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NUCLD.l CllMG. DISTUIUTION IN THa UGION or UYM.ICf:I'UC 

rllSION or 2~'U l' .aotoNS OP INII'OY 10-11 MeV 
, l ' 

Th. in4ependent fomatlon CI'O" .eotlon. of 14 .... 

an4 110,. and the cuaulativ. formation cro ••• eotion. of/· 
14Cce , 14C,zo, _147Nd, 14tN4, 14',., 15~4, 111,., 153 .. , \155 .. , 

11'SIft, and ll'EU pro4uce4 ln ~e ft •• ion of 231u by protOft. 

of eneZ'VY 201.11 MeV hav. been ••• uZ'e4 radiochelÙC&lly. The 

indepen4ent 01'0" .ection. of 14C,~ 14' .. , .nd 111,. ha .. 

been eat1aated froa the ow.u1at1v. y1e14 •• - Ixcitation function. 
/ 

we~ oon.tructed and the enerfY .t which thelr mAxlma w •• 

reaohed va. ob.erv.d to ~cr.a.e vlth proton en.rqy when 

coap&~ to lncrea.inv neutron-to-~~ton ratl0 of the pro4uct •• 
\ / 

The ouaulatlv. croa •• eotlon. have beeft u.ed to 

povlft • better d.fin1tion. of the heavy win9 of the .... 

dl.trlb~tlon. The fract1ona1 1n4ependent yleld. de4uce4 

tz. the in4epenclent croa. ..otton. hav. eftabled the 001\-

- . 
atl'uctlon a t .aoh lnOldent eneqy of charp d1lper.1on cune • 

np"Hfttatl" of the A • 141-111 ..... "vlon. W1th lnOH&alft9 

Ù\c1d.nt en.Z'V. ~ IIOat probable chaz-p 1, .0"..' toward 
1 

atebl1itr wl~ a zoate of dlapla~ftt .lower than that Ob.erv.4 

la bea~ pz04Uctl of love,. .a.. The fu11-wldth at Mlf-
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DlftUIU'l'ION DI CIIMQI, DM, LA l'I'~ION AltMnllQUI 
1 

DI Il'u INDUitS ,Al pJtCm)NI Da 10 A IS MeV 

10), 

.2 
Le. ..0\1onl .~ficace. 4e fOlNtio" i,,41,.1\4al\te 

4. 14 .... et 110PM, .t 1.. .ec~ion. eflicace. 4. formation 
4 

o_ula\1 .. ete 141ce , 14'.r, 14'N4!. 14'N4, 14' .. , 111w4 , 

151 ... lllb , liS ... 15es. et lillu produit. au coure d. 

la fi •• lo~ 4e 2ll" indult. par' proton. d'tnerti •• compri ••• 
\ , 

e"tre 20 et 15 Mev ont 'ta •• ude. par voie racliochim1que, ,. 
Le' •• otlon •• flia". de formation lncl'penclan~ 4, 14'.r. 

,., 

\14',. .t lSltM ont p~ Itre 414uit,. l l'ai4e 4 •• ren4 ... nt. 

oUllulatlf.l.aurt... Le. fonction. 4'exc1t~tlon cl •• produit •. 

1"clt,.1\4a~t. .tt,i",e"t leur _xi.ua l \m, .n,r'lle incidente 1 

, \ 
qui cl'czoit cornlat1~l\t l \lft aocroi'I~l\t du rt,pport 

".utl'Oft-pntOft _1 nucl.1cl.. cornlponcluta .. . ~ 

Lei •• otioo •• fficace. cwaulati ... ont .ervl , 

_eu .!1ftir la parti. cle la üauibutiOl\ cle .... , r1 tu" 

&\1 nl"au âl ....... 1........ Lei r.n4 ... ftt. indlptftclal\t. 
• (1< 'If 

ttcluit ••••• otion •• ff1oe.ce. ln"pendante. ont ,.aù.., 
pou ob!t. tMl'fi. lftOlc1ent •• "1. col\~truotl0ft cl •• ' courbe • 

• 41.ulbutioa ete obuge .'appliqun' l la d'lion 4 ...... 

- AI- 141-151, t.. _~ la:,lu, ~le _, .. cl.place Win 
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la li.",_ de ._ùl~l tt au fu~ et , •• un qu. ~l.' fn_l'fl. vott, . 
L 1",.-

Tout.foi.. ce dlplloeMnt •• t _tft. _.:qu' que 0.1\\1 oba.nt 

den. le c •• 4. pzoo4ult. lourt. d ••••• 1lO1". Il.vte, Le. 
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ltl"ergie incidente ,tout eft reat.nt pl~ •• ~rolt.,·que d.n. 

1. ca. de p~ult. de fi.alon vol.1n. de ..... .olntre. 
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C.ol oonfll'M l' lnfluence te 1 ........ u~ 1. ll~\\r de. 

cli.tr1butlon. , co-. l'ont clfja .untrl plu.leul"\ .~~t.\lZ", 

L' •• tl-.tlon tu nOlbr. total de n.utron. lat. a 
( .... ~ .... 

_,.nn. 'nervi. au CO~I" de tl vi.lon. en ..... a Gal'actlH . . . 
tra ••• ,..trlque condult a te. v.leul" lnf'~l.ul'e' l celle. 

cal.cult •• taft. 1. ca. 4'lvtn ... nt. aoln. a.ynltzolqu ••• 
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Th. CU.lCOV.ry of nueleu fia.ion ya. the unexpeeted 

outoa.a of the effort. of Ferai and hi. eollaboratorl to 

procSuce tran.uranie .1J.nta by .. ana of ~. irracUation of 

natural uraniua vith ft.utrona (Fa 34). Many radioactive 

.peei.. w.re found to M produoed and belia.,.d. at f1rat, to 

be th. re.ul t of tha a - ciecay of th. re.ul tant n'lel.ua t 

i.... tran.uranic element... 'rh. a.tablishaent by Hahn and 

Suaaaœan (H .. 39) of tha chaical identity of the ••• lements, 

&DIOnq oth.rs bariwa and lanthanum. forced the con.idera tion 

'o~ &nothar type of ~ol:1lation.. Th. fact ,that th ••• prod'lets 

had a .1. •• rouq~ly equal to hall tb.at of the tarqet le<! 

Meitn.r and Frisch (Ma 39) to the conclusion that th. products 

originated froa the split.tinq of thi. nucleus.. '1'0 describe 

thi. pree •• a, thay proposee! th. tara nuel.ar .. fis. ion" .. 

pi •• ion ha. nov beco.e .. branch of nuclear phy.ics, 

one of the mo~t coaplex, and iyet it ha. developed .. l.moat ip,de­

pandently froa i t .. \, In api te of nuaeroua th~retical propoaals, 

~. 18 te date DO ~en.ive. theory capable "of repro-

ducinq in a CQIIPlet.. faahion tbo_ fe .. ture. that c&n be • 
obaerft4 experiMntally. lloW".r. ~tial .ucee •••• ha,.. been 

)'1 

.. chi.v.cl !:al' _an. of vuioua .oc1ü. &Dd eçuical rut.a. 

Il. 

,Wben 2350 1a bOIIbuded vith ~ MUtxona, the . , 

\ . 
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following re.otion. occur. 

) 

Il + 12 - 92 

Al + A2 + \1 - 236 

in ord.r to s .. tisfy th. lava of con •• rva1:ion of char~ and 

l'Il& •• " 'rhe valû.. of al and O2 , the cro.. .ections for the 

r.action., 'live the relative probabilitie. of occurrence. 

They are respectively equal to 110 and 576 barns (Ha 59). 

Meitner and Frisch (Me 39) w.re the first to propose .. theo­

:ratie .. l explanation basad on the ima'le of a liquid drop: ju.st 

as a drop of liquid divide. into tvo drops, so mi'lht a nucleus 

.plit into two ..-ller f~a9D&ftt. and one aight then describe 

the proce •• as th. following •• quence of event. (Fig. 1) ~ 

1) I"ormation of th. COIIpOund nucleus a the procluct ia an 
1 

excited nucleus in • atate of deformation stailar to the 
-

-gzound .tat. deformation. 

2) 'rh. oscillation •• et up by th. ext.rnal perturbation 

~.id. the nue leu. incr .... jth. original deform&tion to 

• point called .addl. d.tor.ation.. This is the transi tipn-
'\ 

stat. nucl.ua &:ftCl;; th. tt.a required fpr th. ~ ••• qe from 
( , 

; , 

t:be Vrowacl .t:.at. to the _clcll. point i.. short (iD. thi. 

ÙUltance. ahort .ana of the order or le.. t:h&D th. tiae 

= 
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FIGURE 1: Sci •• ion confi9Qr&tion in t.b.e fiaaion preee.. and 

neutron ..t •• ion. 
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pu:locl Hq\lire4 by .. ae4i.wa-uUU puticl. to u .... l a 

, 1 

cU .• tuce ~able to th. DUcleu 4i ... te~, typi.c .. lly 
• 

10-~~ •• e. 

'l'he tru.ition 

ahape. &nd th. 

1 
.t .. t. nucl.ua o.cl11 .. t •• throQgha&ny 

lif.tille i. of the ~rdu: of 10-15 •• e .. 

for thermal-neutron c .. ptur... Thi. i. th. point where 

the po~enti .. l enerw of th. .y.t .. ha. H .. eheeS. iU 

.uiaWl .. 

, :4) Th. 4.formation iner .... ~. and th. nuel.u. ~ .. ~ ... ~int 

wh.re th. confi9Qration i. that of tvo •• puat. fr .. cpaenta 

(.ci •• ion point). Thi, tran.it1on i, r .. pid (10-21 to 

10 -20 •• e .. ) and. corr •• ponda to a d.cr.... 1ft pot.ntlal 

ener~. A .... 11 partiel. (~'tly pro!!pt fteutrona) ... y be 

uù.tted.. 
, 

5) 0Ild.~ th. inf~.nce of th. Couloab repul.ion. the ~i tee! 

Cl 

\ 
pr;~ frapnt' are .cc.leratee!. Th.y reaeh .pproxiMt.1y 

'0' of th.ir f~.l kin.tic en.ru in la -20 a.c:~ 'rh ... 

frav-nta h .. " .. pproxiMt.ely th ..... n.utron-t.o-proton 

r .. tio ., the initi .. l Ducl.ua and hene. are highly fteutJ:on­

rich. 

'lh. priMry fr .. 9Mftta unclergo 4.-excit.&t101l.' by n.u~ 

.m •• lon (10-15 to 10-18 a.e .. ) until the reaa1nÙl9 ex-, 

cltation uugy falla below th. biDding -er:u of ~e l.at 

,neut.r:oft, 1:b4Ift by y-ray eIÙ..aiOft (10-11 ..c .. ).. !b.y &n 

llOV th. aeè0D4ary fi.alon fr.~ta or prt.ary fi •• ion 

product. (Il~). (laAa). 

