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SEAR LT 016 AND Ne°® WITH VARIOUS maams

Torbjgrn Sikkeland

. .- Lavrence Radiation Lab'orato'ri_,
R . 7. University of California .. .
o . ... . DBerkeley, California - { .-

o+ January 31, 1964 .
, v ‘The fission ecross aec(tions, 9 » in the bombardment of Cs,’ Pr, 'I’b, \
. Ho, B0 / T, ', In, w82 | Ay, and B{ with ot6 s T vith a2, andi'l'b :
‘j' with Ne have been measured as a- function of projectile energy. The

technique consiata of counting coincident ﬁssion-ﬁa.gnent pairs 'with two

‘.il_‘ Au surface-barrier 81 detectors. : The resulta are given in units of the
. ;-‘: total mteraction cross section “R » &nd as & function of the emitation
. ‘energy E . of the compound nucleus It is demonstrated that for a constant

value of E for & compound nucle'us . .cf/c i3 a fnnction of the mass of

; R
the ion used and thus of the. a.ngula.r momentum- of the nucleus.
Figsgion for the aystems investigated takes place only for nuclei.
formed in a complete :t‘usion of the 1on and the target nuclei. The crosa "

“section o_f. .‘ch
'E and the target used. ve fmd , "cr‘/"

R
e2 respectively.' .Fro‘un the ratio» o /u s experimental l‘f/ r va.iues

for this process is shain to ‘be nearly mdependem; of
‘to be 0.'70 and. 0.45 for 016
a.nd Ne
are obtained end compared to theoretical ones. 'l‘he rollowing values 1n MeV
with a standard deviation of 2 MeV. for tha e:cpermental fiasion threahold for

a nonrota.ting nucleus are obtainedz 31&.9, 26 5, ?5 1, ?h 6, 21& ?, (Oall', 19.8
1.86:’5

:. 18.2, a.nd 3.7.0 for the compound nuclea Eulhg, 30157 '.1‘a175 Reml, 08"
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' n185, 'Ptlgq, 1?1, aixq. Pol.98,‘ ieépegtively.\f.'fheseﬂiva‘lu‘es, when cqrrected

for shell effects, £it well the formula for a nomrotating charged liquid’ | ..

AU . 'EfI‘uso'}'s(o.'{a’-'x)Ae/’. EE o
. Here, x = (2°/A)/(Z°/A) &y end ve obtain the value 47.9:1.0 for (2°/A) Gaih.
o . The ratio ‘betveen the level-density pafameterin for fission and neutrox; :

_ evaporation gf/gﬁ

. nuclear type. In particulkr, the ratio is nearly the same inside and'ontsi’dé

o
A
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R A I. INTRODUCTION

S B ' Fission cross sections induced by He* have been meagured for heavy .

) “elements (Z > 90,see reference.l) and for Au, T1, %206, 'and'm (rere:éence' 2).'_?
Bimilar measuremnents involving heavy 1ona of various energles have been per-
formed for Bn 012 Nlu 16, and Ne=C fncident on 0238 (refarence 3)s | :

-y .3 on Re, Au, end Bl (rei’erence l&) ; cl? and O16 on- Au and B4 (referencc 5)3
_ ‘and 012 on Tn and Ealss 016 on Ho, 'nn, 18 and Rele5, and Neao on no andv; !

, 181 (mtemnc@ 6). Additionany, cf has been datemined for cm 0

and Ne“" of 10.4 MeV/ mucleon interacting with both 2%

and vith B (referenoe B

{;’_" pl A \mowledge of ﬁeaion-excitation functions is 1mportant for & praper
o investigation and 1nterpretation of fragnent engular distribution functions’

and of rragnent kinetic energies. ‘I’he quantity af~ is tha;,given in unita ot

the compound-nucleus cross aection Oy @88 function of 1ts emitation energy. 4§

‘.7

At the steep pert of the ourve for 0p » first chance #1asion 1a dominating R
and the ﬁssioning nueleus and its excitat:lon energy are knmm. fo eT »

enalysingay this reglon of the function it i possi'ble to cbtain values for the
| : ﬁaeion barrier. Such analysis has been performed for the heaviest nuclei ,1 )
: and for nuclei in tha closed-shell reglon around Foo 208 (reference 2), It vas

5' " then hoped to extend this analysd.a to J.ighter ~nucle:l . (cutsidn the elosed shen)

/ ~ that can be induced to undergo - fission by heavy ions. A more direct compariaon
with liquid-dropvmodel calculations can ‘then be made. Also, by the use of heavy

W'

1one, the influence of rotation on cf/a and thus on tho level widthe for X
"’,; -meutzon mporatim and ﬁasion can be enhanced and atudied. N o

P “In our work, the natural 1sotopes of C’s, Pr, 'I'b, Ho, 'm, and m, Au, 7-;;._»
L and m, and m’”",n"?‘, and ws.ea’ vere bombama wnn 015 of vamng enersiea. A




s We there:t‘ore felt the vork %o be of. morbance fr‘m “ eﬂem‘“l p"w' °f

~ we formed the same compound nucleus Re™

i @04 Ne
':‘ of the angular-momentum effect. has ‘been undertaken by Gilmore_ v
E techniqde where the fram’nta'were caught in pizotographic enmlsion. ".l‘bis
| '_: method is probably not adequate in separating real fisaion-fragnent tracks e

) fron other short-range reaction products. At the start of our inveetigation
: with one detector. Such single-spectmm analysis vas found to be adem:ate in
the energies of the :t‘mgments are 1ower, mkinggitgimposaible to separate the

] o detectors in ccnnecticn with a coincident circuitry. This method should =
- be superior to any other used ao i‘ar eince a fission event then ia not only |
o j identified by the energr of the fragnent but also by a ccincidant requirement

* before reaching the fission and scatter chamber, which has been deecribed in
B ‘a previous paper.8 We obtained lower energies by inserting weighed aluminum
‘ _"'foile into the beam path. Northcliffe 8 range-energy curves for aluminum vere
) used to estimate/the resulting energy.9 Additionally, the rangea of the ions o
in emulsioa wexe meaam'ed, from ‘this the average energy and the energr spread J
h 'could be- evaluated.

