;_, .::.:~-
. ~· ·. ( ' ~ -~ ' ;. ~f ·:-~.:~,(·· 

·,· <·. · < that corresponds to the total interaction cross section tor rea~i·ona vhich · .> • •: • 

·--~. # .•• '._: • • • • ...... -~ • ' • ... ' • ·,.,. 

' , .. ·:~, ·; deposit an excitation energy that is higher than the fission threshold. lll';r~;ff' __ :.,.-~/ .· __ ·).: 

,. . , . t~-,: th~ nuclei 1n question~~ l-Tith tf-38 as the target, this enerSY is around~.>:~ : ~r·:~·-: 
;' -~ -. ·~. ' :/ .. -~:'\: . . . . . -. -· ~\:<~~ ... -' ~; .>.:-- (:;~; 
: '. , , · . : . 5 MeV an~ its fission excitation functionh have been used to define our ali __ :' · -l ::. •. · 

. . : .: ; ~ -· values.' With this target, tragment•frapent ~ngular-correlation studies .. · . <:~.--/.::_;_:., :: 
. .. .. . . , . I . " ··: :-~- ·, ., 
. '.. .'_ .. ,.. have shown fission from both CF and I(,'F reaction1s.· The ICll' reactic,ns are ·· -.:·: ;.' · ·,·::,. 

~- ·; ~, ·> · '·,~;-~---dOminated by ·reactions im'olVing \}le net transfer o:f approximately tour, -.~:2:., :· / ~ 
.. - · .. · .... :·. _·. _._: . . . 12. 
: : :: , " . nucleons--which have the same velocity as the ions•-to the target nucleus. 

,. -~·-.· ·. ·~r \: With o16 ·and ~ incident on Bi and lighter targets the ICF reaations··::q 

•«"·-
.. .. , ~ .... 
. _.,··. 

... . . . 8 . . . ./;.!-

contribute ~t most 1~ to the total fission cross section. Here :four-nualeop · · ·'. ; "· ~.< r .{(\ _.·.: .·.- ·.,. 

-· · :":: · . ·._ > transfer yields nuclei with E;o . aroUnd 20 MeV or b1gher, and the exc1 tation . 
. ., ' . t : . . ~ 

·-.·.:. · .. ·: · energy is not high enough to give an appreciable n.ssion cross sect1on.2 With . ;i_; 

; ·.·I.--·.;:.._ Ne20 incident on Au an~_B11 the ICF 'reactions contribute>~ and 1(1/, :respective~. a: .. :/_ 
.···: r.:.· . ....•. · · . ·. · . · · · · · . ~"' .... :._·f.. : .. ·'h:-'_: • ._. ~ -~-}····. ~~~-~:·.: 

. · :'' ., · F.pr these systems in a region where :first•abance :fission is 4an1~ti.Dg,--thac: · · · ·, ·'' ·. , 

' ,• ... ' ~erimental value for .. '- .. ·.' 
·~.,_ ' . :-- .. 

;·' 
\. ·~ . 

... ' •• ': . ~1.' '•' 

,',• 

. .-.: ./ 
-,_,_·. . . 

: ·i 

.,, "I 

. .. :~: ~-_1 r .:_~~-_~ ... _ . 
• ... ·. . 

' ... ( 

# .• ., 

. :· ( . . '~· ".. '. ·~ 
.. ; ' . ·.: :.; .. ·.· 

. i • · ... · 
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Here r CP is the level Width :folo cbarged"»article evapomt1f111• '1'0 evaluate, ,y :,~,':;.;,~; 
... r ~r n ll~ therefore. also have to lmw the va~ea tor the ratios· ac:/aa and .- :._l . -- . , , -

rclrn • Wormtion ab~ ~c1~R caD be obtained~) . . .~:."·J:;~?~~' 
. . .• ( ·--> . ,.-'i .. ,· ?" 

· (l) Fission excitation functions tor targets light enough that onl.7 CI!' \ ; __ ~:~-:-~· . . ~~·?. 
. • . :. '.: ,· ~ • . .! . ; . . . • 

• . ; <I ·, : __ ~ . ~. :~~·:.; : t =: ::c:::w: ::::~t=vya:-::::: :-:. :,~}' ;K 
-- E increases. \ . ~--~-~.- .. \21:(·· 

\ . .,. . ' ~-:i~t; 
(2) . Fra~nt-b'agment angular•correlation studies ot targets as heavy as . :. . 

T!-38. Here both CF and . ICF reactions produce nuclei that eventua!l7 viU · ' 

uriderso fission; at maximw:li ion energr the difference· in linear mom.enta of the · · 

·: ·. 

, ..... 

~. ;;>.;1~;""' ,' 
·~~( ;t 

''• 

;:···. ,~ nuclei from the two processes is large enough to give · frapent•traament correlation .'' .:~· 
...... functions that can be easily separated.7110 ·. . . · · · ·:.:: ._{··~-

' . :~-~~~-; .. 

(3) Measurements of fn a (»J"gll)/an for. lighter targets when ftsaion and-::·:_; .- ::_;_:{ 
• 't •' • ' ~-, "': I I ' • 

charged-particle evaporation can 'lYe ignored. Here '·a . ·is tbe cross section ::~; ·. . · 

:!'or a product 1n a (HI, ;.,) :reacti~, !l'heSII reaf:ti:'l».ve been 'liliow to ·pro;; ~:' / ]:;; 

·. cee~ via ~ CF process and therefore w~ have .·tn>• actlaa • · · · · . •:· .. · ~: " 
. ·~ ·. 

It appears· ~t cstlaa is a function. ot the ion _usad and. the i~s .. ' ·.' : ... ,, J·#~--· 

therefore have to be considered ·separately •. · ., · .. · · · ·· 
-,···. 

~itt_ and Q~ton5 obtained the ~iuea o.~ and o.61 tor .atJa
8 

f~r .. ·.: _,···<:· 
Au+ cf2 and B1 + CJ2, respectively, independent ot E• ·.Goldberg, Reynolds~' and::~~_-:,·::~': 

. ·.Kerlee 7 reported the sarde: quantity to be o. ~ tor Au + 124. MeY rta.·. a~· o.69 . : :::.::_. '.': ·_,::~ :· 

. ·tor Pb2oa :+ 124 MeV c12 • · correlation ·stud1e.~l2 ~~-tP~<+ ·124~ ~v ~. ~ve:·:·.··<'·'( .. ·: .. 

· · ·. · · ·. ·. · · · · . · > : .. '?r:~~~f~~·.:_.,::~-:l_._l.;.~ .. -.·_•.·.·.~:~.•,· .. ··.;.f.: .. :.:_ ·_··.,··.:~ .. :.):.·.~···:·'···. · • ··. ·· ·· 

' . .·.: :-::·'_\~;:;::.:.) ·~ ·~ ' '. -- . ,, .... 
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aafaa a O. 75 and. Alexander and Simino~· found the value 0.85 for fn . 
·, ..... 

.. • t ~. 

'· ' .. · ·. at E • 50 MeV for the system Ndl44 + CJ2 • . 
' ··~ 

With o16 the values from different sources are less conflicting. We '·. ·;·· -~ 

s~ b-om Table I that tor Bi + o16 the a.tfan is o. 121 indepe~dent of E. . · 

'.· .... ..,. · .. ~;;· -, 

. ',<. 