\ 
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7) Altbou9h p~tmary ~uet. are 1ft ~i~ gzouDd atatea, 

they atl11 ~ in the great .. jori~y quite tar tra. the 

" e at&bl1i~y 11~. and h.ne. are radioactive. ,- 4.oay 

aceu. which ao.etiM. populat.a a neu~-unatabl. 

1ev.1 to Vive 4.layed-neutron emittera. Thi. proc •• a 

1. very .low (> 10-3 •• c.) • 

Fi •• lon 'product. can ~ ela •• itied lnto three groupaI 

s 

1) Ind..p!9flent1y~ton.d p~"et. (ahie14ec1 nucli4 •• ) 1 the •• 

are abi.l~~/trom formation by a .table or extremaly 10ft9-
/ 

1ive4 ~ec"raor. They are either prt.ary tra~nta or the 
/ . , 

/ 

~ct o~ neutron and y-4.-excitation ot primary frapenta. 
/ 

2) ~uaulative1rtorMd producta; th.y nau1t trOll both ind.-

pendent tOl:Mtion and a ~ d.cay ot their prec:ur.or •• 

3) s..i-ahi.14ed p;o4uctaa th ••• are partially shie14eel tram 

tor.ation by radioactive 4ecay by a precuraor who.. halt­

lit. i. lon, enou,h to a110w ch.-ical .eparation of the 

4 .. ughter produc:t ~tor. appreci&ble 4ecay ot the par.nt 

! 1 
t'he tuat and tbirc1 type ot proclueta are atudied by radi.o-

chea1ata ta 4etel'lÙne nuclear charge diatributions in fiaaion. 

!he .eccmd, uaually 'th. l .. at .-.ber' in the raciioactiJ. dec:ay 

chain, ia .tudiet!' te de~. ~ ...... dJ..atr!butlon in fia­

.ion. 

1 

force. would 
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le~ ~O aa exact a.a11tOfti~ ~ tb. eftertY of ~ auel.u • 

• VJ4 OH ~4 vrlte, 

, 
• 1 A p2 1 A A 

a - t ;: ... r t J: V1j + 1-. (A.2) 
1 1 • j 

Pi 1. ~ ~fttua o! th. lth ~tlcl. 

V lj 1. th. exact patential C?! tb. interac'tloft 

of the ith and. jth partiel. 

'. 
" 

, 

E -. i. ,. t.~ which allowa for t:h. uietence 1 
of th. ellectrOlaagftetie fi.ld .. - . !~ 

-
The aolution of ~iftpr'. equation -.king ~.e of thi. 

Rail tonie would, in principle. explaift aIl nuelear phe-
~ 

ftOMna, ineludlng fi •• ion. Fir.Ul', it i. nec ••• vy to DOW 

the fora 1 of the potentiù V ij Cld al.o bov thi. pot~tl&l 

vari •• a •• function of the d.for..ation coordinat... Secondly, 

th. kDowledge ~f~th. dependuc. of the kin.tic energy rrt of 

th. RUiltonian 0 th. tJ.M derivative. of th ....... d.!or-
) .. , .. 

.. tian coorcUnat.. 1. r.qùlred. Once th. potential -.ne! kin.tlc 
\ 

en.rcJY variation i. kDoWJ1, it 1. po •• ibl. to carry out for.ally 
, ~ 

a COIIpl.t. d~c&l calculation, startil'l9 froa a 9i v.n •• t of 
• 1 

initial coftClitiona. IkNeftr. 1ft the pre.ut c.... th, aolut!on 

of- th. equ .. tion~ of ~tlan i. COIIplicated by the fact tha~ a 

collection of nuel,i .al' ul.t in a vide varl.ty of i.rù.tial 

- cotdition.. . rurthu:.or.. the calculation of average quanti ti •• 
1 

auoh a. fi •• ion rat •• , th. kinetle enugy &Id excitation energy 

e di.u-ibutiOl'l of the fr~ta# where a huté nu.bu' of Ilucl.! 

.. 
1 

-
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an !.nvol ved, rendua neceaa.ry the ~ae of at~i.tic.l 

..chaniea. F~nally, conaidering the CQMPlexity of a ayatem 

lite, for example 2l6u, lIbere 708 internal degne. of 

freedOl'l are involved, it ia not aurpriaing that .. COIIplete 

aolution to the pz-obl_ of fia.ion, by mean. of a fOX1Ml 

ap~ch aeveloped fraa fir.t prlnciple.t re.aina out of 

reach of moat known .. thods ... 

--

., . 

\ An alternati". _thod tbat overcoae. many of the 

diff~ti.. inherent in .are fUnd...ntal approache. conaista 

of ~~~~ructing a nuclear .o4el wbich yield. a auch simpler 

Raail tonian.. The lIOdela of nuclear fia.ion currently utiliaed 

are divided into two .... in categorie. (Fr 66): 
i 

- ~iabatie .odela - the.e have been developed 

undu the •• suaption that the coupling between 

the collecÙ ft Uld the internal I8Otions la weak .. 

1.'hia condition ia met in the liquid-drop model .. 

- llOI\-adiabatie lIOClela wb... the coupling la atronC) .. 

1.'hia ia the baai. 0Il wbich the at.tist!eal' lIOdel 

IV.. NUCLBAR MODELS 

f 
.) Mif!:tiC .adela 

. --
il '~LiCJQi4-droP .,a.l tLpM) 

" 

. 
treataent of the fi •• iOll proce •• _.i~ged a. the division of 

~ 
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, 
a charged liquid drop. The hasis for this ~el is similar 

to that for the Weizsâcker s~i-empirical BaSS equation 

(We 351. The nucleus is assimilated to a ,unifor.mly eharqed 

sphere of incompressible matter whose shape r~presents a 
", 

balance between the nuclear forces, which translate into 

surface tension, and Coulombic repulsive forces. Thua, the 

8 

liquid-drop model in its simplest forro desc.ribes the potential 

energy changes associated vith shape distortions in terms of 

the interplay of the two factors mentioned above. If the 

electrostatic forces become greater than the restoring 

surface tension forces, the drop may divide into two or more 

fragments. 

In the case of small distortions of a sphere, the 

raàius, R, CAO be written as: 

(A.3) , 

where a i8 the angle of the radius vector 

a 2 i8 a para.meter describing the amount of 

quadrupole distortion 
1) , 

Ro ia the radius of the undistorted sphere 

P2 is a Legendre polynomial 

The surface and Coulomb energies ~e given by Bohr and 

Whee1er as: 

(A.4) 

vhere '. BO and EO are the surface and Coulomb anergies of • c 

} 
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• 
undistorted spheres, and a 2 is as defined above. In order 

9 

for the charged liquid-drop ta be stable against small defor­

mations, the decreasé i.n Coulomb energy f1Ec = - ~ a~ must be 

smaller than the increase in surface energy 6E s 
2 2 

= 5' ~2' 

The drop will become'unstable when IAE I/AE = l, i.e. when c s 
E~/2E~ = 1. This ratio defines the fissility parameter and .. 
may be expressed in terms of.the mass number A and the nuclear 

charge Z of the nucleus' (Gr'S4) : 

CA.S) 

typical values of x are 35.56 for 238u and 38.11 for 2S2cf • 

Above Z = 125, this sample 1iquid-drop model would predict 

spontaneous1y fiss.;loning nuclei, i.e. nuc1ei which are ex­

pected to fission in a time comparable to a nuc1ear vibrational 

periode 

For 1arger deformations, as those encountered 

beyond the saddle point, it becomes necèssary to include 

higher-order polynomials than are qiven in Eq. (A.2). The 

drop shape may be described in terms of an expansion in 

Legendre polynomials: 

(A.6) 

, 
where ). ls a scale ~actor required to ensure that the volume 

reJl8.ins constant. lrhe three coordinates °2 , a.) and a.. 

represent the fission, mass-asyuaetry, and neclting degrees 

of freedoDl. :In this expression, even values of n give shapes 

) 

1 

.. 
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that are axially symmetric and symmetric towards refleçtion 

through the central plane perpendicular to the axis, vhereas 

odd values of n still give axial symmetry but do not CJive 

reflaction symmetry. The appropriate variations of the coef­

f~cients a with ~ime will generate a series of shapes which 

ls meant to reproduce the actual sequence leading to the 

scission point. 

Many other types of representations have been used 

also, dependinq on the type of confiC)J1ra.tions studied. For 

shapes close to a spheroid (ellipsoid of revolution} one may 

describe the nucleus in terms of a perturbed spheroidal ex-

pansion (Jo 70, SV 56, Sv 58). The two extreme cases ob­

tained in this representation consist of an infinitely long 

needle and an infinitely thin disc and therefora this 

parametrization is unable to describe the later stages of 

the fission process, due to the absence of formation of a 

neck. Configurations close to the scission point are wel1 

described by perturbed Cassinian ovals (Pa 71, Ad 71). Shapes 

such as two touc:hinq spheres are however better reproduced by 

means of a. two-center pa,rametrization (Ba .68, Wc 69, Mo 70a) • 

This method, however excellent for describing aeparate nuclei, 

is impractical for a single nucleus because of a cusp in the 

nuclear surface in the region vhere the spberoida inlteract. 

".t'hia cua~ ca.n be reJK»ved by a4cUng to the equation of the /' 

tvo spheJ:oicls an adcU.tiolUll ~ction which connects fJ.:)Ot!ùy 

the tvo outer apberoids OID 71, Mu 72) .. 

\ 
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Mapping of potential anergi.. based on such a 

treatmerlt involves of cour •• 1'a gr.at dea.l of arbitruiness 

in that the initial shapes froa whieh calculations are c&r­

ried out are chosan intuitively as the best IMtheaaUcal ap-
, 

proximations to a certain type ·of configuration which ia 

believed to he representative either of the saddle point or 

of the scission point. Furthermore, simple liquid-drop ca.l-

" culations do not ta.ke into accoUnt the dynaaic aspect of the 

fission process. Therefore, the goal of the metbod reJDIlins 

limited ta the estimation of static properties of certain 

ahapes of defor.med nuclei. 

Applications of the LON lIlOdel have basically 

yielded three types of information: 

- values of DucleAr" masses. 

- fission barriers. ' 

- most probable modes of fission. 

In the first case, Nyers and Swiatecki (My 66) 

vare able ta reproduce the mas. decrements of 97 8-stable 

Duclides in what reaains probably the best illustration of 

11 

the qual.i.ties of the .. thod. IIoVever. one observes systematic 

deviatiODS between calcul.ated and experï..aDtal values, aspecial-

11" proDOUDcecl in the reqion of the ao-called _gie nue lei (see 

following section) • 

...:Il .. 1.3 lléV .ore bOUDd tban precUct:ed by the LON average 

fi.t (Br 72). 
1 

P1aaion tœeabeld 8D8Z'giu obtaiDed by ADdroseDko 

et: al. @!! ct) by &Q ilDÜyai. based upoIl ob...".a fission 
l 

a a 112 kG :& 
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cro.. sections have been coçared to the predictions of the 

liquid~rop DOdel for fissioning actinide nuclei of .... es 

232-2~S. The.e experimental barriers are sean to deer •••• 

slightly vi th incre.sing mass number of the fissioning nuclei, 

wh_raas the LDN prediets • rath.r sharp decrease over this 

mass range. A quantitative fit would require the u.e of un­

re.listic fissility parameters. 