2= 7 ucerensh2.

3>

To study the ei’fect of angular momentum l on, the ratio af/c

181 three ways: | 012 9 06 & 30165. ;,.’ _

22 , 'rb159 baving the same E  but different. £ . A similar sway

6\151113&

we intended to count fragments 'by analyzing the pulse-height’ spectrum obtaﬂzned
f1ssion studies of Au and heavier targets. 32 With Uenter targets, however,'f'

fission-fragment events :Prom}other reaction products.' Ihstead, ve had to use

11.‘ mmnmmx. Pnocmum
Heavy~ion beams were obtained from the Berkeley HILAC, which accelemf,eg
ions to 19.1& Mev/nucleon. The -bean vas deflected through 30 deg by a magnet

;9 The average energies obtained with the two methods were
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| " - generally in agreement at the highest energies, but differed aa nmch as 2 MeV'
x at the lowest energles. - L _
o . Before striking the target, the bean passed through two efroular _‘,
: collimators 1.5 m in diemeter end 62 cm epart. The last collimator vas 6 °
e fron the target. Beam partiules vers collected in a 7.3=cm vide Faraday
T cup at the rear of the chamber and the current vas measured with anreod
h electrmneter, the output of vhich vas fed to an in'begmtor.
| Targeta were made by' Vaporizmg the material onto J.OO-ug/cm thick
nickel £ilms. 'Darget thickneases vere around 200 ug/cm « The quantity o'r
de " canbe cbtained by m.easm'ing with the same detector geometry and target the
A  relative differential eross aection both for fission, gf(w) ’ and for {Il
/ - elastically scattered 1ons, ty (Vl)- Aﬁer proper tranafomation t0 the

' ’;—‘:;_cmta’of.mss ayatema of the ﬁ.asioning nucleua and of soatter ve. obtain ror

‘,‘bimry ﬁ.ssion

2 gf('rr./2)“ B

fef ('rr/2>

w

Here ve have b = 2, zT e (mI mT)/(ELm'I‘)’ where ZI’ and EL ‘are the atomic(
. number, maas, and laboratory energy of the ion, and. Z.r and mT are the atomic
number and mass of the target nueleua, while 9 and 6 f are the angles 1n
. the c.m. of the seatter and of the ﬁssioning nucleus, respectively. The

vtransfomtion is accomplished with the parameter xa (g;— )?‘_",f'}vhéz;e: V




© . used have been described in earlier pnblications.

*‘ o £0r measurements of § (4/) .The geonetry of br <] had to be large enough
» to catch practically all fragments in coincidence with thei‘fmzments entering

" & geomstry of 1.4 x 107 sx, vhile ‘that of 12 waa 0,28 er.  Tne countir.g
; efficiency of thia arrangement vas checked for the system Au + 121& MeV cm

de . ycmenzhe

2

fission the most probable value ¥ mpl is obtained from" fraguentefragment = .
ang\uar-comlation-ﬁmction meaav.rements as dascribed m an earlier mper.s i
i the pesk for this function we have - | - . ? - f..' P
tan Yy "I,T"(Bm 9)/(25“94’ cos 6) .‘ : L s (2)
" tan Y, = (sin 6)'/(xmp~ cs8) . o (3)

- where 1!/1 and 1112' are the laboratory angles betveen the beam a:da and the EIEN
axis of the two detectors DL and D2. In previous works,z’ ’ Op - vas detemined E s

" according to Eq. (1) by the use of one de‘!;ector.3 )11 With U‘E}S apd 1ons§

16

up to Neao, and. with Au, Bi, and 1ons up to 0 y & satiafacﬁbry aeparation of

the ﬁasion-ﬁ'a@nent pulses and pulses from other reaction prodneta is poaaibln."’:

g However with heavy 1ons, incident on lighter targeta and ‘ions heaviéer than 016
' ineident on Au on Bi this separstion vas impossible. Instead, ve bad to per=

. form the counting of the fragnents with two detectors by using & atandard Y

. fast-slow coincldence technigue. The electronic system and scattering chamber

7,12

In the fission-differential croaa-seetion measurements, the two detectors
: - were placed at the angles 2//1 and 1//2 as determined from fragment-fragmnt
. correlation. experiments. Detector Dl defined the geometry and waa later used

Dl. VWe used cirqu.ar collimators for both d.etectara. The Dl collimator had

kN vhera good single spectra could be obtained- We found !f(il') obtained from




o coincidence counting to be of the order of 95% of the value o'btained from

- same value is around 0.95 7 for 012, 0

Mev/nucleon decreasing linearly with 1on ener&r to 0.85 m at 6 Mev/nucleon.""

..'single-detector counting.: I .
) Fraguent enguler distributione could not be obtamed with the co-
E incidence technique since the geometry of 2 vas too :large to permit §f(¢) ‘
| to be measured at extreme forward or 'backward anglee. Approadmte dietributioner :
" measured with a single detector indicated that for targete lighter than Au the
"_'.distribution followed the 1/eme law up to 170 deg. For such. a d:letribution,
~ the value of the mtegral in Eq. (1) 18 It 18 expected that the actual |

 dlstribution will be below that precucated by l/s:lne at extreme angles. For

the system 0238 + 012 the value of the 1nteml decreases linearly with the c
’energy from 0.90 at 121& Mev to 0070 T at Th MeV 012 (reference 11)

16 and Neao

of 10.4 MeV/nucleon incident
. on Au and 0.88 7 for the eystem BL + 166 MeV 0"“6 (reference 13) For targete'

. <_lighter than Au we have essumed the integral to have a velue 0. 95 g et 10 h

' i‘: diﬁ‘erent systems are given :Ln 'J.'a'ble I. m the same table Ve’ liet the ratio
",fc:f/aR ’ where ve calculate °R y the totel mtemction croes eection, 'by