·' 

.. For the system .Au ~ o16 a.tfan is o. 70 tram E • 100 MeV up to ~xtnnuu energ, _- _ ·: .... · 

and tor. W + ol6 at/aR is o. 70 at the highe~t energies. Britt and Quinton .. ·;:> > > 
· ·obtained for tho same quantity 6,79 for Au + OU, and 0.72 for Bi '- o16 over a . ' '· ::·~·~· 
· wide range of energies,; and Goldberg et al. 7 ~~tained 0.75 for Pb2oa ... l66 MeV : .··. ·::;:::~ 

··. o16 •. Correlation measurement~.Jfor tfl38 + l66 MeV o16 save 0.70 for ac:Jiaa • · .. ··: . .. ~: 
l4o 16 . ' '. ~ . :·~: -

.Fil'lally1 .Alexander and S1mino:ff dete~~~·. fn to be 0.70 for . Ce .+ 0 . .:·;· ~ ~·· -'J :. 
:~ . -

\I .. , • ,. , . ; ' 

I l • ~ -~ . . ~:{ . 
at an excitation of 75 MeV. 

. 'rhe data for Ne ions are nOt as . canplete as for o16• For Tb + Ne
22 ·~.· i: ~ .. ;:·-. :•.•l: 

:_;. ·· (~ee '!Bble I),.af/aR is o.451"rom E •lJO.MeV up to maximum energy. Here .'.:·:·:·:·'·,··J. 
. . . • ~ - t '. • 

· .. , ·· ... ·. we then set at ~ ciCF and hence· a afaR • 0.4;. Goldberg et al. obtained . ··/ .. :)"' ·.·:;· 

:the values 0.64 and 0•75 for af/aR for Bi + 2oS MeV Ne20 and Pb2~ + 2o8.MeV ;: .... .- .. _/) 

Ne20, respectively,7 that, corrected for contribution ot · CF reactions to . · ·· ·J<'./~ .. ~-
. I . . ... .· .... 

· .· .<~: · .. fission, correspond to ac:F/i'R values of 0.54 and 0.65· This is to be. com• .' · ' , 
. . ~ 

'·pared to 0.58 for the ratio ac;/aR deduced from correlatio.u studies of • ; 

•·. · . :. rf-,8 + 208 MeV Ne20 and to fn ~ 0.1~ for Ba136 + Ne20 at E a 75· Mev.16 .... ·:·;.' 

' .. · .: ,· ~ , . We will conclude i'rom this that . aafan is nearly independent ot target :~·: 
• '~ l 

.. ' :., . and excitation energy and bas the 'value 0.72 .:t: o.lO; 0~72 :t o.o,, and 0.60 :t:. o.lO : ·: ;, 

:.:· . >:.' .. tor c12, OUs and Nc:t22 .respectively •. These valuas wUl_be .adop~d lD the ·-<~:•-:.,: ·':·':.~:.>: .. .... ~' . 
... . 

analysis. 
.. l 

-· 
", .... t~ .. . 

' •· ~ Values of r eplr n 1n heavy ion ind.ueea reactiors might be deduced l .. •• • ... " -~·· 

~· 
. / . ··. from cross sections ap ·and O'a tor evaporated p's and a•s. . . 

·. · . .':·:.< . · nx:itt and Quinton bave:·measured aa. in a12 end o16 induced reactions :_.: 

·:.: . > .. ·:::: .. _·::·.in~ ana. Bi.17 They :r~a aa.fln. o·.l at~ MeV:·ot exc1tat1on.~4 ~t this.:: 

. . :·.:. :' ·.ratio decreased rapidl.y ~ith 4ecreasizlg. ~xcitatiea<:Mcr. to' O.Olat ·50 MeV.: .: 
··~ .... -..... . ; . - ._ ... " f" , ........ .. ....... . . ~ ~ ... : •. ·.·' ' ~ ·'· c.~,' ¥ • • 

·' - ~ • .' • l • ~ 
~:~ ~ ·:'; . .t~ :~~:. .--.-~ :~:.. ..... ~., ... ·~.:-~ .• · .... .f~ . 

•• ,f. • • ..:.. •• "!'·;,' - ._·,: • ..;: ·~' .;.; ·, ~". . ,'l,. ,\I,.·- '· J • ' • ·~·· ·' ... \ ·, ;"' .... ~ .. • . ' 

;·., ~ .. ·· 

•1,. • 
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Using 147 MeV xf-4, vTatson found (ap + aa.)/rsa ~to be a strong function of'. . .·,. ::. :.;· .. 

. the Z of the target.18 If we interpolate his curves, we find the ratio ·is . ·:: .. '·~)· · 

about 0.1 for Z rj! 80, and 0.9 for ~~~~ 60. His measurements of direct inter• 

action ·a• s and p' s, however, shaw practically no variation with ~ 1 1n : . 

accordance with the abOYe conclusions. For the system N1 + l64 MeV 0161 

... 

.... ~ . 
~. . ·-~-·-" . . . . 

• ; .. ?,, o I' 

. . 

. . '\:... ~ 

-.. ·:·~ . -~ 

--··, 

. ; Knox et al., ·at 10.4 l~£V/nuclaon obtained aalaa • 1.3 and ·a /aR • l.o.19 
·. ' . '~ i\ : . .. ' ~ , 

. . . p . 
The· increased cr.oss section for charged particle evaporation with decreasing .. 

:. ' ; ··~·· __ ":. ·. 

. z of the target can ~e attributed to decrease 1n the barrier tor a's and p 1s 
~ ·. .• -?~ 

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

l· ·~ . . ~~ 

. and to a decrease 1n fission competition as ·the Z of the Ql' nucleus ia decreased. 
~· . 
~--<} ;.· 

!·. 'l'be effect of charged-particle evaporation can be seen 1n the fission• 
-~~ - ·::·~~}~-

excitation functions f'or targets lighter. than w. For instance (as is seeri
1
trom ·. · '' . , ... 

'!'able I) 1n the olE bombardments, .the maximum value. of' .atfaR. deCreases ~~idly'"\.;);; 
~ . . . ,~~ '.1:: . . -;~~~ .. 

as the ?.Z/1' of the target decreases. We find it unreasonable to attribute. · ··' :.\ .:_-~~ 
;.· ... ; \:':\ 

this to. a sudden fast decrease· in . ac/aa• Rather this is mainly a result o~. · .. · ·· ' ~~~.,k· 
rt'• • 

the lncreased competition from charged-particle evaporation. Adding Watsons . 
·. ~ . . 

values for . (fp + aa) to at yields values that are at least 0.70 aR. 

Evaporation of an alpha particle wUl :reduce· E by 25 MeV;~ this will greatly' 

. . · .;. '·tJ-~ 
·,. ~:; 

.··,;(,'1.. 

. . . ·, . .. 

reduce the chance for a second-chance fission in a reaction vitb a light target.· 
~,.· 

other effects may also play a role as 'Will be discussed under. Sea. IV .D. 
. ·(:··. 

·~ .... . 

Alexander and Siminonl6 found fn. to decrease slowly 'With E for zT' AS. 60 .. 

(d:£n/d:E,., • . .5 x lo·:5 MeV .. 1); this .. decrease can. be attributed to an 1nareased·· .. ~····~ : ,::·.·,~~ 
. r 

competition from charged-particle evaporation. In t'hat case, ac/»:Jxn -· and · . ·~.':: 

thus . r aJr n . -· will be of the order of 0.4 ·at E a' UO MeV • 
. . 

The conclusion we reach from these rather inaanplete data is tbat at ·. _; ;. 
. i 

I. ··:~ : 

~ :· ; 
•. I 

.. ~." . i 

moderate ~nergies we have . r cr!,rn << l• . We will therefore ignore ~s quantity. · ·. {· . ! 