One of the first extensive investiga.tions of 

equilibriua configurations has been performed by Cohen and 

Swiateclti (Co 62, CO 63). 'l'he drop, assumed axia11y symaaetric, 

wàs parametrized using the elassical ~gendre polynomia1 

~ion vith n • 18. The different terms of the potential 

energy vere calculated by numerical inteqration and for a 

qi.ven va.lue of the fissility parameter. The total energy vas 

JUde stationary vith respect 'to small changes in the defor-

... tion para.eters. The appearance of~e shapes cJlanges from 

dUJDbell-like for x < 0.67 to eYlind'-like fO~ x > 0.61. 

COnfigurations vere found to be stable aqainst asymmetry 

down ta x • 0 .l9. "UsiDg a different mathematieal approach, 
1 

(Strutinsky et &1. (St ,.) have arrived at the same conclusion. 1 

'ftds reault constitu~. oite of the aajor f-flures of the LON 

theory aiDee thi • .ode! vas originally, developed iD the hopè . 
tUt It vould provicle &Il ezplanation ~or the a.~tric _ss 

. distr1.bÙtiOll 8DCo~terecl iD low-anergy fission - the over­

wbel-ing ... jority of equilibriua-configur.tion studies point , , 

ta the fact tbat DO Oz luie equilibriua configuration . 

exbibita • lover ~ thaD the ~tric. 

') aa: Hn-Mg iA;!. 



o certain refinements to the LOH bave been intro­• • 

,duced, like modifications for .. diffuse surface, a non-

unifor.m charge distribution, oompressibility and curvature­

de pendent surface tension.. Among those of relevance to 

fission are corrections which 'are dependent on distortion. 

Strutinsky (St 64) bas investiqated soma of the.e effects 

13 

and the overall result is that predicted barriers are 

lowered. Bowever no quanèitative statement bas been made. 

Nu (Ni 67) has introduced a correction for barrier curvature 

based upon eonsiderations of surface diffuseness. This 

modification has not significantly altered the pravious 

conclusions. 

ii) Sb.ll lIIOdel 

'l'bis JDOdel vas initially developed by Mayer (Ma 48, 

Ma 49) i.n order to explain the gaps obsarved in the enerqy-

level .tructure of certain nuclei where certain combinations 

of neutrons and protons (lUe for exaaple 2, 8, 20, 50, 82 

and 126) qive rise to an exceptional sta.b+lity.. By analOCJY 

vith the at~e structure teœinoloqy, these coùinations 

are ca11ed ahells and aob-ahells. Bach partiele in the 

nucleus is con.iclerecl as iDdepeDdent and the iD.teraction 

betveen partiele. ia, a -.11 perturbation on ~ int/Uaction 
1 

between partiel. and !:he potential. field. A review of the , 

varioQS t~ of t»oteDtials used in single-partiele calcu-
l , 

y 

lations bas tieen given by Rix l!i 72}. A pairing correction 

1 
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wlùch arises frQlll the short-range interacl0'" of correlated 

pairs of nucleons should alse be added (Be 59). In the 

framework of this model, shells are interpreted as large 

distinct groups of deganerate single-particle states in a 

spheriea.:l nuclear field \(Br 721. This approach has provided 

a hasis for,a microscopie theory where collective excitations 

found in nuclei are described as the result of a coherent 

motion of the shell-model partieles. Its extension to non-

spherically symmetrie average fields by Nilsson (Ni 55) bas 

led to the correct prediction of the gro~d-state spins and 

low-excitation spectrum for most of the even-odd nuelei. 

Conversely, Mottelson and Nilsson (Mo 59) have successfully 

applied this model to the evaluation of nuclear ground­

state deformations estimated from the sum of single particle 
, 

enerqlès. 1 
1 1 

Attempts have been made ta extend such a treatment 

ta larger deformations, such as these encountered in the 

fission preeess. The extent ta which shells play a role in 

the fis.ion act seemed to be clearly demonstrated by the 

structure in the dependence of neutron yields on fragment 

... sa, firat observee! by Fraser and Milton (Fr 54). This led 

Terrell (Te 62, ~e 65) to the conclusion tbat the neutron 
1 

y1;pl.ds ar~ closaly related ta the deformabilit:.ies of the 

-na.cent fraCJlal!llt •• In particular, t:he ai.niJaal. value of v 

obaervad for fr.~ta vith A .. 130 oriqinatinq 

tbenMl ii .. iOD of 233u• 235u• 2l9pg• 252Cf _s 

.. 
from the 

iaaediately 

1 



related to the presence of a doubly magic shell 1 - 50, 

N • 82. 

Johansson (Jo 61) vas the first to show that the 

~ shell -structure of the deformed nucleus determines to SOille 

extent the features of the mass distribution, in viey of a 

linear relationship betveen\ the mass ratio of the most 

probable fission fragments and ~he degree of octupole 
\ 

deformation calculated at saddle point for fissioninq 

nuclei ranqinq from 227Ac to 252cf • Quantitative àgreement 

vas obtained by the Saille author in the case of the peak -to­

valley ratio of the mass distribution of 236u and 240_ for 

excitation energies below 10 MeV. 

Anomalies in the spontaneous fission half-lives 

have also been interp~eted in terras of shel.l effects. This -.. 

vas suqgested by an absence of correlation vith the fis-
, 

ai1ity para.aters, contrary to vhat one would norma1ly 

expect, considerinq the SIDOOth dependence of the barrier 

beight vith tho. pred.icted by the WH. The half-lives for 

a 9iven element decrease vith x for the heavier isotopes 

15 

of aach eleaent, as for -.zample the ana.al.ously short h~f­

lives of nuclide. vith Il > 152 such as 154Fa, 256b and 257Fm• 

~his fact has been attributed ta a 8he11 C~08ure at Il - 152. 

file existence of 8pOIltaneoua iso.ers (Po 62) bas l .. 
been Linked to atructw::es in tbe fias ion barrier caused by 

Î the presence of shel.la tbat iDcre .. e the stabllity of a 

defo-.ea. nuc1eu in lu ~ 8tate, tbus loweriDg the 

LE AWL_ 



o potential energy and creating a depression in the fission 

barrier (Gu 68) (see Fig. 2). 

Bowever, analyses of this type, based entirely 

upon the single-particle model, cannot be expected to 

describe in an Adequate fashion the nuclear deformation 

energy. Al though they yield reasonably 9000 resul ts for 

moderate quadrupole deformations, more complèX deformations 

require the incorporation of the bul.k properties of the 

nucleus in addition to the single-partic1e structure, if 

one expectls to draw quantitative conclusions. 

One alternate solution consists of combining a 

16 

aacroscopic approach. such as the LDM, which descr ibes the 

IDM)Oth trend of the potential energy, with a microscopie 

approach, such as the singl.e-particle model, which reproduces 

the local fl.uctuations. This method. vas first developed in 

1967 by Strutinsky (St 67). 

1ii.) Nacroscopic-lllicroscopic approach 

'fbe calculation of the nucl.ear poten~ial enerqy of 

de format iOn by means of this approach is usually performed 

in five steps. 'rbese have been sllRParia8(l by Strutinsky (St (7) 

in the follawing vay: 
. 

1) 

2) 

3) 

-1) 

~i.fy nuc1~ shape. 

Çal.cul&te /JaCtoscopic (1iqu.i.d-drop) energy, EwM' 
, 

GeDerate aiDgle-particle f~~ld faIt by nucleons. 

Sol ri Sc:bxOdinger equation for single-particle 

eaergiea .. 
.. 

, 
l, 

Il 
" 

" 
1 
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FIGURE 2: POtential enargy function for deformations 

leading to fission. The defor.aa.tion parameter labels the 

path towards fi.ssion, as indicated by the sha.pes at the top 

of the fi.qure. The shapes at the first and second minima. 

correspond to those observed in the. ground states and i.n the 

shape isomers i.n nucl.i i.n the reqion of urani*. After 

Bohr and Mottelson (Do 73). , 

.. 
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5) Calcul.te micrcacopic {sbell and pairingl cor- -----­

rections 6P. 

'l'he tot.a.l"'''·potential. energy ia ~n 9i ven by the sua 

of the en.ergy of step 2 and the correction of step 5. This 

method i5 also known as the shell-correction method. The 
- -

depend~ pairing strength on deformation can be --.150 
. ~--~-- - ----- ~ 

included in the seme manner. The total energy becomes; 

E - ~ + l (60 + 6P) 
Pm 

(A.7) 

where the corrections for neutrons and. protons are treated 

separate1y. 

Mustapha et al. (Mu 72, Mu 73) have applied this 

method to potential enerqy surface calcula tions- bl' u5ing the 

two-eenter patentia1 of Mosel and SChmidt (Mo 71). 'l'heir , 

re.u1ta show that the IÙ.nÙlUll en~gy path leads ta most 

probable fission modes of heavy nuelei in agreement vith 

tbose observed experiJDentally, provided the poten.tial surface 

pla.ys the doainant role. For instancé, the .,st probable mass 

ra.tio for 236u fissi.on centers &rOund 146/96, vhereas the cal­

cul.tions pDMtict a' _sa distributi.on' peaJtéd at Si stry for 

21°Po ad 20~b. 1IO~1_ et al. (110 70b) hava been fle to 
~ . 

~produce the two-ll~ f~"1OD barriers of a nu.ber of heavy 

DUclei ranVing: rrc. 226aa to 252,.. IkNever, the thaoreticaJ. 

burier baJ.gùts ara ~ to be tao hi9'h ClI'JIIpU:ed vith the 

~tal val.uea. 

ÀD. iateretlt1D9 applicatiOll of tlII!a _tbocl la the 
i 

( 
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prediction of fission barri.ra of super-h.-vy nuelei as yet 

uncliseovered. 'l'he calcul.ationa of NilsaoD (Ni 69) earried 

out with a WOods-Saxon single-partiele potenti&! show that 

the nuclide with Z - 114 and N • 184 is predicted to have a 
, 

fission barrier of about 9 MeV whieh would make it stable 
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towards spontaneous fission. SolDe of the lighter 1 - lIe 

'isotopes may also have spontaneous fission half-lives long 

enough 50 that they m.ight exist in na.ture, provided they vere 

produced in 'nucleosynthesis. 

My!rs and SWiatecki (My 67) have uaed a shel.l cor-

rection to the (DM in a s ___ vhat different manner by using 

a simple short-range alt.rnating fu,nction chosen to he Gaussian. 

This idea. is the result o~ the observation that the sbell ef-

fecta are associated vith degenaraci.s characteristic of the 

apb.erical .shapes and 'shoul.d disappear in distortions awa.y 

frOIl the sphere. 