; ';"using a parabolic appro:d.mtion to the optical-model reel potential.\- The



L asav‘.med' that ge = Oge Wilkins and Igo has shcwn that tha values are also »

‘ ' _‘-:_"-_.not plotted the af/aR fnnctions for these aystems.. 'me data for theae two
o f‘ syeteme are in good agreement with thoae reported by Britt and Quinton.5 'me

| fission crow-aecﬂon data ‘obtained for T + 0~

‘ nonﬁssion tracks 1n an emulaion. :

- nuclear reactiom mduced by heavy ions. . We vi.u divide these react:lons mto
o tWo groups. In the ﬁ,rat group the 1on and tarset fucleus are amalgamted 4n

A3

" applicable for lighter targets such as Al and Ag (refagence J.k). The

" ratio cf/o is plotted va E in Pige. 1, 2, vhere E -1s the emitation
energy of the compound nucleus fomed in a completa fuaion of ion aud target_ .
nucle:l as computed from EI. end the masses involved.. 'j!he masses were taken‘r _ .
| from the compilaticn by cameron.15 Generally, the errors vere Qbout 7% and mclude,
' according to formla (1), statistical errors in the counting, errars m the L
_ value of the integral, in the sngles ¥, end w . Typical values for the -
'bhighestemraaregivenintheﬁgures.-, ' _ R B
. The sy’stems Bi + 016 and Au + 0 yield "f/"R valuzs that are nearly $

: o constant. for all values of E. '.[‘he very steep part of uf - at lweat E |
'~':_,,'.:_therefore reflects the influence of the Coulamb barrier on the reacticn crogs
. ) section, In this region, “f/“R will have large errora. ’I!herefore we lmre

6 and. Ho + 016 agree vall with’

, [
" those of Gilmore6 at the hig,hest E values. At lower energiea, hia values are

substantially higher than ours. Ve benm this 18 dua o mtroduction of

IV.  DISCUSSION

' A. Evaluation of ib:permental 1"1,/1"n Values .

o Fiasion at a measurable rate ocours from nuclei having excitation
" energles higher than the ﬁssion threshold. Such nuc.‘lzi can be formed 1n

" a complete fusion (CF) procesa, For this reaction, the compmmd nucleus and 1ts Dt




exoitatiom energy are known. ‘

x ) . The second group conaista of reactions 1n which ;mcleona are inter-

changed between don and target and an mcomplete fusion {ICF) reaetion takes
place. Here the resulting compoxmd nuclei have a vhole spectrwn of m 585

s and excitation energles.
The reaction cross sections for the CF and the ICF processes win be 2

denoted Sop and 91cF? respectively, and ve have a o ~£e o

cP o1cF "R ‘
Ihe compound nuclei formed in either proceases may decay by ﬁaaion or ‘by ‘
k e - evaporation of particles. If the excitation energy is high enough, fisaion:
L can take place at several stages in an evaporation cascade. ‘.Eherefore, tha
fisaion cross section should with increasing energy approach . a value "lml

that corresponds to the total interaction cross section for reactions wh:tch

deposit an excitation energy that is higher than the fission threshold IiT . ff .

for the nuclei in question. With 0238 ag the target, this energy is around e

5 MeV anq. 1ts fission excitation functionk have been used to define our GR : ;_

o ?J:» values.” With this target, fraguent-fragment angular-correlation studies L
s have shown ﬁ‘zséion from both CF and ICF reactions.- The ICF reacticns are '
."""&Sminated by ’reactions 1mfol‘vin’g the neﬁ transfer of approzdmitely four, .

nucleons-awhich have the same velocity as the ionso-rto the target nm':.'l.eua.12
| ) wmz 016 ‘and 012 incident on Bl and lighter targeta the ICP reactiona
 contribute at most 1% to the total Plssion cross section. Eere four-nucleop . ?‘[
transfer yields nuclei with EB around 20 MeV or bigher, ana, the excitation v i
energy 1s not high enou.gh to give an apprecia'ble ﬁaaion cross saction.a_ With _ __
. N 20 :mcident on Au and B4, the ICF reactiona contrib\rte 7% end 104 raspectively. v

"‘f’-For these syetema in a region where ﬁrst»chance ﬁsnion ia domimtins,-




-7 functions that can be easily separated 7’

o therefore have to be considered separataly. o

. Here PQP is the level width for charged-parbicle ervaporation‘ o evaluate
. .rf/r* ve therefore alsgo have to lmw the valuea for the mtios a@/a and

. r'cp/r'

- reactions will contrimute to fission but heavy enough that au the nuclei
' formed in these reaction will ﬂssion. Then af should approach UCF as

_ . undergo fission; at mascimun don enexrgy the difference in linear momenta of the - S
.-, Buclel from the two processes is large enough to give fragmentomgnent correlation :

 fora product in a (HI, n) reaction. These reactions have been ahcwn to proa
_-‘.‘ceed via a CF process and therefore ve have f = cm,/c

© Au 4 012 and BL + 0‘12 respectively, indapendent of E. Goldberg, Reynolds, and

.I'foz‘ Pb

Te 1+r/r
T, ° aglop -1

Infomation about chF/cr can be obtained from:
/

" (1) Fission excitation fumetions for targeta 1ight enough that only CF

E. increases. R O -vll. N _
(2) Fragnent-ﬁagnent angularocorrahtion studies of targets a B heavy aa i
0238. Here both CF and ICF reactions produce nuclei that eventually Wiy

(3) Measurements of £ = (X )/GR for lighter targets when ﬁseion and

cbarged~particle evaporation can be 1gnored. Here a X 15 the eross section

It appears that cf/a 16 a function of the ion. used and the :mns

- Britt end Quintom5 obtained the valuea 0.63 and 0: 61 for af/a for

- Kerlee7 reported the same quantity to be 0.73 for An * 1224. Mev 012 ’ and. o .69 e

08

+ 124 ;agv_c__ o Correlation atudiesla "for—uesa, & 121&? MaV clagave ‘.