1n Formula (4). This might introduce an error oj_' as mu~ as 4~ in r ;r.,;, ·: · 
at say llO MeV for the lighter targets. However,· an error of tbat order of.· 

·' .·\"' ' ... · 

i .. 

' . . ·, ~'" .... . . 
. " ....... ,_ ~ . .": . ~ . ~ 
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. . 

- ~· ' ~ . . . 

" :_·,·· . 
. • .•. 

.-'>.' . . . . ~: . '.. ' '·f.~-~:\ -~~>~i>~ 
.·. Curves for ... · r r!r n :tor the different systems calculated accordins to Eq•' (5) 1 : ;> :. · 

, ' .. usills tbe above ,.ccepted valuea i'or aafa11 , are stven 1A :F1sa• ' ~ ~ •• ~~ · :i ~· y ·~~;, 
,·. -~ . 

.. , . ' 

B. Comparison of' ~erimental . r :frn with Theoretical Values 

~ere are se"Y"emll formulas based ·on 

.. --~ ,_; ·:. · _·. _. a is the level-densit;y parameter. _ 
· ; ·· . .- ·.;;·~',; _ is siven ·b; 

. ·, <-· .. -· ... >. 
. • ...: .. '! • ~ . f 

'· . . . ~ ~ .. ~ . 
" .. •i· 

·"f.· 
-;; 

. ... . ~ .. 
·<t r. ··,',' 

... ·- •.•. ),.,. k.! 

.. . . ~-. 

~-;.-- ~ ./· - . .. :· ";. 
.. ·-- ·., 

. . 
.- .... ·:· 

-·,. 

:· .· i;'" ;· '. ,., .. 
·' 'i .... , ·· . 

·, ·. (6) 

~--;;-. IJ 

A ·1s the mass number .of the compound nucleus, E is 'ita excitation enem7 .. ': '· 
• t :'-- .f'.' 

.... ~ Here 
. . .. ·· :t·:~-

.•• 
1 

'- •• _. '··in excess· ot the ground. state, .Ko-. 9.8 MeV, an and a~ are/.the. level-d~~itJ:::~:.') :,~'::.~ 
-~-:: '·• : - .· . . . . . ' . .. . . 

~ . ' ' 

i . 
. -., 

\'.1 ~· . 

: ·;··: . " 

:· . ; ;-· -

. >·-·-~:· .. . . 

~ ' '; .. 

· .. . : 

,· 
'. 

\ . ,\ 1: .·.·• 

. . 
~ '• ... 

,• 
~ ' ... :~ . ... ·I. '<. ' 

'· -~· . ·-

,-!_· 
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The quantity Ef is equal to m
8 
° -me 0 wbdrem me 0 are its masses· at 

saddle and equilibrium (ground-state) configurations, respectiwq. 
t 

' .1~- : .'; • t 

.... ,·.~ - ;· ~-.. 
• f •• , ..... 
... ·. · ... ····, -·· 

' i' 

. I 

As is demonstrated 1n Fig. 4, · r ./J' n is not onl({ a function of E. 
'·- .... - ; -. 

Here -we see that b7 changing the mass of the ion, and thus the e.naular momentum_ •.. 

of the compound nucleus, the ratio rf/rn is altered. Classica~, rotaticmal.. · .< 
en_ergy is associated with the angular momentum. 

... 

It is argued that the level. ·. · ·. :: \<~; 
'/·. : .. :: .. · . -: ~" " 

density is not initiated before the excitat..Lon energy exceeds the rotational . , ~- . ;,.< .\ 

1 '· . . . ' . -~ <: ~- ~- .-J --~ ... ~--~ 
energy._ Rotation will also change the shapes of the nualel at the tvo con• ·. .": . ." · .; t·~: · 

' . ' . :~ · . . ..;,.) ~- , .. :' 
figurations and thus their masses and momenta of inertia. · The level dlmsit7 .:~, · i; ··_;:::\. 

at an angular momentum ._I. will tben be initiated at an ener~:-._~·,.i;; > .. ·.:·.:,: : .· ',..~>::·:·:·,~::~ 

for fission 

and 

. for neutron 

· · w~ R
8 

l and Re 1 

and ms1 
and_. me I. 

. ' 

'• 
' ~ ' . 

I ... 

_< ,<.: .. ~-(-. ' .. ;. ~-.: . . ·. -~, 

are the -rotational energies at saddle a.nd equill.brium,>f:r·.::''_:~_. . 
are the corresponding masses. at these Configul'etionse·. )_,::;~;;: , ·.·-s_~: j 

• • • : . • \ • J' :. ~-. ·• ~:- ~ ·- •• c . 
.. . : . . .·.-.-~:.1.--.~.-.t: . . . . {:: . . ~-

These parameters are functions· of l. .-. · -· :': -~·-·r~.;:~_.,._ .. ~'}.f 

There are _liquid-drop model· calculations of . ms1 and m
8 

l •00121 . · .. ~.~::fi;~·,.:~i':}~>~. 
However, bOth· Rsl and Re l are _~complex fUnctions of l. It was -therefore · ·.: · .·• :: __ :_:~:::,:· 

· felt unrealistic to attempt to tie the analysis ~with the liquid-drop mod8l:L·~:,,', · ~ :,<-:'t. 
at this stage. Instead, we att-t to simplify the a1tustioll somewhat 'bf;'' ~r.:· .·' :::·] 

. postulating that the changes in masses are direCt~ correlated to chanaes in:\\·::: ...... :,.·;~ 1 

rotatiODal energies:.·~~ :n ~ ~ ,:._: ·c,~;;;':Jc~i<~:;~-i~)·~[~t~~:>):;'if'·_ <:?.'<·It 
m m • R . R -,·.. . "'.. ~ ,. , .... .·.1-l.; ., . ·: . . · , .. (7) .. . . . ._ · 

·.,and 
.. . 

8

: ·•. ,·; ·. , 

8 

•• ~. : .·;: .-.. ~ . . :: :~~~:;:'~f·::.t!;· .. :f·~~~~tfi~;~~·.>;~·~}: :~. '~ ·•· . ( ;, 
• ~ •• _ • • •• ' ·.- • •• ' ~ 4 
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s· · s · 1 

'· 
(8) 

where Re 0 and R
8 
° are the rotational energies' at ·eqUilibrium and saddle 

··. ,_. 

-~·-... ·. 

•·' 
~f. ' .. 4 ..... ' 

.· 

when tbere ere no changes in shapes with l ~ · The . level. densities· are therefore . • ~ 
): . .,.· 

... 
';. :·· .. :. ' 

,\, t·· '' ·'. 'i . ~·' . ." initiated at the energies 

and 

() 
tor fission Et + ~~ 

l"diXr::'Ileutron B + R 0 

n e 

. '"· ' 

·The ro~tional ener81 at equilibrium is given by . : .· 

R o • . -n2 I 2/2 . ~ o 
e n e 1 

... _.,:-; 

... -~ . ~ .. ·•. ~- ~ . )>. • .• 

. , __ , . . . ·. \: 

(9) 

·where ~ ia the aDgUlar momentum of the nucleus a:f'ter the emission of one 

; ' 

•' .·.:· 

· ..... 

-· -~ "'· ·. 

-~- . 

··~' 

I. 
{· 

• -~ ~·. - -~*'\ 
--~ ... ~:~_ f" -. '.; ' :. ~: :.··; 

-~· ·•. 

. , , .:. r_,·. ,..
1

1 
' ~ ( ~ - ~ . , . 