1 Strutinsky (St 67) has cal.culated the total sbell­
\ 

correction energi •• ta the Duclear ground-state ... sses. '!'hese . '" 

corrections are in good .agree_nt vi.th the 'deviations œserved\.-
-- , 

betweeD the LDII fit of .... &Dd sviiatecki (I!y 66) &Dd ex-
,. 

pert.aDt&l ....... {l'ig. 3}. • 

b) . 1IoD-aidi.abatlc .œels 

i) ~ t:b!..g'Of :fùaiAm 

A. ~" Q!o 56) ___ tecl thAt ~ fiaaiAm 
___. 1 

1 

1 , ' 
1 

1 
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" FIGURE 3: a) Experimental nuclear masses as compared vith 

the LON fit used by Nyers and Sviatecki (My 66). 

b) The tota.l shell-correction energy to the 

nuclear ground-state masses as calculated in Strutinslty (St 67) 

are ca.pared to the deviations -of experimental masses fram an 
, 

tpK .... lav rttferrinq to spherical nuelei-
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transition nucleus defined.in the LeM forma1ism, and that 

observable features such as anqular distr:ibutions of the 

resulting fragments were determined by the characteristics 

(spin and parity among others) of the leveis through which 

the fission Act proceeds. This treatment was first put 

forward for cases where the excitation energies involved are 

comparable to the fission barrier (5 to 6 MeV for actinides) • 

One of the premises on which the theory rests consists in 

the assumption that the transition nucleus is thermodynamical-

ly cold, i.e. that most of the excitation energy of the fis-

sioning nucleus goes into deformation energy during the pas-

sage from the initially excited nucleus to the highly deformed 

configuration at saddle point. Consequently, the spectrum of 

excited states at the top of the fission barrier is expected to 

be analogous to that of a normal nucleus near its ground state. 

Secondly, the descent from saddle ta scission i5 so rapid 

compared to the average lifetime of the transition nucleus 

that the final characteristics of the fission fragments, though 

. strongly de pende nt on severaI other factors, are nevertheles5 

i1\!luence~ by those of the transit~on states at the saddle 

point. At hiqher excitation energies, the compound nucleus 

states exhibit a very hiqh density vith level spacing of the 

order of eV, but their number makes it possible to study their 

properties usin~ statistic~_ aS,sumptions. In both cases, the 

properties of the fission process can be accounted for by a 
,. 

limited number of reaction alternatives lcbannels) even though 
1 
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the number of fragment pairs is very large in the binary 

fission of a heavy nucleus. In the particular case of 

anqular distributibn studies, this treatment bas generally 

led ta a good agreement between experiment and theory ta 

$the extent that results obtained from fission-fragment 

angular distributions have sometimes been used to extract 

22 

information about nuclear s~ture and nuclear reaction 

mechanisms. This point bas been developed mainly by Halpern 

and Strutinsky (Ha 58), Strutinsky (St 6la) and Griffin (Gr 59, 
1 

Gr 62). 

\ 
ii) Statistical theory of fission 

The fundamental assumption on which this theory 

is based is that the fission process is considered to be a 

slow one, 50 that instantaneous thermal equilibrium will he 

established at any moment of the process. This implies that 

a stronq ooupling exists between the collective and the 

internaI (sinqle-particle) motions (Sw 65) and that the model 

is essentially a combination of the liquid-drop model and the 

single-particle model at hiqh energy. Fang (Fa 64) has based 

an argument for the validi ty of the statiltical model, even 

for low-energy fission, on an estimated descent from saddle 

to scission point tbat is about five times longer than the 

characteristic nuclear transi~ time and ten times longer than 

the nuclear relaxation time. Wilets (Wi 64), however, points 

out that this argmaent is Dot valid for the case of the qround 

or first few excited states of the transition-state nucleus 
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where these highly correlated states deviate appreciably 

from the gàs .model on which the arqument for statistical 

equilibrium is based. 

The statistical ~el of fission was given serious 

consideration first by Fang (Fa 53, Fa 56). This author as­

sumes that the relative probabilities of different scission 

configurations (characterized by mass, charge, deformation 

and kinetic energy of the nascent fragments) is proportional 

to the number of quantum states assoéiated with them and 

therefore, the relative probability of occurrence of fission 

modes is proportional to the density of quantum states at 

23 

the moment just before scission. In the original calculations, 

the dependence of the leve! density in the nascent fragments 

on excitation energy is exponential, and as a consequence, 

the probability for different mass spIits is very sensitive 

ta the mass defects of the deformed fragments, which in turn 

are likely ta be strongly dependent on the shell structure 

of the final fragments. The statistical model is therefore 

capable, in pri.Dciple, of accounting for the tendency of asym­

JBetric mass splits at lov enercnr, and also for the disappearance 

of thia .:>de vith increasing energy, ainee a given &hell ef-

fect becoae. relatively 1.&& important. 

The application of thi& theory to the calculation 

of the .... -yield curve fre:. the fis.ion of 235u by thermal 

DeUtrons resul t.-d in an exceptioDal. agr .... nt vith the ex­

per~ta1 re.w.ts U'o S6). zn particul.ar, aspaetric fis­

.ion waa fOUDd tD be favored over.y strie fi •• ion by a 
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factor of the order of 103 • However, a most-probable mass 

ratio around 132/104 vas predicted, instead of 140/96, as 

found experiJDentally, and fine structures in the. 235u+n 

mass distribution vere also not reproduced. A similar 

calculation carried out in the case of thermal fission of 

239Pu yielded a four-humped mass distribution. These dis-

crepancies have often been considered a major objection of 

a fundamental nature against the statistical theory despite 

the existence of other evidence such as reasonably good 

agreement between calculated and experimental charge dis-

tribution (Wi 67), ki.netic energy and prompt neutron dis-

tribution (Fo 63), ternary fission rate (Fo 71) and alpha-

particle angular distri.bution (Fo 70). They have been 

24 

partly attributed to the fact that the shell effect on energy 

was calculated by treating the deformed fragments as if un-

deformed (Fe 74a). 

l,n a recent work, Fang (FO 74.t has been able to 

obtain complete agreement between calculated and experimental 

mass-yield curves of 23~n by introducing in bis calculations 

the potential-enerqy surface calculated by Mu$tapha et al • 
. 

(Mu 73) and the Strutinsky prescription (St 67). The resu1 ts 

iDdica.te that asyllDetric fission .ode., centered &round the 

JDa.SS ratio 141>/96,. are favorèd energetical1y. 

RuIDeroua atteapt.s have been -.de ta use a statistica1 

approach to account for one or another feature of fi •• ion 

propertiea.- On1ike the original ~ traatJIeDt, vhicb vas 

1 
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free of arbitrary parameters, the later applications have 

been employing-adjustable parameters at some point. By 

using this approach, Newson (Ne 61) was able to reproduce 
1 

the mass distributions obtained in 233U, 235u, and 239pu 

with thermal neutrons, 238u and 232Th with 2.8 MeV neutrons, 

and 226Ra with Il MeV protons. Erba et al. (Er 63, Er 64) 

have used a slightly modified theory in that they have 

related the probability of fission to the states in the 

final nucleus rather than to the states at saddle point. 

They also used free parameters. They obtained good agreement 

with experimentally determined mass and kinetic energy 

d · ib· b· ed f 235 1Str ut10ns 0 ta1n rom O+n. The reasonableness of 

the parameters obtained in this case may be some measure of 

the validity of the statistical model. 

V. FISSION PARAMETERS AND THEIR MEASUREMENTS 

a) Cbemical metbods 

~ Since the early da~fission studies, most of 

the yield determinations have bèen carried out by means of 

radiocbemica1 techniques. They consist in the isolation of 

vario" elaments produced as a resul:t ~f fission and tbey calI 

for : specifie cheaical ~ctions vbose purpose is te separate 

a qiven ele.ent, or several elea.ents beloDging to the SUIe 

gmup, frca the-bolIt -of nJ.iOll prod~S. Suc:h a ~thod 
iJlpl~ •• tbat tJae varioua isotopes of an .l~t will bebave 

\ ' 

iD an identical ~allh1OD as ~ar .. the cbaistry is conperned 

• 

. 1 ,., ___ _ 
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and, as a consequence, chemical yields determinations car-

ried out on a particular nuclide will apply to aIl of its 

isotopes. This technique constitutes a very sensitive 

means of selection of fission products. Provided their 

decay characteristics are known, their identity may be 

easily established on the basis of such parameters as half-

lives and emitted gamma-rays. Their measured activities may 

be related to the true ~isintegration rates and the yields 

of production are determined using the classical laws of 

radioactive decay (see experLmental section). 

However, the radiochemical method remains confined 

to the study of radioactive species whose half-lives are 

long enougb 50 that the relevant chemical separations can he 

performed before complete decay has occurred. Several 

ingenious procedures have been devised where the tüme required 
... 

for isolating short-lived ~pecies with half-lives of the order 

of tens of seconds can he reduced to as little as a few seconds. 

An extensive review of these methods bas been given by Amiel 

(JIll 68b) and more recently by Berrmann (Be 69). 

The most cODDDOnly used technique consists of dis-

SGtvinq the fission source and subjectinq it to various 

chemical separations after the addition ~ appreciable quan­

tities of stable isotopes of the ele.ents concerned, compared 

te those of the radioactive ele.ents produced. The operations 

involved oonsist IDOsUy in coprecipi~tions and solvent ex-

, tractions. file Cbeai8try i8 perfor.ed after co.plete isotopie 

--~~--~~----=------------------
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exchange has occurred between the stable carrier atoms and 

their radioactive homologues so that both species participate 

h '" h· l . l} "d to t e same extent 1n any g1ven c em1ca react1on. Bes1 es 

their role as a carrier, the stable isotopes serve in the 

determination of chemical yields. This is done with the 

help of classical analytical methods such as qrav~try, 

calorimetry, flame spectrophotometry, etc. 

A second cateqory of separations involves the use 

of ion-exchanqe resins, witb or without carrier beinq added 
... 

to the original sample solution. In the latter case, chemical 

yields may he determined by use of radioactive tracers. Final-

ly, coprecipitation and ion-exchanqe May he combined in the 
l 

cour se of the same chemical separation. 

In some instances, catcher foils surroundinq the 

fission source have been used to collect the recoiling frag-
1 

"ments, thus avoidinq the necessity of havinq to dissolve the 

~riqinal source, an operation which sometimes proves ta be 

time-consuminq. This method has been used by Suqarman et al. 