R Finally, Alexander and Gintnoff determined £, to be 0,70 tor Ce

; Ne

M

-:' (see Table 1),; oplog 1is 0.&5 from E = 130 MeV up to ma:d.nmm energy. Here'.'

i gar €

ge T uc.m-mha

e gw/a ‘= o 75 end Alexander and Siminoﬁ’ls fomnd the value 0.85 for f L

"1 at B = 50 MeV for the system K&V 4 12, e e
| With 016 the values from different sources are less conﬂictinso Ve o L

’ ‘see from Table I that for Bi + 016 the of/cR is 0.72, macpandmxt of E.

. For the systen Au + 06 g,/o. 15 0.70 from E = 100 MeV wp to maxtmm energy, -
and for W + o6 u'f/cr:R 18 0.70 at the highest energles. Britt and Quinton
o "obtained for the same quantity 0,79 for Au + 016 and 0.72 for Bi * 016 over &

wide range of ene:z'g:i.ess,5 and Goldberg et al.7 obtained 0.75 for Fb 208 + 166 Mev

216

7. 0"°, Correlation measurementaﬁgcfor 0238 + 166 Mav 016 gwe 0.70 for UCI-'/"R

o

at an excitation of T5 MeV. R S o 1 |

16

The data for Ne ions are not as complete as for 0

mufn+ue22_

- we then set af & °;0F and hence “C’F/“ = 0.45. Goldberg et al. obtained

the values O. 64 and 0.75 for d'f/O'R for Bi + 208 MeV Ne2© and I,b208 + 208 MeV f s
0, respectively, -that, corrected for contribution of CF reactiona to : ’

" fisston, corvespond t0 ogp/@, Veluss of 0.5k and 0.65. This 18 to be come =
) pared to 0.58 for the ratio 0(;;'/0' deduced from correlation studies’> of _;‘.,'
R U2}8 +208 MeV Ne 20 and to f = 0 70 for Ba]‘% + Ne 20 at E 75 Mev.m6 ! i
v We will cone:lnde from this that GCF/D‘ 1s nearly independent of target 'I"‘",

" and excitation enexrgy and has the valus 0.72 % 0.10; 0. T2 t 0.03, and 0.60 z 0.10
12 15 and Ne?a wespectively. These values will be adopted m the
-' analyais. ' . ' ' )

Values of rcp/r' in heavy ion mdueea reactiomns might 'be deduced

,..:.:47‘from cross sections o and Oy - for evapomted p's and 's.

P : el
Britt and Quinton have measured "a 1n (212 and 016 induced reactions

&y An ana 2.1 ey found o, op = 0.1 &t 130 eV of excitation end that thia o
ratto decreased rapidw w.th dscreaaing excitation em-gy +.o o.01 at 50 Mev. L




o Knox et al., at 10. ’+ Mev/nucleon obteined o /c = 1.3 and g /o ‘m 140, 9,
h S 'I’he mereased cross eection for charged partiole evaporation with d.eereasing
2 of the target can be attributed to decrease in the barrier for G's and p's
-, and to a decrease in fission competition es the Z of the CF nucleus is .dzcx"ees'ed.' N

excita'bion functi.ons for targets Mghter than W. For instance (as i8 seenlfrom“"“ﬁ

L as the 7 Z, A of the farget deéreases. We £ind 1t unreasonable to attri'bute
" 'this to a sudden fast decrease 4n O'CF/OR Bather this is tainly a result of-
‘the lncreased competition from charged-particle evaporation. Adding Wetsons : SR
T values for (c 40 )18 to op yields values that are at least 0.70 o

Othm' effecte may also play a role as wﬂ.‘l be diacussed under Sec. IV.D. *_‘.". l

o (ag, /d.E w =5 %107 Mev™l); this ‘decrease can be attributed to an increased

' moderate energies ve have I"GP/I‘ << 1. Ve w:lll therefore 1gnore this quantity
in Formuda (4). Tnis might tntroduce en error of as mach as ho¢ tn x‘f/r' |
" at eay 110 MeV for the lighter‘targets. nowever, an error of that ord.er oi’

+

~10- o uoenske

Using 147 MeV Nm ’ Wetsoxi found (c_:p + ca)/aR ‘to be a strong function of L ,

.the Z of the target.w It we interpolate his curves, w'e find the ratio is " “‘

about 0.1 for Zg= 80, and 0.9 for Zy= 60. His measurements of direct mter-(_»_"_-
action 0's and p's, however, show pmcticelly no veriation with Zp s In - R

accordance with the above conclusions. For the system Ni + 264 Mev 015 ._

The effect of‘ eharged-éartiele evaporation 'ean be seen in the figsion=

16

Table I) in the 0" ° bombardments,.the maximum value of af/a decreases mpidly

R Y
Evaporation of an alpha particle will reduce E by 25 Mev;la this vill greatly - -
reduce the chance for a eecond-chance fission in a feaction with a light target. o

Alexander and Siminoffw found £ - to decrease slowly with E for Zn " 60

competition from charged-particle evaporation. In that case, "cp/z”;m"_‘ _and .f_* ol
thus I‘cp/l" == will be of the order of O.k-at E = 110 MeV. - S
'l’he conclusion we reach from these rather mcomplete data is that at !