: · ..... : :?:.1 
neutron, and . ·~ e 0 is the effective .moment of inertia at the equilibrium con·· · · .; · :', ·-~ I 
.figuration for an undistorted (spherical) nucl~s.. The quantity ·~ is app~x~ . ·:·:.·:· 1 

• . -t t~ .. 

imately equal to the angular momentum I of the compound nucleus that again is ··. _,. > ·-·-..: 

equal to the angular momentum I.CF . brought 1n by the ion 1n ·a . CF reaction. 
'. ~··.-- . 

., ~- ; . 

· .. ; 
· ... ·. 

.. ~ 

' . '. ' ' . The ~tational ~ergy at Saddle is given by22 . . c . c;: ;. ( :· . ; ·. 
•• • ' • • • "j ; 

~ . -~ ... ·~' . 

-~ 

... · .. 

·,. 

~ ·. ,· 

·:' :. ~ ·~ 

. \ '• ._ .... 
~ ' J :. •. ' .. 

· .. 
~a o .. fl2~ /2 J~~~ .* t1~ 1 S~ft · where. ~/ 2~~~·<. l/ -~;;~ ··~. 1/ '"r.i . 

.. · .t·>· •. 

. Here 1 ... ·ti 1 . 
and. '}~ Jl are the momenta of inert~ about an axis perpendicu.lar · ; . . ' ..... 

. ~· . .. 

....... ~ 

· ... :·and parallel to ~e nuclear axis~· respectively. The quantity ~.·is the . ··> ~ · ~·:: . "\ . ~ 
•' 

·' :· proJection of I on the same axis. · · · "· . .'~ :~ ·' .:. : · · .. ~~ · ·· ~ · 
'f. 

We. use the approx:f.IrlE:ltion that the average val~e <rt/r n>., which we · ~:y- : .. >, ,·' • .:; . 

. are measuring, is obtained at th~,~Y~~ge .. ~.;~ .. ot the rotationa,l energies. .. · 
-. . . . 1 \"12>· .. ·l ~ ... ,.r:, 5 .... ¥"' .......... t.:.·.r . . ., .· l .f_ ., ._ • •• • • 

'Tlie jmeanCSqllilt1f (zi{s) :!o=f' K.]s fo·.·r1 ·::whitili ;ts·~"giv~n .~Y·, : ::>:~iL:." ... •:. · · >:~. · '' >: ' 
. :: ~ ,_ '. ~. .. _( ~ -~ ... ., . . { • .. 

.. ' 
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where T is the nuclear tem;Perature. The n\iclear temperature is expected· to ., · · ' · 
... • v •• ,.;~ , ' 

vary line~ly with [(E-Et-Rs 0 )/at ~l/2:: and--thUs ~pp~x1mate4' Ji-near~~ith . ;~~>>:_~·.L~t~ i 
r for a· 'particular ion •. The. average values':.-otj;b.e rotati~l~<energies are '".::i·~~'- '·,r.?~ ' 

.• - - '; ·_... $ !'-: _-;, . ., ............. - : -- .. •': ·_:."$<: 

then given by 

and 

-.-

,, 
..... 

·· .. ,· (13) 
·- - .. ·' I .... tl· ·. . ~ . { 

' I . .1 
,·' ~ l.' . ,., . ~ 

· The ICF reactions are. shown to take place tor the highest : I : · W&ves · ot the 
. ~... ' ... ,.' 

coming· ion and thus to a good approxilliation · 
. •· .. - ... t,( 

:·: '. . ,. ·,_ . 
• • .. ~ # 

(l~ >·= 

.< 

where (12 ) . R 
. _.' · .. · 

.•: 

'l . . · ..... _, . 

~-. ;-

. ' 2 
(9/4) ·. C1al. . · .• (14) 

; . 
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. . This ettect has been considered by Burnett et ~1· in their analysis of ·.:. ~ ' •' I 

~. ~. ; ... 1_;.,.~·.~~· 23 
· ·. 1/ .·:····· ·Au.(a1f) at E around Et• 

. •' 
' ' 

' 

"- ;, 

... j 

It is now possible, 'b)" some suitable choice of the parameters E~ 1 •.· · 

a
11 

, af ~e 0 
1 and· ~~ 0 

1 to fit values oalQUlated 1n accordance with Formula (1')24 . 

' to the eXperimental values estimated from Formula (5) •. It. turn~d out however ·· .. ~ ? ••• ·:·~: ~:: 
that all of them could not be uniquely determined. In particular,· tba .level• :"·: ·:'·'- '. '. 

density par&meter~ and thG moments of. inertia could take on a wide ;range ot 

values. We therefore had to chose "beat" values tor a
11

, fJ
8 
°. ancl 'iJ

8 
° and 

the :ratio arfan and Ef were to be determined from the 8Jl8ly&ia •. 

:. ·~::··<':. ~;~~· ....... 

'-. 
't'< .. ~. ... .. 

. ,·!· , 

.- ~. 

-~:..~ ~ 
'!:'(. 

The choice of an is not ver:r :tinportant as has been pointed out by '. xi;';' 

·. Buizenga et al. 2 We used the Value 20 Mev•l ain~e this baa also been considered , . . (·; ·· 
I 

b)" BuizeDga et al. and thus we can directly com,pare their results with ours,• ... ~, ' 
' . . .· . ' ~. · ... .. 

The quantity . fJe 0 is eltpected to be 0~ the order ot nrig ··~high.:;~ :··>. ·_'~ :: 
. . . -t + '··-~. ·.t. ·~· :: . ··. ' . 

.. ·excitation energies. Here:·~·; ~rig. is the r1s14-bod¥ .moment. ot. inertia for a :: ·>r: .· / · ··~~. 
. ':' . :.; . . . ' ~ ' t . ; . ' ':'·~·· ~ .. ': ~ :. :.:~' 

spherical nucleus and is given .by . , . . :_ .. <:;,: . ._ .· :, .t.~··· 
...... . ' . ~ . ~ . . . -:-. ... •, . 

. '- .,- .. ,: ·":: ........ , .. _:::;-: 
,. <I ... '*·'-'. 

.... 
I ~rig 

..:, .. 

~ '. ' 

•.' 
. ·: :·. 

·' · .. .,..·.·. 

:' . , ·. .. .• ~. ' ' 

.. 
- . ~"' 

.. i 

. . ~ ·.i 
.;.; .... ' ~ . ·:.,. I 
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_fit aver the entire steep part of the curves that in maey cases 1a of the -

order of 25 11!.eV. A possible explanation for the poorer fit f~ _these two ' . ~ ' -.~ .·.! 

H- ""' 

systems is given in Sec. rv .. D. The systems Bi + _ol6 and iAU . + OJ/, could -of course -. · --- · -~ -;~ .' 
.. '! ,. 

· - ·not be analyzed. 1 '• . J .,' 
. .. . . : ' . ' ~~. f 

.,· :·'. 

~-~ ' .... .!' •. -. 

Values for the parameters e:r/en and Ef do not change epprec1abJ.r ; ~. < :· ' _: I 
with the absolute values of r tfr n •. For e:mmple, we analyzed the· data far the :·. :·· ·::·~ . -. i 

) ' . :·I .· • . -:-
case awfaR o l that corresponds to a dec:r:ease in rrfrn b;r -,C1f,, 3~1 ' -'-:.· _ · 

and 4~ for c12 , o16 and Ne22 
1 respectively. This cblnged Ef by less than ... ·:.- ·- · ; .. · 

. . ' . . : . ....-~ "' 

one MeV with af/an unchanged. SimUarly af/an • and especially Ef I ~- \ .. :~_.·;.; :' '~ > 
. . . . ' . . 4 . ( .• - - o o· - _, -· ·,. 

are fairly independent of our_choice of U
8 

· and -~e • ·_Fo~ instance, ~e ,. ~·;·;':: ,. __ --

analyzed the system Pr + o16 wtth' ~e 0/'Jrig. in the range o., toa..o: and···.\:·_ ' -~ . ' 

- ~e 0 /'J
8 
° from 0.5 to 1.0 a~d. found arfan and ~t- to vary ~ b~.4~ and l1, ·i,;:.-:_-~·~? 