(Su 47) to estimate the mass numbers of 4.5-sec. 89Br and 

55.6-sec. S7Br deIayed-neutron emitters. Aluminum absorbers 

vere used to isolate and rapidly measure the activity of these 

nuclides. Emanation methods based on the diffusion properties 

of l.ong-chain fatty ~cid sùts of heavy meta.l.s (Ba f 49) have 

aIse proved very useful in the case of scarce isotopes or 

whenever repea.ted irradiations vere necessary. Wahl (Wa 58) 

haa applied this technique vith a great deal of sucee •• ta 
1 

.. 
/ 
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the neasurement of the fractional cumulative yields of 

92 91 such short-lived nuclides as 1.84-sec. Kr, 9.0-sec. Kr, 

33-sec. 9°Kr and 3.2-min. 89Br produced in thermal-neutron 

. d' t' f 2350 ' 1rra 1a 10n 0 • 

The two main requirements in radiochemical separa-

tions are high purity and high yield of the final sample, 

the former being of prime importance whenever activity 

measurements calI for a method which does IlOt permit energy 

disc~nation of the emitted radiations, like for example 

in beta~activity measurements. The advebt of high-resolution 

gamma spectroscopy vith the help of Ge(Li) and Si(Li) detec­

tors however has made this req#irement less stringent in the 

case where sui table gamma-radiations pertaining to the nuclides 

under study could be isolated. The degree of acceptable pu­

rification may be assured by following the decay of selected 

gamma-rays and comparing the half-lives found to tbose reported 

in the li terature. Analyses of this type have been carried 

out by_direct activity aeasurements performed on the fission 

source itself, vithout Any cheaical separation. Kil.ler (Mi 70) 

has tentatively identified 45 fission products resu1 ting from 

the proton fission of natura! liraniU1R using a ~ (Li) detector 

of .f. 0 ca2 active area and a 5 _ depl~tioD depth coupled ta a 

1600-cM Dlwl ~yzer. a-Dng those PJiOducts, one third have 

been quantitative1y cJeterJli.Ded by resd1ut.ion of their decay 
\ -

carve •• 

• 
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b) Mass spectrometrie methods 

They possess two main advantages as compared to 

radiochemistry: 

i) stable isotope yields can be measured in addition 

to radioactive species. This is of particular 

~portance in fission from moderately and highly 

excited nuclei where the contribution of inde-

pendently-formed stable nuclides to their overall 

cumulative yields is no longer negligible as 

29 

compared to what one ôbserves in fission at thermal 

energies. 

ii) in addition to a high intrinsic precision, this 

technique has the advantage of eljmjnating the 

usual radiochemical problems of decay-curve 

resolution, knowledge of the decay schemes and 

counting corrections which sometime yield large 

errors in cross-section measurements. 

Thode and Graham <th .. 7) vere the first to utUize this metbod 

''t 
and they applied it to the i&sureaent of Kr and Xe yields 

produced from the therJIIal-neutron fissioD of 235u• This study 

vas exteDded to 233u and 235u by Fleain9 et al. - (FI '54) am 

1fanl.e •• am ~ (Va 55). Suce then, Thode, ToalinSOD aDd 

co-workers (FI 59, -rh 60, Fa 62) bave det:eJ:a.iDed practical1y 

al1 the .. jor cumUative yiel.ds produceà in .1ow-neutron 

.. fission. More recently, J;ICJIugh aDd Michel. (Ilc 68) have 

.ured the rel.a.ti". ~at1ve y;ie14. for the _jor1ty! tIt 
\ u 1 
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nuclides in the BaSS range 83-90 and 131-153 produced in 

232Th fission induced by 20-57 MeV alpha particles. 

30 

Apart from the a.Jfea of rare gases, this method has 

encountered a great deal of success with elements of low-

ionization potential sueh as alkali elements. Its sensitivity 

is il1ustrated by the work of McBugh (Mc 66) on isotopie ratio 

measurements of 86Rb/87 Rb produced in 2350 thermal fission 

where the yield of 86Rb , which is shielded, is very low 

compared to the ~igh cumulative yield of 87Rb • Friedlander, 
1 
1 

Friedman, Gordon, and Yaffe (Fr 63) made a very detailed study 

of the stable or long-lived isotopes of Rb and Cs produced in 

the fission of 238U by 100 MeV to 6.2 GeV protons. A similar 

work has been extended to other elements produced in 2380 

fission. Rudstam (Ru 65) studied the yields of 118-1351 at 

590 and 18 GeV. Brandt (Br 65) has reported cross-sections 

74-84 and range measurements of pr at the same energies. 

" BagebtlS (Ha 67) investigated 115-131Sb produced at 159 MeV 

~ 18.2 GeV. Chu et al. (Ch 71) have measured rare-eartb 

products from 2380 fission by 28-GeV protons, extending tbeir 

previous measurements ta a IIUlSS region vhere radiocheJl:ica1 

aeasureJDents prove to be di~ficult. 

50 far the aboYe _ntioned exawples have utilized 

IBSS-Spect.ro.etry as a III&sa-se1ective 'atep to othervi.se 

procedures. The introduction of 

Oll-l.ine ... ss-spectroaeters cU..rectl.y CODDected to the beaa of 
1 

accel.arators or reactora bas JMde possib1e the 4et:eciïon of 

fiasion producta of practica11y aDy ha1~-llve. ba. IIllli-

1 
/ 

iiLiU&?,:Z2 
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seconds to stability (KI 69). There is a distinct advantage 

in using this technique in high-energy nuclear reaction 

studies sinee these result in produets that lie very far 

both on the neutron-defieient and the neutron-exeess side of 

the stability valley (lti 59). Up to now, only alkali elements 
1 

havé been investigated. Following the method of Klapiseh 

(KI 67), the heated ion souree of the mass-speetrometer is 

directly bambarded by abeam of partieles. Rapid extraction 

of the ~aetion produets occurs through high-temperature dif-

f~ion. These produets recoiling out of the target are stopped 

b~in graphite slabs interspersed w~ thin foils of the 

target element. Na, K, Rb and Cs are then separated from the 

other elements by preferential diffusion through the heated 

graphite. This method has enabled Klapiseh and eo-workers to 

measure the isotopie yields of aIl known Rb and Cs isotopes 

produced in 238u and 232Th at 150 MeV (Am 68a , Ch 71), at 

10 GeV (KI 68) and 24 GeV (Ch 7()a). A siJrilar teehnique bas 

been recently applied at McGill where Lee et al. (Le 75) have 

determined the same isotopie distributions at 80 and 100 MeV. 

Ion-source exper!ments are underway to extend this technique 

to e1ements other than a1kali àetals. 

c) Physical methods 

!'bey bave eDabled the study of dynmaic properties 

of the fission process due ta the fact that, iD .-e cases, 

the ~ observed can be relat.ed ta the priary fission 

• 
" 
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fragments. Physical measure:ments may be classified into 

three principa~categories as far as fission studies are 

concerned: time-of-flight ~asurements, X-ray experiments, 

and B-decay energy measurements. 

32 

~he time-of-flight technique consists of measuring 

the ~ necessary for a fragment to tr~vel a known distance. 

The information yields directly the veloqity of the fragments 

and provided their masses are known, one can deduce their 

, kinetic energy. This approach has been lused by Mil ton and 

Fraser (~ti 62) to determine the kinetic energy of fission 

fragments produced in the thermal-neutron fission of 2330 , 

235u and 239'Pu. 

X-ray measurements perfor.med dir~ctly on fission 

fragments have been made possible by continued 1mprovement 

in X-ray detector technology. Their good resolution has 

enabled reliable assignments lspecific elements of X-ray 

transitions arising fr,am inte 1 conversion a1-ociated vith ~ ... 
the de-excitation of the primary fragments. Of the various 

, 
JEtbods in this line, X-rays measured in coincidence vith 

, 

fragment kinetic energies has probably been ~tudied the .. 
.,.t (G! 65, Na 70, Re 71). The main disadvantage, however, 

is tbat the technique does DOt give specifie properties of • 
iDdi vidual fra~nts. Yields, for example, are averaged 

ri 

over several i.sotopes, but tbese data bave nevertheless been 

analyzed to extract properties such as charge and, .. as 

distribution. 

The Duwber of 8 part1c1ea. -'-tted in the c1ecay of 

--
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a s'pecific mass chain can lead to the determination of the 

most probable charge, as shawn by Armbruster et al. (Ar 64). 

They studied the system 235u+nth • The B-decay energy oft> the 

ind~vidual products vas determined following their mass 
.i> 

separation, an~ this energy vas converted into chain lenqth 

by means of a mass formula. 

A more up-to-date. technique involving the use of 

soliQ-state dete~tors consists of measuring in coincidence 
~ 

the energy lost by a fragment by passage through a thin detec-

tor and its kinetic energy. The response from the first 

detec~or is proporti~nal to v 2/z2 , where v and Z are the 

~elocity ~d the charge of the fragment respectively. This 

information combined with the knowledge of the kinetic energy 

pocovides a means of identification of the charge and the mass 

of the fragment. 

In spi te of their growing importance as a tool for 
, 

the study of fission reactiofis, physical methods remain 

,'~red by a poor mass reSOlUtio: as co~ed to r'adio-

~hemical techniques. ,. 

VI. LOti AND HEDIOM ElŒRGY FISSION 

a) Mass di.stributiOD~ 

'- i) 
1 

Fission at the?"-!l ener9! •• 
i 

'- The distribution of t4e CUWQlat198 chain yields of 
t 

different fission ch-in- versus the AU. Dtwbers of tbose 
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.. 
FIGURE 4: Yie1d-mass curve for fission of 235u induced by 

therma~ and 14 MeV neutrons. After Hyde (Hy 60). 
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cha1ns constitutes the mass distribution of fission pr~ucts. 

Low-energy fission (spontaneous fission and fission induced 

by thermal neutrons) results in about 200 neutron-rich 

nuc11des d1stributed over approximately 40 elements spanning 

a mass range 65-160. Among those products, half of them 

exhibit half-lives smaller than 100 seconds. These neutron-
Q 

rich products undergo negative beta-decay along isobaric 

chains and, in general, the cumulative yield of the last 

member of those chains, which in most cases lies next to the 

line of stability, is representative of the total chain yield 

of the chain having the sarne mass number. As stated before, 

this information is principally gained by radiochemical or 

mass spectrometrie procedures, the latter being believed to 

be somewhat more accurate. Absolute yields may be calculated 

from the measured cumulative cross-sections by normalizing 

their sum to 200%, assuming aIl the chains of significant 

yields have been measured and that fission is predominantly 

binary. Figure 4 shows an example of the mass-yield curve 

obtained by fission of 2350 by thermal neutrons and 14-MeV ~ 

neutrons. The curves which are symmetric about mass 115 

indicate that, at thermal enerqy, asymmetric mass splits are 

favored by a factor of ~ 600 over symmetric mass divisions. 

The maxima of the curve lie re8pect~vely near ma.s 97 and 139 

'-... fo~ the 1iqht and heavy wing. At 14 MeV 1 the increase in 

excitation energy resulta in a decrea,e of the peak-to-valley 

ratio whil. the ~xiJDa remain approximately atatic:lbary. The 
1 

ri.. in \the vall.y i. alao accompanied by a alight broadening 
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FIGURE 5: a) Fission product mass-yield curves for thermal­

neutron induced fission of 233u , 2350 and 239Pu , and spon­

taneous fission of 252Cf . Shaded areas indicate approximate 
~} 

posi tions af nuclear shell edqes. CUrves are denoted by 

the symbol of the fissiopinq nucleus. After Wahl (Ma 65) . 

b) Averaqe masses of the liqht and heavy fission 

product qroups as function of the masses of the fissioninq 

nucl.et1&. After Flynn (FI 7.2) 
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of the wings. 