&

\ .
A ST
L B a
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CpL
. Be Bec. IV-B. The experimental rf/r' valuea are fherafore given 'by

" B Comparison of Ebcperimental r'f/r with Ttworetical Values

-

There are seveml fomﬂas based on etatistical modela that relate the

. raitdo Ie/T, to other quanuues.'_ The best £1t to ezq;erimental data 18
'obtained with the level-density ezmreeaicm (E) - conat X exp [2(aE)1/ 2] where

i

an(E Ef)
121%at (20 1/2(E B )"f2 -]

- {aa 1/2(5:-2 )’-/2 . 20

T éxcess' of the ground state, Ko ~ 9.8 Me"V,

pammeters for neutron evaporation and ﬁasion, respectively, . iq.-‘jh‘he'_*'
neutron-binding energy that can be taken ﬁ'om C°meron's 'Ih’olzs



ooy U U S U b i . - s - o |

L and ms’l ané. m, £ are the con'espond.ing masses at these conﬁgurationa. :

2e S veensie v

The quantity E, 1s equal to mso-m'eo whéren :neo are its mssses at
saddle and equilibrium (ground-state) configurations, regpectiwly. ,

As 1s demonstrated in Tig. 4, Ty, 1s mot only & function of B
'Here ve see that by changing the mass of the icn, end thus the angular momentum . '.v
of the compounci nucleus, the ratio T,/ 1s altered. Classically, rotational
energy is associated with the angular momentum. It 13 argued that the level
: density 4s not im,tiated ‘bef‘ore the excitatlon energy exceeds the rotational SR
energy.l Rotation will also change the - ahapes of the nucleﬁ at t‘ha two cfmd
figurations and thus their masses and momenta of :'mertia. ’rhe lml density

'at an angular momentum 8 will then be initiated at an energy 50

for fissionf " rien 2'-,'m o
. T T T e 7
and ' )
B 'forneu'tron.” ‘ *R‘-F'mx'-m°+B
. 4 | ( ﬁ e " e n ’

, ; . .

'whéra R8 and Re are therotational enérgies at saddle ahd. equi!ibriuﬁi,

. fhese parametera are functiona of L.

There are uquid-drop model. calquationa of my J and m ‘ 20’21

gmver, both R ! and R t are acomplex nmctiona of l. It was-therefore '

at this s’cage. :mstead, we attempt to simplify the aituation somawhat 'by

' rorbational energies. We can then set
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ot m® e nlert o, ey

vhere R, ° and' R are the rotational enargiea at aquilibrium and aeddle "2 ) ‘
R when there ere no changes :Ln shapea wi’ch 1 “ The 1eve1 densities are therafom 1

S fmitiated at the energles

st

| o )
B ;‘or fission - Ef o %‘s =
and

- ) ) R B . - o
| f@;neutzton Bn .‘?-Re

N

‘The rotational energy at equilibrium 1s given by

e

. o RS =Mt L /287, o PR )RRt

=

"".'_where In iz the angular momentum of the nucleus after the emisaion of .one

& - neutron, and % ° ia the effective moment of :i.nertia at the equiubrium con- X

R figuration f‘or an undistorted (spherical) nncleus. . The quantity In 1s approx- T

imtely equal to the angular momentum I of the compound nuclens that a@ain is
- : eq_ual to the angular momentum CF brough'c 1n by the 1on in a. CF reaetion. '

KO

Eal The rotational energy at saddle is given by22 ',:';i';v v 53;: ': LR -

o RCen 12/2 5, +naxc2/ & uherg. 1/;523.,}1/ j;‘s'"..-.-: RN OB

B :Her'e, \'-i"s IE ' and ‘.3" are the moments of 1nertia about an azds perpendiculnr
"’ and parallel to the nuclear axis, respect.‘..vely. 'l'he quantity K is the

#*

:*proJection of I on the seme axis.

We use the approximation that the average value (I"f/l" ), which ve

Su uAA

. _are measuring, is obtained at the, gvgrgge values oi’ the mtational energ.tea. |

g4.~.

kD "I‘he mean’%dhare (ms) df Kf'g;ls K2 fs* ‘which :Ls given ‘by ? O



élh;:
Ky = T ,seff/ﬁ'
where 1‘ is the nuclear temperature. _ The nuclear temperature 13 expected to
vary 1inearly with [(E-Efe-R %) /8f ]]‘/2 and thua approad.mtely 1inear1y w:lth
12 for a particular 1on. The average values of the rotatimal enei'giea are'
then glven 'b;y
Ty K [2 a, 1/2(E -E, - ROM2 .

r° 75‘ o
‘n B )+ i af(E-Bn-_Re.)‘. o
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-+ tnig effect has been considered by Burnett et als in their analysis of

L "a# ) 8p 3 ©,and’ 3 °, to £it values caleulated in accordanca with Formula (15)2!" o
f ‘that all of them could not be uniquely datemined- In particular, the levela L

7. values. We therefore had to chose "best" values for a , 9, © and 3 ‘and .-' : i

.' ' "', "excitation energles. Here: 8 rig ia the rigid-bo&v mcment of mnia fo:r a

| sroundo” 0.5, The ratios 'a",/a and 8,/3, vere assumed o be mdependant
R Qf‘Eé The validity of these assumptions 1s/1n Sec. IV-D. - - '

i a IEQO,QO/% nl,and' so/s uo.j’am givenin'mble IT. We S
: have also included values from Euizen@ et al. . vhich vere obtain_ed 1n a - o

Rty mth tha exception or the mtem m + cm and Cs * 015 5.0 see an Wn“"

" au(a,?) at E around Ef.23

" $o the experimental valuea estimated from Formila (5). Tt turned out hawmr

" density parametera and the momcmts of inertia could take on a wide range of

" Hulzenga et al.a Ve used the valne 20 MeV
. _by Huizenga et al. end thus we can directly compare their results *w:lth ourb.

spherical nucleus and is given v oo U L - {,
- afse2,5/3 R | ST
( srj_g L 2/5 .;L.'O A ", ‘Wherev ?o ..a 1.22 x 10 . ‘cm‘.

o
With Se LR

_ | ‘sinilar analyeis. 2

A S

It is now possible, 'by soma suitable choice of the parametera Ef y o

e

the ratio af/an and 'Ef were 10 be daterminea from the amlysia. L e

The cholce of 8, ianot very :I.nportant as has been pointed out by ‘

-1 aince this has also dbeen considamd

AT

The quantity. Se is expected to 'be of the order of Sﬁé' at hig’n ) '

rig ve obtain from By. (15) the ratio 8.°/3.° to be of the
discussed

Valges for ‘h%e %rig ; -af/an and Ef 'for the d.ifferent sygtems with

‘rhe £1¢ to the e:q:erimental l‘r/I‘ : curvea are ahminmga 3and h. ;,'




with decreaeing mass of the target.