2~1 respectively. - - \' '·:-: ·: ':. _} 

The slope of rf/rn is important .for both af/an ··and Ef ; as is_<:_:;. -~- '~{-
'"' ·-·.· ' .· ... 

• ','!-.{ .• _)·' .··-' 

seen from Fig. ' the lighter the target the shorter and more uncertain -the . . .. / ; .· _ .:-.~- __-:-. 

s~eep part is. ·Therefore, the uncertainty 1n both ar./an· and Ef increases" ., -. : 
' ;<·- ' 

with decreasing mass of the target. · : "'·-.:· .. ; "~·/::~_-} 

A phss1ble decrease:i.in aCJ!aR or an inerease in r c:p/rn with E 

will make the slope of r rfr n steeper. An order of magnitude estimate ot 

• '·: .. ' •• r':. ~-~~ 

.. ~:;·:;~~~; 
~·: · .. ~ ' ., 

·~>~~(~.:~. 

these effects is obtained :from the measurements of f · • Alexander and S1minoff' a , '· - . . n . . . . ~ 

·value Un/dE ~ 5 x l0-:5 Meyll) .corresp,onds to an increase in d(rrfrn)/oE . ·::_:~'._;: '>:R:_:._' 

ot o.oo7 MeV-l aver .the value obtained when ac#rsR o cons~t._. ~~ increase ··. · .. ' .. : 

will introduce an insignificant increase 1n · at/an and Ef · ._ . . • _ . . ·· 1 
·:,::-

. . ._ Considering all these effects, _we set the unc~rtaintiea in af/aD·-~ .·;.: . :..-_; - :"' 
. . ' ·~ . . 

· · ,··: .. t~ increase from 5tJ, -tor the heaviest to ($'/J fo~ the U,sh~st} s.n·~ Ef. ~ .· ':<~i.f>·::.·;~--." ;: -~-
. . . . . - .. -.-... , ..... , 7_-·;~ ....... \ .·~ -.. . :_· .. ... -~-. -~:· · .. · .. f.--~ •• · _._;.q, : .. 'l. -~-· 

· .·;.uncertainties inc~ase from 2 MeV for the .heaviest ~rgeta)to 4. ~V-~r the··<·.: . 

.. . . ~~·t.. ... . . . ·• • ·' :.· :T:·;~ :;~:~!·.t.:l;~~t~~~f~f~~~~~~H~:. ·..• '" :.~· 
-: '~:, -~~ "i: •.• 
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As is seen from Table ·n, Ef is increasing with decreasing mass ot 
. . 
tbe targets. This variation is discussed separate~ 1n Sec. IV-C. · · 

;. .... ~· ...... 
'lbe quantity af/an however is within the unceli&inty ot the ana~ia ·. ·.·, 

~ ' . . . . 
. ·' 

independent of nuclear type. (The slight:l¥ higher values ot at/an in the ., .. ~. , 
,. 

closed-shell region might be entire~ due to a possible decrease U1 the ratio t · . -~ :: 

\71th E as 'Will be discussed under Sec. IV-D.) .. '!his result is somewhat surprisins;·1 
... ·: 

. since one 'WOuld expect · a:rf to approach a:tl as we ao :away tram the closed ., 
.. · .. , . ' ·~r~ .' 

··,"\ 

' .. 
shell. This ~refore indicates that the same fundamental difterence pers1stst 

' ,.,_1-_ 

the shell structure at saddle is ·completely destroyed, ~berea a at equilibrium ; . ~: .. : : · ·~; :~:' 
· .... ,. ":'<· 

· the shells are still effective outside the ·closed-shell resi.on• . IJ!le average 

C.- 'lbe Fission Barrier ·.i- .• 

- ~'I ,, 

. ~ ~ ,_·~- . 
~ ...... 

It :La especially grati~ that the values edjr· Et are tairly in~ 

. . ., .. · dependent of the choice of the other parameters. We believe ·therefore that 
~: :_ '. ' ' 

. -~ ~:·: .. ' . :. ·.:· 
' .... 

... : these Yalues ean be taken seriously. In the following, an att-empt is made to .:·; · · 
I ~ ' '. ! .: ' -;: • ' .if 

ct.)mpare them to those EfL predicted by the liqUid~ .model. First,· Et ; ·;·'.: · •: .: 
.... ""· 

bas to be corrected for shell and.P!liriD& effects to ~el4 an "~xperlmsntal· ~i .. ~~ · f}~ 
',,· liquid-drap•ban~r value Et L : · ' · · · · , ... ·: ., · .. ·~·:·, 

.... _ -,>_- •• ·.: 

· .. 
(l6) . 

. ·~ 
. ' 

.. ' 
. ~. -~-

.. , ~- ''• .'? (o • 

. :r:· .. . 'Where .6
8 
c and tp c are the shell and pairing cor. ection& tor the ground- · . ::. :;. , · .;;: ~ · 

.· ·. '·· state mss of the compound nucleus, and A
8 
t and 6P t are· th~ .cor:respondiJ:ls ·.-:· ... 

. , . . . ··-··~~~ections ot the saddle. As. al-gued above, the .nucleus 1.i so' 'distorted' at·'>.:·:;); ::_:\.~:·:; 

' , a8cl4le that the allell structure 18 aeatlwe4.en4 thua;,. ~,i,;A:/:~·o.};: : :. <; 
·. . . j . . ... . '~ ; ~ • . -:. . ,. ,, • . i' •; . ' . ...... . _., "', ... ,:·· . ·• . ~ . 

• • •. ~ . : '--.!< 

' .... -

. '. ;· - ... _t '\ ·, 
,--\~ .. ~.· :~' ~ _-.. .... ~ . :· . 

"' . 
. ~-
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. . . 
. We further use the approximation that the pairing enersies are the same at· ~-· .... : 
. . ~ ' . ; ~ t: . • ! ~ .• ~ . . • ; 

the two configuration and therefore obte.in At a I:J.
8 
° . '1Bkizl8 Cameron's . -.: · . ··:·:_· ., 

reference mass as that of the liquid drop, values tor ~8 ° ca~ be taken · ·' ,. ~ ·:O: 
from his compilat1ons.1:; The resulting Ef Lexp values ~re given in Table . ._: : ::· 
- . 2 "·· n tosether with those from Huizenga at al. . .. ; .. 

- ~·,~ ~ 

According to Cohen and Swiatecki25 ~ barri~r Ef'L for a charged ' .. : ., "_ .:· ;··~_.: 
. ..~ · .. 

liquid drop without rotation is in .the region 1/' < x < 2/3 to ~ sood . . : 

approximation given by . · 
"I. 