The effeet of target composition on mass-yield 

distributions has been investigated br numerous authors. 

reeent review of experimental results for spontaneous and 

thermal-neutron indueed fission of a number of nuclei 

ranging trom 228Th to 258P'm has been given recently by 

A 

Hoffman and Hoffman (Ho 74). The following general trends 

may be noted from their tabulation. a) On one hand, the 

37 

mean mass of the heavy-fragment group remains nearly constant 

at ~ss 140 ±l for Af between 230 and 246, although deviations 

of 1 or 2 mass units are seen between mass 250 and 256 (Fig. Sb). 

On the other hand the mean mass of the light wing shows a 

linear increasè w~th Af' with variations again apparent in 

the region Af - 250 to 256. one notices that for 258Fm , the 

JOOst probable split becomes symmetric. b) The symmetric yield 

for thermal-neutron induced fission bas a minimum around 235U._ 

For lighter or heavier nuelei, the s~ric yield goes up 

(Fig. Sa). c) The full-width at t~Î:.h-maximum of the light 
t 

and heavy fragment groups have Been tound to increase linearly 

as a function of increasing Af trom 19 ma.a units for 228Th 

(n
th

, f) to 27 mas. unit. for 252Cf (af) (Vo 67). 

Tbe early rad iochemi ca 1 investigations indicated 

that the maaa-yield curvea vere SJDOOtb. Bowever, the ma.s-
\ 

spectrometrie woçk of Tbode and eo-workers (Tb 47) establiahed 

the existence of spikea in the double-h1mpe4 distribution 

1.-4in9 for ·.xamp1e te a yi.ld of l34xe about 35 percent higher 

1 

\ 
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o th?n had been expected fram the smooth trend in 2350 thermal 

fi~sion. This particular feature was later confirmed by 

Unik\ et al. (Un 74) with the help of coincidence measurements 

of fission fragments using gold-surface barrier silicon 

detectors. In both pre- and post-neutron mass di~tributions, 

the fine structures were found to he especially pronounced 

229 235 248 in the case of Th (nth , f), U (nth , f) and Cm (sf). 

In particular, there appears to be a marked tendency for 

divisions in which the heavy fragment contains respectively 

52, 54 and 56 protons in the case of Pu, Cm, and Cf, comple­

mentary with 42 protons in the light fragment. However, it 

is not clear that Z = 42 in the light fragment is a governing 

factor in mass division since the same spikes on the heavy 

side of the mass distribution appear for Th and U whereas the 

non-complementary Z K 42 fragments are produced in very low 

yields (Un 74) • 

The fine structures in the final mass distribution 

are slightly displaced towards lower masses wi th respect to ... 
the spikes in the initial diatrLbution as a result of post­

fission neutron emission. The faèt that tbey are also more 

pronounced has been attributed to variations in neutron-emis-

sion probabili ty vith masa 'of the primary fragment (Te 62). 

Tbomaa and Vandenbo.ch (Th 64) have spgg.st.ed tbat the fine 

structure. in the kinetic_Dergy distribution of the fragment 

paira vere r •• ponsible for thosa obaerved in the masa 

d~str1bution .. a r •• olt o~ energetically preferred even-even 

configurations due ta the pairing enargy which &apre.ae. the 

" 
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surface energy for odd-mass fragments be10w that for even-

even. However, no satisfactory exp1anation consistent with 
"-.., 

aIl experimental observations has been proposed as yet. 

ii) Fission above thermal energies 

The data at higher energies are more scarce. So far, 

the most extensive studies invo1ving excitation energies above 

10 MeV have dealt vith the fission of 238u• Stevenson et al. 

(St 58) have reported the mass distribution of 238u fission 

products at 10 to, 3.40 MeV. Similar warks have also been 

performed by Chappin and Meyer (Ch 66) at proton energies 

7.1 to 12.0 MeV, Baba et al. (Ba 71) vith protons of energies 

ranging betveen 13 and 55 MeV, Pappas and Hageb! (Pa 66) and 

more recently Baldorsen et al. (Ha 74) at 170 MeV. The 

results of Stevenson appear on Figure 6. They show a 

continuation of the trend already noticed on Figure 4, namely 

that vith increasing incident energy, the distribution becomes 

broader and the two humps eventually disappear to qive a 

single-humped curve above 200-HeV proton energy. The steep 

riae in the probability of symmetric fission vith increasing 

energy appears to he consistent vith the two-mode-fission 

hypothesi8 introduce4 by Turkevitch aDd Niday ('l'u 51) by 

vbich a second bigh-ener9Y cOJaponent centered at symmetry 
1 1 

superiapo ... it_lf over the low-energy .sy:mmetric di.tri-

bution. Thi. s-. te fin4 further support iD the resul t. 

of Creall aD4 CW1i!!th ... (Cr 69) on the fis.ioD of 232Th by 

13 te 53 MeV prOj' u4 tho .. of Jtao (Ra 72) on the .... 
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FIGURE 6: F~8sion-product distribution of 238u irradiated 

with protons. 

Legend - • Stevenson et al.. (St 58), 

• Hièks and Gilbert (Hi 55) 

" Lindner and Osborne (Li 56) 
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target with 14.8 MeV neutrons. These studies reveal the 

appearance of a third hump centered in tQ.e valley of the mass 

distribution and although symmetric fission is no longer negli­

gible( the asymmetric mode remains predominant within their 

energy range. At 155 Mev, however, Galin (Ga 67) hàs shawn 

by physical method that symmetric fis$ion accounts for ~ 75' 

.. of all the fission events. 

The two-mode-fission hypothesis bas been most fruit-

fully applied by Ford (Fo 60), Hicks et al. (Bi 62), Britt 

et al. (Br 63), Choppin and Meyer (Ch 66) to exp1ain quan­

tiJtatively the change in the patterns of mass distribution. 

Bowever, it appears difficu1t to invoke this theory in the 

case of 226Ra where asymmetric and symmetric fission bave 

been found to be equally like1y at Il MeV-proton bombarding 

enerqy. Perry and Fairhal1 (pe 71) have studied 

1 the primary fission-fragment mass distributions obtained for 

deuteron-induced fission of radium. They cone1ude tbat the 

firet-chance fission of 228Ac at 24-MeV excitation energy is 

symaetr ie • These two examp1es sees to he evidence in favor 

of a -many-mode· fi •• ion process suggeated by OnU and 

Buiz_nga (Un 64) w~e ~ifferences in the structure of fis­

sUe nuelei are asaocJ.ated vith . corre.pon4i~9 dif.fer.ncas i.n ' 

the pattern of JllABs-yield distribution. JIOIl.er and .ilsson 1 

, 

~) bave .~.ted OD thia !dea by treating the probl_ 

in tab.. of •• d4le shapes. AD ~l&Dation qqu14.be that t:he 

fission barriar bas i.-st.. at ... ~ic 4efonaation. 

1 
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Symmetric fission then occurs between the maxima and asym-

metric fission occurs around the outside of the maxima. The 

lt f t · f" f 228A . th . resu 0 symme r~c ~ss~on 0 c ra1ses e quest+on 

whether the barrier shape goes from symmetric to asymmetric~ 

for a l-unit change in A. This has not received any 

satisfactory explanation as yet. 

b) Charge distribution 

In a complete description of the fission process, 

one must consider the distribution of charge as weIl as mass , 

between the fission fragments and how this is related to the 

nuclear structure of the fissioning nucleus and of the 

primary fragments. If we consider a single mass split, there 

are several possible~charge divisions and a detailed chArac-

terization of this process requires a knowledge of the 

independent yield of each isobar of tbat particular mass 

chain, na.mely the c dispersion Along tbat chain. Nu-

merous 1 studies ave n concerned vi th measurements of tbat 

nature in order te establish the JDOst! probable charge Z , and 
P 

the distribution of Zp as a function of thè IMSS of the 

priDaary frag'l88nts. 

Until recently, .,st of the experiJlental data OD 

nuclear charge dlwi.utn vere obtaiued by radiocbeaical 

4et.em.1nations of i~D4eut YieJ./4., even thoaqh the " . 
, quantitie. of inter.st 1 in fi •• ion tbeories are thoN o~ the 

priury fr.,.ent.. As -.nt~ earl1er, iD4epen4ent yields 
, 

C&D be cSeterailMd eit:ber if the adjaceDt isobar i •• table, or , ,-

,. 
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if it possesses a sufficiently long half-life 50 that its 

contribution to the species of interest can he measured. 

Also, some information about charge division can he obtained 

fram cumulative yield's for a species~hat lies far enough 

from the line of beta stability 50 that its cumulative yield 

is significantly lesF than the total yield for that masse 

1 
i) Charge dispersion cut'ves /' 

Various methods of cdnstructing the charge 

dispe1ion curves have been proposed. The first attempt is 

due to Glendenin et al. (GI 51) who obtained charge dispersion 

curves by p"lytting the independent yields versus the (Z - Zp> 
J , 

of the products. The Z values were calculated with the help p 

of a prescription which will be described in a subsequent 

paragraph (Equal charge displacement postulate). Among other 

things, the calculation of Zp requires the knowledge of ZA' 

charge of the stable MJDber of the isobaric chain under con-
-

sideration, a quantity which is knovn to present disconti-

nui ties near the shell edges. There bas been to date no 

theoretica1 treatment which has been able to show bow the 

Z,A values of all possible fragMnts pairs can influence the 

saddle configuration of the fi •• ioning Ducleu~. 

1 Xn order to circwavent thi. difficul.ty, Wahl (Wa 58) 

proposed an apirical .. t.hoc! based on the deteraination of 

Zp frOli a plot of iDdependent yield. versus i of, tbe product •• 

Further vork of thi. autbor (11. 62_1 wa 65) sb0Ve4 ~t the 
~ . 

c:bar9'l dispersion carves coa.truct:e4 in this fuhion' coulA be 
'il 

1 

\ 1 

1 
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represented by a Gaussian distribution. Such distributions 

have later been extensively used and found further support. 