} will introduce an insignificant increase in” af/an and Ef

" to increase from 5% for the heaviest to 8% for the lightestz in Ef the o

N
by

-16- C - UORLela2d2 .

Pit over the entire steep part of the curves that in many cases is oi’ the - o

1_/ -~
N T

order of 25 MeV. A possible explanation for the poorer £it for these two - . |

systems is given in Sec. IV-D. The systems Bi +__016 and_eAui-l- 0™ could of course'_‘_,_f

-not be analyzed.

Values for the parameters af/a “and Ef do not change appreciably

with the absolute values of I‘f/I’ For example, we analyzed the data fcr the

Te

caae O‘CF/O = 1 that corresponds to a decrease in rf/r' by 30%, 30%, R

and 40% for 012 ’ 16 and Neaa ’ respectively. ‘This clanged Ef by leas than

_ one MeV with ."af/a unchanged. Similarly af/an ) and especialhr Ef ’

n .
are fairly independent of our choice of 8 2 ~end S . Ibr instance s ve

analyzed the system Pr + 0% with. s / ' m the range o 5 ton.o and.

| ) °/2§ from 0.5 to 1.0 and found af/a encl F.:f to vary only by h$ and i!

o 2%, respectively. - . o S

) ~ The slope of I‘f/I‘ 1s important i:fer 'bo‘t'h | af/ and_ Ef ; as 13-‘:
seen from Fig. 3 the lighter the target the ghiorter and more \mcertain the '

o ) ateefp part is. Therefore, the uncertainty 4n both ai./a and Ef increases

A possible decreaseiin O‘CF/G or an increase in Tp/T, vith E .

win make the slope of I"f/I‘ ~ steeper. An order of magnitude estimate of
. these effects is obtained ftrom the megsurements of £ - Alemnder and Siminoff'

- value daf /dE 5 x 10 > Mev;l‘6 corresponds to an increase in d(I‘f/l" )/dE _- B
| of 0. 007 Mev over the value obtained vhen aﬂ./c a constant. » 'I.'his increase

Considering all these effects, ve set the uncertaintiea in af/




L e

" with E as will be discussed under Sec. .W-D.) This result is somevhat surprising

i value of ayfe

. - dependent of the choice of the other par'amtera.' Ve believe therefore that

As is seen from Table II, Ef is increaaing with dzcreasing mass or
the targets. 'Ihis variation is discussed aeparately in Bec. IV-C.

The quantity ay/a however is within the uncertainty of the ana:lys:l; AR
independent of nuclear type. (The slightly higher values of apfo, 1n the
closed-shell region might be entirely due to a possible decrease in the ratio '

as we go ]away from th,e closed.

 sinee one would expect a ~ to approach ay

ghell, This therefore ind.icates that the same 'mndamental differenca persieta: '_ N
'the shell structure at saddle is coxnpletely destroyed, whereas at equilibrium

vv.the shells are etill effective ou‘tside the closed-shell regionc The avemge

p from Table II 1s 122 with o standard deviation of o,,os. SIS

C." The Fission Barrier

“*

Tt 1s especially gratifying that the values for E, are fairly in- .

S these values can be taken‘ seriouaiya In the folloving, an at":emt 13 mda to - ":"'":' )

' vcompare them to those E:f predicted. by the hquid-—drop modela _ First, Ef

- ;7 ‘_. ‘state mags of the compound nuclens, ‘and 4,
o '_ '-"corrections of the saddle. As a&rgued abova, the nucleua 1s ao distocrtea. at
saddle that the shell stmcture 15 destroyed and. thua ve imve A

L

s 'haa to be corrected for shell and pairing effecta to yie]d en emrimantal
nquid—drop-barrier value ‘Etr' R . S et
. A C L AC AT AT B, L gy i
. ‘Ef exp = Ef + ' As + Ap - AB 5 Ap _? I?f 4’ f_:' o .4; B (15)

u . -Where A © and A c are the shell and pairing cor. ections for the ground-'

L and Apf are the corresponding N

:300




S o  approximation given by .-

" ve cbtain values for E

. are given in the last colum of Table IT. As is seen,

" .. from this that no shell and pairing‘»ehergy-?cmection term \A -should be

-18- . ucr-nghe -

Ve further use the approximation that the pairing e?ézigies are the same at Lot
thé two configuration and thereforé obtein 4, = 4 c, '.mking Cameron's o i
reference mass ag that of the liguid drop, values for A ® can be taken : '_
from his compilations. 15 The resulting Efr"e;@ valuea are given in 'rable' .
II together with those from Hulzenga et el C A | »"T"_

According to COhen and Swiateckias the barr.{er Efx‘ fdr:a charged

liquid drop without rotation 15 in the region 1/5 <x < a/:. to a good

~ : . . . .- L S
v T T . . e .*

. Eer' w 0.38 (0.75.3)389-) . | - S (17)

 where an = 17.84 /3 is the surface energy of & spharical 11q.u1d drop | and c

xe /R

ar ot

With the connnonly used value 50.13 for (Z3/n)

fL, EfLexp . Inntea&, we obtain”f’jf*;__v._*;b
L .