' ' ... ··'. (17) 'I . ,.t • 

. • • . i.. ~ 

. · .. . . 
" 

where E
8 
° a 17 .8A2/3 is the surface energy of a spberieal liquid drop ifnd · ."- . ·. · ·. _ ;· .< 

x a (7?-/A)/(rff-/A)wit• With the commonly used value 50·13 tor (rf'/A)crit ~· . ·. :_ .. ·,~:;:· 
·. ~e obtain values fo_r Ef L that are higher than EtL exp • . Instead, we obtain : :· . ,,. . _" 

a good fit with the value (rz'!/A)orit e 47•9• The corresponcUng' E.zL values ;~<-· ·. ·";-.:> 
·. are given in the last calwnn of Table II. As is seen, EfLe"Jr». bas a standard ·;; · • :;~:,: 
~tian of around 2 MeV from E/'• Huizenga et .al. quote the same error in .:~. _;: ~- . ·:· , 

I . . 

their analysis. 2 There appears to be no systematic deviation of Et L exg 

from EfL in and outside the region ot the closed shell. We ~gbt conclude · · · ' : ~ · 
• >; 'c-:. f .'' '·. ,>·. ~· ,: 

from thi~ tlvlt no shell and pa1rin8-energy-correct1on term 'An should be -~-., ; ' :_ ~;.· ~ . <': ..... .. 

by Huizenga et al. Introduction of such a _term makes E:f' higher in the 
•i· ~--- .-

' . ·,. ~ . ,. 
·. ·. . . ; 

. closed-shell region. The values ot Ef taken from Huizenga et al. are ~m 

the analysis in which 6n a 0 and an • 20. We have alao included values froin 

Burnett et al. for the system· Au(a, f).-2' 
.;·. 

By_ taking into account systematic. errors, we suggest the. val~e · · 
. . . ~ . . 

47~9 :l:·l.O for ('.!/A)~it forth~ nuclei cons1dSre<11n this investigation. · 
... ~ . 

. .. 
It must be pointed. out that with this value we obtain reasonable values ~0~ . '•. 

E: 1n the uranium repon usiilg the l.iquid.-drop-model t(ft)l]a'ZJ z1L = o.s, (l-~)~8 ° ·. · 
. •' . . ' 

. . 

'· 
·-. '-'''' ' 



We notice that the calculat4d r /rn vaiues are higher than the ex• '·"<_~~-·~·;~/r:' 
. . . ' ':f , .. :. :·:'·!: :~>::/.· 

perimental ones at energies above the steep part ·ot the CUl"V'e. · '1'he deviation · :: : . .'~$, :< 
· inc:rease with increasing eXcitation enerQ. After considering several chance -·:.j~.;~<~'j.: .. ;·. 

·-:~. ,,. ·,. . ·. . . .-·~·- .... ·,~ .. ~.~.--_·;\L_ 
::·~ . ~- i; ' ' ·-

._.. '~;: ... ' . ::·f_,-~-~ 

' . ' 
~ 

·fissions we see that the relation should in fact be reversed. 
~,..- ~-. ~ -~ -.~\- ._~ .... ~:;_·. 

I... This descrepancy can be removed if (a) rCP increases _with E, . ·t.::\:'.: ~ ·::;· .. ·{.': 
.. -~.· ... ~.-_:.:· ·.(b) aCF ~ aR de~epsesywith E, (c) ~~~a~ .increases with E. ~nd (d) ~ ·· . '·. / :~ 

. ' ·. ' ' . . . . . ' . . . . . . . . ~;. 

· ·· ·' /·. at/an . decreases v!th E. Th~ factors (a) and (b) have been shown above to . 1 ·-;~:·· · ·~;~: 
' '*.'• . . . -~-- ~ '/... -~ f • :~t-

1.~ ·.';, be contributing, but it is felt 'that they are not large enough to account \1. ·: .><. ··:· ,:"' 
·' > ,, for the total dii'ference. .· . . Y ·. . . ·:' O,~;~t:;:; 

_- ·· ,:· · >:. The possible variation of fJ0 /fJ0 and af/an ·.with E can at best,·;-~·\:' '',1.·~ .·:r,~ · 
• · · : be diacuseed qualitatively. Examlzd>J6 e Fl:l.: (33), ve see that . !.l~ 1a likely ' ~:r,J;';) 

·- .. ·'·,.~' ·.to increase vith increasing. E •. AS to the variation 'of ~~· with E,. tbe. .·~> };.:j·:i.: 
•. ·~. ~ ~. .> .... ~:.1::.· ·~· <· 

. ) ·/'.··"'.·: ·.: .. · .. :. ~- shell and th~ liquid-drop models do not even a~e qualitativel)'. 'I'he shell .':·:··_::\ ::_:)::.: 

: · .: ·; model predicts ~; to increase with E ·as s~lls a·re destroyed and_the :·--::f;,:-><5-:~ 
e' ~: ;• •,:. • 

·: ·.,r. number· of nucleons sharing the angul.ar momentum are increasing. · According to 
' '< ·. . ; •.: :~i: : . 0 . . . . . . ·'· 

. ·:·· .·~. ;.' ':·: ':the liquid-drop model, fJe decreases with E as a result ·r1 a decrease in 
... 
. : ~·)·: ··.·. tbe. viscosity of tbe drop 'With temperature. Forb~ .models,, . ttrig is the; · .. \:.~:•,,_,;;: . 
• >·:~: -~ ··:,' maximum value for ~~. In the C:)mpound nucleus picturet~e nucleons inte~ct·.:.·'·:·:}:(~~;~, 

. <·· };':,,::de::::4
0

::.thua ahal'irlg .the 8Jl81L]ar momentum. ·~~en then !.l~ Ia !.l#g · /: ,:Ii}fi:" 
• • •• . "~ /' • l -' ,' ~ 'i .·~ 



.. ·~· 

.\ 

.... J. 
~-· ·. 

:,:. ·: , . . 1be variation of ~e 0/~8 ° or af/anin with . E does not. have to be 

· · ~stic. For instance, at J.04. MeV of excitation for the system Pr + 016 1 

·" . ~ . 

"t,. 

'.,J>,. . 

.0:~ ,. • '. t: .... 
-we obtain agreement between estimated and experimental r ;r n va~ues with . ;. ·\. ·. 

· · · · · , either ~e 0 /~8 ° = 0.54 or a1/an = l..l,3 instead of tbe Values 0.5 a.nd 1.15 used · ·• {:~:· 
··--~t····lmrer energies. .., : · ··5· • _;·~:): · 

We mlJ:'.f there :fore conclude that the discrepancy at hiaher energies can ... ~::·· r· > ~::, ~: 
: . :· • .... ''ti~: :_ 

be accounted for. These effects also explain the poorer fit· for the systems . O:,::l •· ~ ·: · 

·. ~ + c12 and .·Cs + olO. which have m.Ore shallow curve.s ~ ~ other qste_,;~ -~ ;, : ::;;~, 
This does not; however~· significantly. alter~ val.ue_s f~' E1'Jobta1n~_izf:i: 'h~:; :- ~.l·'· 
~ all&4's1a. · · _ .. ·· · · . ' , ' .' , :, ·. ·.,; ,;· :;~~ ;: ·,· : : f :!·. :· .'1:; 

• ~. t, -~·. ~ •. ·!~ . .-··:;<··:: ... if.~· ·"t, ... -: ;~:/~ ~<-.·~---~~: ·~- .· ... ;-. ~:-\' 
··:: ~~ . .• .~.:·· : ~- ··... . •. ·. -~ .,_·_:·.·~~- .... ··<::..> :' 

·;· ·. ·> ... · J 
1

\t )~~~ .: ~.I 
':>·.~ ~~·f· ':.t. ;~V 

.' •.,.· .·. 

•• • .. - . .! 

' . 