In this description, the probability of formation of a product 

with a given atomic number Z, within a particùlar mass chain 

is P(Z) and assumed to be given by the Gaussian equation: 1 

P(Z) 
2 = AeXP[-(Z-Zp) le] 

The constant c reflects the relative vidth of the Gaussian 

function and has ~en found to have about the-~ame value of 

~ 0.8 for many decay chaina produced in the fission of 235u 

by thermal neutrons (Wa 69). The maximum amplitude of the -function is given by A which is related to c: 

-1/2 
A - (1rc) (A.9) 

A Gaussian charge distribution may also he repre-

sented in cumu1ative form which qives unit y for the sum of 

fractional independent yields in a decay chain. The frac-, 

tional cumulative yield of a number of a decay chain vith 
, 

charge Z is given Dy the equation: 

• - î + ! If(Z-Zp + ~}l (A.l1) 

{,i 

vber. f(X) La a DOJ:JUl probability ~a1_ 9iven by: 
( , 1 

• 

. . 
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f(X) • (2n)-1/2 J+X exp(-a2 /2)da -x / (A .12) 

o and c are related through the relationship: 

C :r 2 (0 2 + 1/12) (A .13) 

This type of treatment appIles to ide al cases where 

severa1 independent yields belonging to the same chain can be 
, 

measured. Unfortunately, there are very few mass chains 

where it has been possible te determine more than two Inde­

pendent yie1ds of adjacent i8obar.. An example of 8uch a chain 

i8 A • 93 where the independent yields et 93 Rb , 93sr , and 93y 

AS well as the cumulative yield of 93Kr have been determined 

(Wa 65). In actua1 casee, one neede to measure independen~ 

yield8 diatributed over a certain mass range, an extrema case 

being isotopie distribution. To correlate this type ot data, 

rriedlander et al. (Fr 63) ob8erved tha"their reaults could 
t 

be b.tt.r repr •• ented in term. of N/Z, neutron-to-proton ratio, 

rath.r than a Z-ZA plot. Th.re are however twp implicit aa­

sumptions when ona uae. N/Z •• a parametar: (i) tor Any value 

of A, the total chain yiald must be a •• umed to be the sam. in 
1 

tb. mass range under con.ideration, otherwi.e independant 

yield. bave to be corrected, provided tha ma.a-yield curve i. 

·4atinad in thi. region, (ii) .the moat 2robable value ot N/Z, 

I/Zp ' ha. the .eme value fo~ difterent ma •• chain.. Boweve~, 

Holan and Suqarman Wo ,~) bave concluded, vith th. help of 

tba ~at. of paua. a~ Bal.!,; (la '6), tut iaotopic 4i.per.~on 

----------------------------.......................... , 

" .., ..... 
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curves may be compared to claSBical isobaric charge dispersion 

curves if one correeted for the slope of the mass yield curve 

and the variation of N/Zp with A. The latter correction, 

however, can only be performed in certain mASS regions where 

the variation of N/Zp is known. Miller has shown (Mi 1Q~ 

that if one uses isotopie plots to get charge di8persi~ 
/ 

curves, the widths are larger than what one would observe with 

true isobaric plots. An alternate solution consista of choosing 

a ma.s range as narrow aB possible in order to minimize the 

effects of the variation of N/Zp on the width of the charge 

dispersion. 

ii) Postula te. of charge division 

'~ous empirical prescription. have been used in 

order to correlate experimental data. W. will review briefly 

those of interest in the field of charge distribution Btudies • 
.1 

They do not con.titute a theory a. 8uch but they often have been 

found to De u.ef~l a. a way of camparing re.ulta obtained for 

a variety of fi.si1e nuclei .ubjected to excitation anergies 

varying from thermal excitation up te hu.n4red. of MeV. 

1) BQ!al-chAri.~isplac ... nt hrpotb •• is (ECP) 

'lbi. po.tulata à •• ume. tbat tb4a 41ff.rence betw .. n "'-"" 
- f 

1 

the .,.t probable Char9. Zp' of. a ~iven .... cbain an4 tM charge 
• • 

of the lIIO.t stable imbar ZA will N equal \ for tba lJ.pt aD4 

beavy OOIIpl ... ntuy t.J:A9Mftu S 

.!J 

-, , 
(Ip • 1 .. 'Îl (lp .I&'l • 'J (A .. 14' 
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o This was suggested on empirica1 grounds by Glendenin et al. 

(G1 51) from charge-division data for 1ow-energy fission. 

This rule may be reformu1ated as: 

47 

(A.l5 ) 

where ZF is the charge of the fissioning nuclide. 

This formulation however involves some arbitrariness 

as it require~ calculations of ZA' and additional ~rescription8 

had to be u8ed. As stated earlier, difficulties were en­

countered nèar the ahells, and this fact led to a discontinuous 

plot of the valley of 8tability, as proposed by Pappas et al; 

(Pa 55). The postulat. account~ for the observed charge divi­

sion at low energy if Zp is asaumed to cros. gradually trom 

one curv. Zp - f(A) to the other in the viainity of shell 

'discontinuities in the ZA tunction. 

2) Onchanqed charge di.tribution (OCO) 

If one iqnores nuclear polarizability and if the 

nucla" .. -4.. axpected ta divida within a time short enouqh so 

that charte rearranqement. do net take place batore .ci •• ion, 

~ ratio of neutrons te proton. _/Z shou14 ba the sam. id 

bOtb tr~nt. ot a pai~~~ i4antical to that ot the tis­

.ioninq Duelea (Go 4". 

u.in; the re1ation.hip. 

The value ot Zp cou14 be .alculata4 
'-' 

Z .~A 
, ~f 

• 

i' 
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o where: 

l ' 

• 

ZF • charge of the fissioninq nucleus. 

AF • mass of the fissioning nucleus. 

vT • total number of neutrons emitted Dy bath 

fragments. 
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Amonq other consequences, one would expect the most 

probable charge division to be one wbere the difference 

between (N/Z)A correspondinq to the valley of stability and 

N/Z of the primary fragment is larger for the ligot fragments 

than for the heavy, due to increasin9 value. of (N/Z)A of the most 

.table i'.obar wi1h increasing ma... This fact would translate 
\ 

into looger beta-emitter chain. for the light fragment than 

for the heavy complement, a conclu.io~which i. at variance 

wi th the hypothe.is on which the ECD i. b •• ec5. 'l'he UCD 

rule bas been found to hold at energies above thermal ex­

citation if one take. into account neutron evaparation before 

fi •• ion. 

Minimum petential enargy StIPE) 
e 

Thi. p6.tulata dua te Pr •• ut (pr 47) .tata. that 

the nuelear Char98 di. tribut.. its.ll betv .. n lraq.ment. .uch 

that a minimwD is achineeS bet~n i:ba nucle. potentia~ 

anaru and tlf. C01ll0J11b .neru. Varioua loraul.tiona have 

.iDee baan proposeeS (1'0 5'« .0 ",« but tbe calcul.tien. are 

all strODfly depandant 0Jl t.he .... equa-tiona aD4 shell cor­

rection. UNd. Mm and '0!!9 (J!i .,) and Arabru.t.r (Af 70) 

/ 
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have carried out charge-division calculations based on 

this rule by minimizing the potential erltlgy or maximizing 

the energy release of the nascent fragments in the vicinity 

of the scission point. This led to the prediction of chain 

lengths of the light fragments which are sho,rter than thoae 

of the heavy fragments. 

iil) previous work 
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Most of the charge dispersion measurements at 

thermal enerqy have been carried out by Wahl and co-workers 

(Wa 62, Wa '5, Wa 69, Fo 74b) who studied 235u fission by 

thermal neutrons. Their resulta, along with others obtained 

in the thermal-neutron-induced fission of 233u and 239pu and 

in the spontaneous fiasion of 242cm and 242Cf 'Ave been sum­

marizec1 by Umezawa et al. (Um 70). The inde pendent yields 

vere fitted for each mass chain to a Gauasian distribution. 

The first r.sults of this type of analysil showed that th. 

width of the c~ge-dispersion curves thui obtained with 235u 

Vere constant vithin experimenta1 uncertainties and .qual to 

C • p.SO t 0.14 (Wa 69). T~ near constancy of thes. vidthl 

has 1e4 ~ the assWDpti~ of a universa1 charq. dispersion 

curye applicable ta al1 .... chains Which 1 .s a consequence 1 

enable4 • 4e4uct1On of the most tpr0babl. Char,. for uy mass 
/ 

chain for which a _iAtle iD4epea4ent yield bu bHn 4etermiMd. 

A plot of Zp values calcula1:e4 iD Chis fuhJ.on ~how. quali­

tatively tbat t~~ht prq4uct. recei". a larq.r fraction of 
, .1.// 

ta.. .atlable "Jau-p üaA wou14 .,. expe0t:e4 ~f the charge-to-'\ 
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mass ratio of the fissioning nucleus were preserved in the 

fragments (UCD). On the other hand, the Equal Charge Dis-

placement postulate seems ta aceount qualitatively for the 

observed divisions if Z is assumed to cross gradually from p 

one eurve to another at the points where ZA exhibits dis-

continuities resulting from the shell effects. The data 

available for 233u and 239pu thermal-neutron fission and 

242em and 252Cf spontaneous fission show also a general trend 

cons\stent with the ECD~stulate (Oro 70). The average 
" 

value of Zp (~) - Zp (Ueo) - - 1Zp (~) - Zp (UCD) J was found .. 
'to be -0.44 f6r mass numbers 92-95 and 141-144 and -0.45 for 

the other mass numbers for which Zp was determined radio-

~ ehemically (Wa 69). However, caution must he exereised if 

el 

one wants to calculate indepen4ent yields for aIl the nuclide. 

produced in thermal fi •• ion of 235u by using the "normal" 

di.tribution of Wahl. The correlation of the.e "normal" 

yields witbl experimental values .how. an enhaneement of the 

yields of even-Z nuclide. and a depression of odd-Z nuclid •• , 

particularly in the mas. ragion below Aa III 134 and aboYe ~. 102. 

Amiel and reldstain (Am 14) have found even- and odd-Z yields 

for thermal fi •• ion of 235u te he well repre •• nted by di.tri­

bution 25' higher and lover, re.pectively, than Wahl'. normal 

di.tribution. They found the neut%on-pairing effect, vhich 
\ 

va. expected ta be a. hiqh a. for proton., to be only t 8t 

in tu haavy peak, an4 EOb.erV~le in the light .... peak. 

1 Other re.u! t. obtaine4 by phy.ic.l" .... ur ... nt. .re, 

in ,enera!, in 9004 .9r. nt vith tbe ra4ioc:!f1am1c.l data. 

/ ' 

\ 
\ 

1 

1 

1 

J 



o 

.-

,~/ 

Reisdorf (Re 68) has determined the mean primary nuclear 

charges of fragments from thermal-neutron fission of 235u 

by means of K X-rays measurements in cOincidence with the 

light fragments in the mass range 88-105. The deviation 

51 

from the UCD prediction was found to be 0.54 t 0.14 Charge 

unit, and independent of mass in the range studied. However, 

no closed-shell effect on the primary charge was found. This. 

may he attributable to the fact th~t the structures seen in 

th~ radiochemical data are introduced by anomalies in the 

neutron emission rather than by the primary charge division. 

The effect of post-fission-neutron emi.sion should also have 

repercussions on the width of the charge dispersion curves. 