-a good £it with the value (Z2 /A) orit © k7e9. The corresponding’ Ep" values ;

crit® erit ’

that are higher than

L
Ep exp - hag a atandard T

deviation of around 2 MeV from EfL. Huizenga ét al., quote the same error in

2 L
E:t exp

in and outside the region of the closed shell. We might conclude . RIS

E i
their analysis.

o L
- from Ep

There appears to be no aysteniatic deviation of

“{atroduced in the level-dansity formula for reutron emission 85 vas conaidered B
' 'by Buizenga et al. Introduction of such a term makes Ef higher 1n the '
. closed-shell region. The values of E‘f taken from Hulzenga et al. are from ,_
 the analysis in which 4 =0ende, = ao. we pave also included values from

* Burnett et al. for the ayatem Au(a, r) |
By taking into account systematic errors s ve suggest the. value SRR

- h7.9 £ 1.0 for (£°/A)yy, for the mucled conaidered in this mvestigation.-

arit EUU
It must be pointed cut that with this value we obtain reasonable values for o R

o
Ef in the uranium region using the . .uquia«droy-moael Xmlfj E.f ] 0.85 (J-'x)BE -

. -
. . . . Lo~ .
P E . . AR

#



L - perimental ones at energies above ‘the ateep part of the curve. The deviat:lon

\ -fissions we see that the relation should in fact be reversed.

af/an decreases uith E. me fectors (a) and (b) have been shown above o .

J g:'-_'_.'be diecussed. qualicatively. Examining Bq. (13), we ,see'_that' -SO 15 likely

. maximum value for 3: . In the c_)mpound nucleus pictuzethe nucleona. interact

S Alge 0 uoRLell2ke

{ However, for still heavier nuclei the calculated valuea are too low when ‘

(ZQ/A)cru; = 1&7 9 18 u.sed. , B

D. The ‘r'f/r* Functions at Higher Energies

We notice that the caleulated I"f/I‘ valuee are higher than the ex~ KIS
increase with increasing excitation energy. After considering several chancc

o This descrepancy can be remorved if (a) Tep mcreaaea with E,
L (b) "CF = Op decregsesjwith E, (t:) ‘-30/3 1ncreases with E- and (d)

_‘be‘contributing, but 1t_ is felt that 'bhey are not large enough to account 1,[1'":1.

' for the total difference. _ - o o
The poasible variation of R /% and af/an _with E can at bes% (

to increase with 1ncreaeing": E As to the vuriat;ion ‘o_f S with E, the -
shell and the liqu:ld-drop uxodelc 'do not even agree Qualitotively. The ahell
i'f-"model- predicts %: to increaee with E as sﬁells -aiz.'e destroyed and ‘the -
" numbex o:f.’ nucleons sharing the angu]ar momentum are increasing. According to
‘-i;the 1iquid-drop model, % decreases with E ‘a8 a result of a decrease :’m
: the. viscosity of the drop with temperature. For both models ; ﬁri g ie the

: w”~"‘"atrongly end are thua sharing the angular momentum, Hera then S o3 S

', 5A:1ndcpendent of E.

The quantity o, 18 exl’e"ted to approach af as E 1ncrease ee “

e

a result or an onset of a deatruction of the ahells at cquili‘brium configuration.‘.-

:l.; The ratio af/a 9 accordingly E ahould decrease with’ ‘B




L In + C and CB + 016. vwhich have move shallow eurvea than the other syatems.""

- drastic. For instance, at 104 MeV of excitata.on for the gystem Pr + 015
; we obtain agreement between estimated and experimental l“f/l" values with |
| oetther 8,9/8.° = 0.5k or ag/ay = 1. 13 tnstead of the values 0.5 and 215 used e

at lower energles.
’ ?.E' be accounted for. These effects also explain the 9oomr ﬁ.t for the aystems

co _'J.'his dobs not, howevar, aigniﬁeantly al‘ber the valuea for Ef obtained in
L our amlysim o ‘ TR s

'\

“.." don used. A knowledge of this value 1s s @8 we have seen, not eritical i’or

7 our analysis. However, it 1s important for other studies of the decay of CF
S " nuclei where an eatimtion of angular momenta is imperative{ The date
h available on anaR are conflicting and incomplete and 1t might therefore be .
worthwhile to carefully measure thia quantity for varﬂxous systems. A8 ve pointed..{

N TR

! ’fw'f; out, this can be done by measuring c'Jf as a mnction of E in the intaraction

upon. The first is related to the observation that a@/a appeara to be .

-20- . UCRL-lje

The variation of & °/3 °© o & /a 1w with B does not have to be o

We may therefore conclnde'that ‘the discrepancy at higher 'energiea' can

A2

V. CONCLUSIONS -
There - are some aspecta of this 1nveatigation that should be comnted

independen‘b of the excitation energy; inatead, GC‘F/“R i8 a mnctirm of the |

- of mious heavy 1ons with targets that are nght enough that "grazing" raactions_‘f .

o vill eventuallar decay by ﬁsaion. It 13 also Mdent that more data 'on'?' o

- will ncrt. lead to ﬁsaion and heavy enough ’uhat nuclei prodnced m a CF reaction

p,'
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1:} "', ‘and 0y 8re needed both as functions of %y and especially E;’.

'-3 ' The second comment ‘has to do with the effeot. of rotation on the level ’

, width for fission. As'nerrlimed,rotation might change the ehepes and thua the -
moments of inertia and masses oi‘ the eq_uili‘brium and the saddle conﬁgurations. B
'ﬂ:is introduces so many parameters in the theoretical I"fll‘n formilas that :

. the analyeis ‘becomes meaningless’. fhe data can therefore not be used to find h

. 'v experimental values i’or fisaion barriers or momenta of inertin for a rotating
nucleus.

‘ ~ The analysis has been made possible by the introduction of the postulate

‘that at either of the two configurations any change in mass d.u.e to rotation is

' equal to the difference ‘between the rotational energy of the nucleue vith and
without change in shape.  The analysis then y'ielda valuaa for the emerimental

: i fission 'barrier of & nonrotating nucleus. Values for the rotating case might
' be obtained from i’ra@nent-anguhr distributions. :
: The ﬁssion barriers corrected for shell ei’fects fit well the 1iquid-n

: -drop~ model i’ormule , and this model therefore aprpears to be aucceseml in ex-

plaining the gross features of the i‘iaeion prooesa in the nghter and. medium '

; "jv‘;”heav-y region of the periodio table. _ v - :
. L Our concluding Tremark ooncerna the 1eve1-density parametero. Abaolute :
.values i’or these quantities cannot be obtained i‘rom the tiasion—e:ncitation o
functions. However, from -the ‘analysis, we note that the ratio ar/a |
‘ .',.'I'.‘-;larger than one and is nearly' independent of nuolear type ’- rei’lecting the
E.i"’destmction of the shells at saddle and the preservation of a degree oi’ bunching

26

‘iof the levels at ‘the equilibrium oonfiguration ,emen outaide the closed-ehell
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Table I. Experimental fission cross section and the ratio cf/uﬂ at various ion energles for systems investigated.
cs + 06 o o6 ™ 0% o + 01 &l 4 016 ™+ 0 '™, 0¥ Lo+ 06 w2, 16 s o6 Bi + 0% ™ + X2 T + Ne??