V. CONCLtlBIONS · 
·, ;_ . ~· . . . :_' ·~ .. t~\: ·::.·: -. \.--; ·:1 -

. · '· · · ·· There· are s~me aspects of this 1nvestiption tbat should be commented · (,'. ~~- .,_._ ~,''\~: 
. ' r - :<~·;;.··::_'. '.:;:':•:' . 

. ~-~- upon. The first is related to the observation that a~aB appears .to be :-----~ .. o; ·:;,_ :, 

··· independent of the excitation ·energy-; instead, a~aB is a _tunation ~the -~\~/ :'·;;:'. 

.. . : . ~. ~ . ion used. A knowledge of this value is1 as we have seen, not critical for 
.. <<.:~~- .--~~ 

,~ :~:) ~~- 't . .· ; __ :~--~_;,. 

·, .·. ·• · "· .:'
7 our analysis. However, it is importa~t for other studies of the decay ot .at .' ·: ~- /~-/ 

' . '· ·~:· :/~~.~·.;" l ' 
--~ • t" '·. _:;y;~\ . .· 

- ' . nuClei where an estimation of angular momenta is imperative'• The data 

,_ .. -: 

;<,_available on a~aR ar~_ contllcting and incomplete and it mi8ht therefore be .· .. ~ . . )~~-~.} 
.••. ~ ;!.. -. 

worthwhile ·to caretul.ly measure this quantity for various systems. As we pointed. :·· ·.;t: '> 
~ .~ -~. • q ' • • • •. • :· ·.·::~~:~~· 

y .. • out, this can be done by measuring a1 as a function ot E 1n the interaction . _: .}~ 

:~~of various heavy io~s with targets that are 11Sht enough that "sraziDs" reactions_':· :: 

· . w1l1 not lead to fission and heavy enough that nuclei· produced in a ·cr :reaction · 
• a 0. 0 0 ~ 0 .. ·, ' ··: • • \ ~ ~ 

.-· .. w1~ eventua~ de~y by tis~ion •. It- i~ ~ls~ ~~~~,,~~ ~ ~~-~-~~-:'~-~p_:-._ ~-··:·:,.·· 
'' ': '·' . ' . . . ,,. -~. :'>'/ ';.::·-~~<;;'·'··::·::;~.~--\~::!.';':·:.~;; :·;;?~::,:-~·:.~~;~:,_ ... ~~-~--~:~~-·:·.~-~-·:.:~_ .. _:_:; __ ... 

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

.. ,.. ~- . 

,· 
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' ..... 

' :~'1, 

'' 

, ...... 
'·!' 

··.'·' 1>.. 
and aa are needed both as functions of 

' . 
' .·.!~:l', . -~; .. ,i· .' 

level ~. · · · 1 · · :< 

.. •· ·~ >Jt 
:' > • ' .. ~ 

\_ ;; ' ' ,. I' 
~ ·. ·: ·, 4: 

-· moments of inertia and masses ot the equilibrium and the saddle ·configurations~~· ·>:- ·.~ · 

·The second comment has to do with the effect ot rotation on the 

width tor fission.· AS~~rotation might cbange the shapes and thus the · 

' ' . ~ 

This introduces SO many parameters in the theoretical r.,trD formulas that ._ .".<~; •,.·, 
"'· '.' • ... 1". .·~:. :~ 4 

the ana:cysis becomes meaningless. The data can therefore not be used to :rind ,. · 
.. ''!' ... ~.;: 

... · .. experimental .values for fission barriers or moments ot inertia tor a rotating ( .. ··.-· 
. I ~ . 

• 1,· t 

. ·nucleus. :· _., '• ·, :;. ' . 

• j " ·~ ,' .. .. -~}' .· · . 
, 

.. 
,·· ~"' • I • ~ .. : 

... ', " 

The anaJ.¥sis has been made possible by the intrOduction ot the postulate · 

that ·at either of the two configurations any change in mass due to rotation ia 

equal to the. difi"erence ·between the rotational energr of the nucleus vith and ·:· 
'I .• ·•' 

- I . , ' . • ;'·,'2' 

without change 1n shape. The aMlysis then yields values for the experimeil:tal' :">>·· .;-.' 
. . !. .. ··.:.J. . 

I~- •, ' ' 

· .. ~ . ': fission barrier of a nonrotating nucleus. Value a tor the .rotatill& case migh~ . -.. ·: ~\~. -. <· . 
. . > be obtained f'rom f'ratPnent-angU.lar distributions. ' . :._;::· .:-: ::~_;·· -~::>;;. 

. ·-
,·,.. 

.\ ;'_:_. 

·, 
'. 

'·;_ 

• ,· .lr:·. 

~ ,'. ' ' i '-. 
i ., 

:·. 
' •• •j ~ ,· • 

'. -1'"''-·.-

~.:. -· 

.... ··' ... · 

' -~~~ 

The fission. barriers corrected for shell effects fit well the liquid.-: ·'·'i • 

drop-model formula., and this model tberefore appears to be successful in ex-

plaining the poss features of the fission process .in the lipter and medium :'·: .. ~,~· ,: ;', ·~·:~~·:::·_ 
·r.i" :/_. ,.·,..4 ·~ ;.._,;· •• _:: 

· Abaolute,:''','::j~:: 
heavy region of the periodic table • 

Our concluding remark concerns the level-density 'parameters. 

values for these quantities cannot be obtained from the fission-excitation . . . . -.-~ ·. '~ 
.,- ..... -..·; ·/ . .,: 

. ; :.~ .• : flmctiona. Bowever, :f'rom the analT&io, w~ note that the 1-.tto •/•n 1a 

.: • · : 
1<: '_·'_ larger than one and is nearly independent of nuclear ~e, -reflectina the 

·- . ~-- .. ' ' 

.; ·· ... ··:·.':·::·~·.·destruction of the shells at saddle and the ·preservation ot a desree of buncbina 
, • • ' ~ I') ' 

. .' •·· . : :'~ · : :_: ~-of the levels26 at· the equilibrium· configurati0l1 .. ~~ .'autside. -b ;~o~d.~aheU' ·:· > 

.. ;: :. ~' :: . ~ ~:~~on: ~', , ; . ' :. ' . ' . . .• . . -) : .;· \ ,;:.;,t ~'~~~~~l!~~~~~~~&~~~1~1~:.i';t?';.: . · ,~: 
.f·'' ·~··. · •. ~ .. -~ .. ''~.·}~_·,, ·.,.~ .. r". ·~··, .. .-~ "'"• . ·,,~ .... ~~·,.;r,,)~r-,<r.~-·.tl(;-A,.,.,":t)'';,;-~·.tl"-.!'.:')i~j'•''f."'~·' :.·, ..., ... :r\.._.., ~ll.,,._t• ., .,. ' 

.. '-; .. : i', . · ;.· .. · ··.· .. •: .·. t · • · · · . .• ;· ~. ~ ::::. . . :-:\~~~:if:It~~~;:~f}~~\ ~F'·: .:·i· : : .. __ ·~·. 
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166.1 70-0 

162.6 64.8 

158.4 54.2 

154-9 

151.9 31.7 

147.5 

143.2 22.5 

139-2 

135-7 13.6 

131.2 

126.-r 5-o8 

122.2 3-30 
118.2 l .38 

113.6 0.76 

108.5 

105-5 
103-7 
101.0 

99.0 

95·5 

93-4 

89.6 
87.7 

8U.3 

81.9 

n.s 

... ,:, 

Table I. Experimental fission cross ;;ection and che raLlo af/aR C.L various ion energ:es for systems investigated. 