B ur(mb) uf/cR uf(mb) uf/uR af(mh) uf/uR ar(mb) uf/aR uf(mb) uf/uR df(mb) vt/aR ut(mb) uf/aa af(mb) ﬁ or(mb) uf/uR ar(mb) ur/uR ur(mb) .11,/‘1R Ep uf(mb) uf/uR B u!.(mb) af/ﬂR
166.1 70.0 3.x1072 130 5A8x1o‘2 301 0.133 530 0.239 57h 0.253 3 0.353 179 0.3h6 12k2 0.558 1507 0.701 1556 0.717 1500 0.688  124.6 147 6.89(10'2 228.4 1139 0.46
162.6 64.8 2.9><10'2 279 0.125 122.4 129 6.06x1072 223.3 1118 0.4
158.4 sSh.2 25X10-2 107 ls.9<1o'2 270 0.123 527 0.243 501 0.228 766 0.358 1187 0.557 1344 0.640 1500 0.71h 1k56 0.707 120.2 10k 5.00x1o’2 218.2 109 0.45
154.9 245 0.11% ihe 0.206 50 0.350 116.3  93.5 b.50x10'2 211.2  11hy 0.48
151.9 31.7  1.5¢10°2  99.1 k.mx1072 2 0.195 kg 0.228 626 0.300 1138 0.547 1362 0.675 1400  0.694 1420  0.719 11h.2 83.9 L i7x107° 205.9 1026 0.h
147.5 216 0.10% 377 0.181 111.8 6k 5.2><m'2 200.0 1020 0.h4
W3.2 22,5  1.x1072 735 5.6x1072 377 0.185 395 0.193 625 0.312 579 0.289 1082 0.5t 122k 0.631 1384  O.7M: 1320 0.71 107.8 k1.9 2.1810°2 193.8  97h 0.4k
139.2 17h B.9<1o‘2 339 0.173 1190 0.66 105.4  37.2 1.9&00‘2 187.0 984 0.45
135.7 13.6 6.8¢2077 43.8 2.2x1072 299 0.156 298 0.155 ] 0.262 901 0.484 1197 0.656 1267 0.708 1180 0.68 102.8 27.6 1.50x10°2 181.5 950 0.5
1312 335 11072 118 6.3a0° 263 0.1 531 0.250 77 0.261 1090 0.66  100.6 23.5 1.3X107°  17h.7 911 o0.ht
6.7 5.08 2.x1070  2h7 L1072 90 S.0002 199 0.1 206 ok 387 0.221 Th1 0.k 1okb  o0.621 11kl 0.702 98.2 149 B.5x07 167.6 19 0.40
1222 3.3 1.8070 by 8axwe”’ 6 302 1 0.100 150 B.7%072 90  0.68 9.8 1.8 8.8x1070  162.8 725 0.38
n8.2 1.3 7.8107" 7.7 wsxw077 W 2.0 18 7.2¢007° 267 0.16y 2% 0.181 557  0.357 %05 0.600 956 0.671 1170 0.86 9.2 9.2 5.7x1070 bl 66 0.%
036 0.7 hxao™ 5.7 2.%107 26,5 L7102 61 hox10® 67  h.x1072 186 0.124 161 0.316 80 0.68 0.6 6% L4.1x107 7.5 b3 0.29
108.5 138 9.0a0™" .9 1.0a02 3 202 36 2.5072 125 9.05x107° 128 9.m102 37 0.2% 689 o0.5h1 800 0.681 807 o.7h 881 3.9 2.6x1070 139.5 383 0.24
105.5 8.2 5.8107° 85.6 2.3 1.6 x1070 132.0 233 0.16
105.7 16 32100 20 Lx1002 20 1502 67 s5.ux10? 80 6.x10° 233 0.191 60 0.68 827 1.9 1.Ahx1007  12hd 95.5 7T.5x107°
101.0 3.7 24»(10'5 a 198 1.0 8.1 x107 118.4 35.2  3.0x10°°
99.0 2.5 2.0007° 5.9 5.0x1070 5.9 5.0x1070 26 2.3x10° 35 3.1x107° 10k 9.7%10°° 31 0.37 475 0.54 620  0.80 77.9 0.65 5.k xw07™" 5.9 20.%  1.%1072
9.5 0.82 1.><10“" 2.0 2.e070 62 6.x107° ™3 0.19 1.7 xm'h 110.9 1.2 7.7><10'5
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fis sion barrier.

Tub&e II. Various parameters used in calculations of r%/r vwhen a' = 20 MBV'l,

6.8 . |

rig

,E;bData taken from Hulzenga et‘al.2

®Duta taken from Burnett et al.>”

'-_sf' & is the rigid-body moment of inertia for a'spher;cal‘nucleus. |
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Figﬁre 1. Experimental values for the ratio of/u 'as-ﬁmction of the;

. f o excitation energy in. the bombardment of various targeta vith K

_ Figure 2. Experimental values for the ratio "r/"a as function of the

L .7 excitation energy for the compound nucleus Relel

focmed 1n

the'reactiona '.nn} (::"2 » Ho + 016 and  To + Ne_

Figure Ba » Calculated and experimental I’f/l" functiona for nuchi fomed

in the bombardmenta of various targets with 0

m _éalculated values

experimantal
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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.
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