3-l.Xl0-2 130 

2.~10-2 

2.')Xl0- 2 107 

5-Bxl0-2 301 0.133 

0.125 

0.123 

0.114 

530 

2."j"Xl0-3 

1.&:10-3 

?.Bxw- 4 

4.')X10-4 

219 
4.~10-2 270 

4}.8 2-2Xl0-2 

33-5 l. 7X10-
2 

24.7 1. 5)(10-2 

14.4 8.1Xl0-.3 

7-7 4.5X10-3 

3-7 2.}X10-3 

1.}9 9-0X10- 4 

216 

299 
118 6.5)(10-2 263 

90 5-0Xl0-2 199 

61 3- 7X10-2 171 

44 2-T-·00-2 

26.5 l.?Xl0-2 

14.9 l.OXl0-2 

8.2 5-&<10-3 

61 

20 

0.239 

0.243 

0.206 

0.195 

0.181 

0.185 

0.173 

0.156 

0.141 

0.111 

0.101 

l-5Xl0-2 4.6 3-2Xl0-.3 

3-7 2-~10-3 

2.5 2-0Xl0-3 

0.82 7. }XlO -I~ 
0.61 5-?Xl0- 4 

5-9 5-0Xl0-3 

0-253 774 0-353 779 

501 0.2'28 766 

750 0. 350 .9. 0.228 626 0.300 

395 0.193 625 0-312 579 0.289 

298 0-155 498 0.262 

531 0.290 477 0.261 

206 0.114 387 0-221 

150 8. ?XlO - 2 

118 7. 2Xl0 -2 267 0.167 290 0. 181 

67 4.4xw-2 186 0.124 

}6 2-5-'<10-2 125 9-05X10-2 128 9-3Xl0-2 

5-9 5-0Xl0-3 26 2.3 Xl0-2 35 3-1X10-2 

2.!1 2-2X10-3 

1.8 l.8x10-3 10.8 l.1l1X10-2 13.2 l.40X10-2 

4.2 5-7XlG-3 

1242 0-558 

1187 0-557 

1138 0.547 

901 0.484 

557 0-357 

461 0-316 

317 0.2}15 

233 0-191 

104 9-7X10-2 

62 6.4xl0-2 

39 4.5X.l0-2 

24 3.1X10-2 

13.6 2-0X.l0-2 

3-6 6.5Xl0-3 

l-31 2.9'<10-3 

1507 o. 701 

1344 o.6ho 

1}62 0.673 

12211 o.631 

1197 0.656 

905 o.6oo 

689 0.541 

311 0.37 

186 0.2} 

102 0.16 

68 0.12 

23 5-4xlo-2 

3-0 1.9><10-2 

1556 0-717 

1384 0.744 

1267 0.7o8 

1141 0.702 

956 0.671 

Boo 0.681 

333 o.h9 

213 0.41 

llfl 0-32 

65 0.24 

38 0.32 

0.32 2-5Xl0-2 

1500 0.688 

1456 0.707 

1420 0-719 

1320 0-71 

1190 0.66 

nBc o.68 

1090 o.66 

990 o.68 

1170 o.86 
840 0.68 

8o7 0. 74 

640 0.68 

620 o.so 

}60 0.65 

330 0.87 

16o 0-56 
104 o. 72 

19 0.51 

1-3 1.0 

12lf,6 147 6.8~10-2 

122.4 129 6.06xw-2 

120.2 104 5-00Xl0-2 

116.3 93-5 4.5QX10-2 

114.2 83.9 4.l"j"X10-2 

111.8 64.1 }.2}X1o-2 

107-8 41.9 2.1Bx1o-2 

105.4 37-2 L9Bx1o-2 

102.8 27.6 l.50X10-2 

100.6 23.5 1.31Xl0-2 

98-2 14.9 8.5 x1o-3 
95.8 14.8 8.8 Xl0-3 

93-2 9-2 5-7 xlo-3 

9().6 6.4 4.1 Xl0-3 

B8.1 3-9 2.6 Xl0-3 

85.6 2.3 1.6 Xl0-3 

82.7 1.9 1.4Xl0-3 

79-8 1.0 8.1 Xl0-4 

17-9 o.65 5-4 x1o-
4 

74.3 0.19 1-7 X10-4 

>213 •• 

223-3 
218.2 

211.2 

205·9 
200.0 

193.4 

187.0 

181.5 

174-7 

167.6 

162.8 

154.4 

147.4 

139-5 
132.0 

124.1 

u8.4 

115-9 
110.9 

101.0 

Tb + Ne22 

1139 0.46 

1118 0.40 

109'- 0.45 
ulq o.48 

1026 o.4a 

1020 o.4l• 

974 0.44 

984 0.45 

950 0.45 

911 0.44 

779 0.40 

725 0-38 
646 0.}6 

493 0.29 

383 0.24 

233 0.16 

93-5 7-5-'<10-2 

33-2 3-~10-2 

20."- 1.~10-2 

7-2 7-?Xl0- 3 

1.0 1.7X10-3 

I 
N 
U1 
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1'Gble II.. Various parameters used 1n calculations ot r tfr n when an • 20 Mev·1, 

2e = l/2 ~s a S3rig 1 and a comparison with llqU1d·drop""''lodSl values tor the . 
fission barrier. 

Compound 'll
2 

/2F rig 
8 

af/an Ef' · . ~e · · · EL t 
. --·~S~ys~u~m--------~nu~c~l~eu~a~.-·-·-·--~{k~e~V~) ____________ (~M~eV~)~·-·~·(~M~eVl~--~(M~e~~~l.__.· 

. ' 

Cs + o16 

Pr + o16 

Tb + o16· 

Eul49 

n0157 

175 Ta 

1 .. 15 

1.19 

1.20 

~-5 }2.8 

26.5 -:. ~!1 ·9 

25.1 24;1. 

;6.8.. , 

;o.l ·· .. 

24.2 

'Dn + cl2 Re181 24.0 

-:. 

··, 

• '<#, I 

.... >I • 

... 

8.1;}. 

'1·72 

6.45 . 

5e82 

5.82 
. ' ... ; 

Ho + o16 

ilb + Ne
22 

Erl70 + 016 

'Dn ... 016 

Ybl74 + 0l6 

Lu ..,· olf:J 

v(l-82 + ol6 

Au+ He4 

Au+ He4 

Tl203,205 + He4 

Pb206 + He4 

Bi .+ He4 

181 
Re 

Re181 

oa186 

Irl85 

. ptl90 

Aul9l 

Pol98 

Tl201_ 

Tl20l 

Bi207,209 

·Po210 

At2l} 

6.09 

5-62 

5·87 

5·57 

5·25 

1.21 21.9 .. ' 
i . t . • . 

tl . 
21.9 . ,·. 

-
1.-25 

le2} 24.2 ).·. 23.-2 22 4. . . . . 

. 1.-19. 

1.19 

20.4 ... · ., 19.0 17.8 . t ·.·~ .. 

1.20 

1.25 17.0 

1.,,c 22.5c 

l.l9b 19·5b 

l.24b l.8.8b 

1.28b l.8.ob 

l,,,b ' 14..9b 

'· 

18.2 

16., 
'18.2. 

. -~ . . .. 
... 

c ·, 
18.2 ;~ 15·9 ' ' .· ' 

1~).2 ; 15·9 

12.2 1:5·9 

10.5 10.1 

.. -.·-.-I 

... l 

I ••• 

""~ 

~ is the rigid-body moment of inertia tor a · spher_ical _nucleus. 
.· rig . .; . ·~ ·'. . 

b . 2 
, . ~ta taken fran Huizenga et a1. 
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' . , . ', . 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method~ or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



1 

l 

l 
I 

I 