Fraqment distributions are expected to have narrower width 

than the products, due to the removal of fluctuàtions in the 

number of neutrons emitted. This fact has been verified by 

Rei.dorf et al. (Re? 71). They found the average charge dis· 

per.ion for thermal fi.sion of 235u to De narrower, cor-
.... 

respolding to" C. 0.40 ± 0.05, than that determin~radiO-

cq,mically after neutron emission. ~ 
The problem ot charge distribution in ~ium-ener9Y 

. 
fi •• ion ha. now been the object of .tudi •• mo.tly vith proton 

irradiation of variou. tarqet nucl.i. '1'be McGill team ha. 
1 1" contrlbuted a qreat 4.al te the accumulation ot data in ~ 

.ner9Y r&D9. 20{85 MeV alter thi. type ~f ,.tudy va. initiate4 

by the "orle of Pat., l'o.ter aD4 ~aft. (fa Sla' on the i.o-topic 

4i.tr1butio: ot iodiM prodl1cecS in 232'lh fi •• 1oft .by '-'7 MeV 

proton.. Thi. va. foll0tM4 br .J.ailar .tu41e. of 23·U ti •• 1on 
1 

• 
. 

II> 
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by Davies and Yaffe (Da 63), parikh et al. (Pa 67), ~ 

et al. (Kh 70, Miller and Yaffe (Mi 70), umezawa et al. 
1 

(Urn 71), Tracy et al. (Tr 72), Oik5i6 et al. (Di 74), and 

sarkar (Sa 75). Charge dispersion studies of 232Th fission 

products have been extended to other ma.. reqions by 

Benjamin et al. (Be 69), McGee et al. (Mc 71), Tracy et al. 

(Tr 72), and Holub and Yaffe (Ho 73). Systems like 235u+p 
1 
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have been studied by Khan et al. (Kh 70)~ Saha et a1. (Sa 71) 

and Tracy et al. (Tr 72), p+233u br Tomita and Yaffa (Tc 69) 

and Marshall and Yaffe (Ma 73), 'p.237Np br HeGee et al. (Mc 72), 

p+239pu br Saha and Yaffa (Sa 70). Studia. utilizinq dif­

ferent projectile. have been carried out by McHugh and Michel 

(Mc 68) who investigated charge distribution r.su1tinq tram 

the fission of 232Th by 20-57 MeV alpha particles, and 

Choppin et al. (Fr 68a, Fr 68b) witb 232Th and
f
238U irradiated 

with 9.5 te 11.5 MeV deuterons. The result. obtained at 

MeGill up te 1969 hava bean summarized by Yaffe (Ya 69) • 

The charge-dispersion curv.s plotted usinq the 

cross-s.ctions aqainst H/Z of the corr.spondinq prc4ucts, 

rather tban (Z-ZA' te avoid shell-edqe discontinuiti.s, show 

the fol1owlnq trendss 
l ' 
1 

. 
eM~t'Y, 4~ t.o MUtron-eai •• ion frOA1 t.,. fi •• ionint 

... .... 
""cleu u4 the fi •• 1oft fr&fMDt. a. w.l1. 0. ftOt1oe. 

bowever 4ifferent bebavlou. in the lifht __ •• and the 

hM.,. ..... r.,.LoJ2, Cha variation of l, JN,Lnt +~ &0-

Il 

/ 

\ "". 
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centuated for the heAvy products than for the 'light. 

For 238u, Khan et al. (Kh 70) report a variation of Zp 

53 

of 0.47 charge unit in the vicinity of A - 96 a. compared 

to 0.65 charge unit for A. 135 (Di 74). In the .ym­

metric-mass region, Sarkar (Sa 75) found a variation of 

Zp intermediate between the.e two. 

2) The full width At half maximum (FWHM) of the curv.r 

obtained in the beavy-ma.. region remain ••• eDtially 

constant vith increa.ing energy up te 40-45 teV vith 

238u and 232Th ( •• e Fig. 7) wh.rea. thare i. A regular 

inerea.e vith target. of lower N/Z value.. Above 45 Mev, . ' 

full-width at half-maximum (FWHM) inere.... regardle •• 

of the target. Light-ma •• product. on the other hand 
1 • 

di.play PWHM whieh inerea.. very slightly w~tb energy 

(Ha 73) or 40 not vary (Mc: 72) within the 20-85 MeV 

ener9Y range. For the same target and bombarding energy, 

the dharge di.persion appears te be larger for li9ht~ •• 

products, as for ~le FWHM • 2.9 Z units for A r 96 

(Ma 73) as eoapare4 te 2.5 Z units for A • 130-134 (To 69) 

at 50 MeV for 233u• 

3) Ift.ct ot wet CO!IPOsitions in the "avy ~. r.qion, 

the 4isplace.ent of tbe ~.t _~l. Ghar9. froa S~ili" 
/1 shows. _r~ ~ GD the, UIIUoa-to-protosl ratJb 

of tINt tu9.t., tU h1t'her tIIe a/lof tM tarfet, ~ 

~9- t.b4t (Ja-Zp' of ~ producu for t:M .~ ~ar4J.ft9 --97- r~ tM~1_~ .... ' pr04~., tM (ZA-1p' val._ 
o:bWAed fœ 235v 1 2J·u and 2321'b do Dœ .\Iov0 .J.pi'icant 
v" .. ~"'" _ 

1 
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'" FIGURE 7: Gau'aian c::harCJ.-4i.tribution c::urva tbat ba.t 

(fit the tractional yi.leS 4ata ot tbe ""'-135 chain 

r •• ultinq from t.ba 4ae-inducecS ti •• ion ot 232Th .. Atter 

Mclluqh an4 Jlic::hal (Mc (8) .. 
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differences. This observation sU9gests that the variation 

introduced by differing targets is absorbed by the heavy 

fis.ion fragment. In the case of FWHM, it is not clear 

whether there is any systematic correlation or not, betveen 

the experimental value. obtained at a given bombarding 

ener9Y for different targets, except that the data for 

-235u are consistently smaller than the.e of 233u, 238u, 

239pUI 232Th , and 237Np • 

Tbe value. of Zp deduce4 tram cbarge-4ispersion 

carve. have been compared te tho.e calculaud Uaill9 ~ 

various postulate. \e.cribed in the precee4iDq .ection. In 

ganeral, the experimental Zp cannot be repr04uced by either 

the ECO or the UCC rule, but lie in betveen tbos. especte<! 

on the ba.i. of t~ .. postulates. In the ca .. of 239Pu a 

very goo<1 agreement vith t~ ccc aechanism vas ob.erved for 

A • 116 .. sovever, lt ha. been poin-tecS out (Sa 70) that, 

becau.e of the a •• umption. involve4 as te bow the excitation • 
enerqy i. sbarad betveen the ,fragMllt., it is very 4iff~ult 

te i4entlfy th • ..cbaDi_ on t.be basJ.s of sach an aqr .... t. .. 

If Ohe as.waes that' the beavy ~rapent recei ves 1 .. .5 tiJMs t.M . 
excitation ener9Y it woul4 ftOJ:'II&11y recel". iD pJ:oportioD te 

lta .... , ~ esper~tal yalues DO loJater qr .. vith eitber . 
postula~ but lia clo .. r te _CD. a.cenuy, ~W .t al .. 

l' • , 

(Il 12) uve cla.t..4 on -the ba.i_ 01 'thah- re.u1t at 40 MeV, 

aa4 '0 MeV 0Jl 23'" ~t ltba JINJIaAl_/ of char.e diYi~toA i_ 
f ; , 

, 

1 

DOt ~lr cU.ff __ t froa ~ o;u.~'. tberaal .... ,1d, 

i~.. 8œ. HI .. f1, g. 7" ~. also ~1a4e4, tllat t:beiz 
1 .' 

) 

, 
/ 
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results at 80 and~O MèV vere: consistent with ECO. 

c) Neutron emission in fission 

As ve have already seen, the fission of a heavy 

nucleus is always accompanied by neutron emission. At 
~ 
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thermal ener9i.s and in spontaneous tission, initially tbere 

is a U'hique exci ted nucleus which decay. predoJD.inantly by 

fi.sion. The emitted neutron. are tho •• r •• ultinq from the 

break-up of the excited nucleus (sci •• ion neutrons) and thes. 

subsequently evaporated 4urinq the de-excitation of the 

These two categories of neutron. con.titute the -
pO.t-fi.sion ~utrons. 

One of the .,.t intere.ting aspects of neutron 

emi.sion is the .trikinq variation ot neutron yie14s a. a 

funetion ot. traglMnt ma.... Sinee tM neutrons are amitte4 

from fully ace.lerateeS tragment., there is a stron9 anqular 

correlation betv .. n t.he tvo. Thi. make. pO.sible an experi­

.. ntal 4etermination of the neutron yie14 a. a function of 

fr~nt. .... ~ The fir.t evi&tnce for a .t.ructur. ~ t.be 
, ; 

~pa4eDCe of neutron yie14 on frapeDt .... va. obta~ br . 
Fru.r an4 Hilton ('-1: 54' for neutron fi.sioA 'of 2llu.. ~ir 

_t.u4y r ... ,1e4 tbat. t:.be nu.1ltr of neutron. ~t.te4 br two . 
cc.pl __ tuy fr.....,u are 'smequal, lIO.t of tlIe DeUU'OJ1. 

, . 
M1D9 eaict:.4 bJ the beavJ.c l.1.9bt frapau aD4 ~ ~ beavUr 

. " 

beay frapnU ad i:.ba~ ,... ~ •• COJIIIIUerab1e yariatioD in 

aeucrOD yt.14 ür~ •• dI ,.~ 01 the .... 4.t..t;r~. 

fte toUl .. utJ:'ol ~ulà dOIt_ &1.0, but to • ..ob lM.-
/ 

\ 
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extent, a dependenee on ma •• ratio. 

The dependenee of neutron yield on ma.s ratio 
. (~'rimary JUy ~lso he determined by a comparison of initial 

\ 

fragments) ~ final (products) ma.s yields. 
..... -..J 

atudy has been carried out by Terrell (Te 65) 

This type of 

for 2330 , 2350 , 

239pu , and 252Cf (see Fi§ure 8a). The simila-rity of tpe 

neutron yield. for a qiven fraqment oriqinatinq from these 

4ifferent system. has led Terrell te the conclusion that th~ .. 
neutron yield. are elosely related to the deformabilities of 

the nascent fragments. 1'be low yie1d. at Z - 60 and li - 5Q 

may be explained by the fact tut closed-shell nucl.i are 
~ 

reaiatant ta de forma tian and hence the fragment. will evaporate 
1 

le.8 neutrona .s a conaequence of deformation enerqy beinq 
~ 

converted into excitation ener9)'. 

Tba-strong saw-toothed variatfon of neptron yield 
# \, 

versus fraqlMnt masa va1lt.shes rapi41y vi ta increa.ing ex-
" , 

citation enarg-y as shown by BurDett et al., (Bu 71) for 8.5 

and 13-MeV proton-in4uce4 fls.~ of 2330 an4 Bishop et al. 

(Bi 70) for 11.5 AD4 22-"V ~oton-fission of 238D~- The 
. \ , 

,1ar~st"~~. occur. Daar .... 130, tJwt trend beinq ta v •• h 

"... '" out ,t.be ,.a. iD t.ba l*1trOJl-y.sus-.fr.:g..d--.s ~. vi th 
'~ , 

incr ... in9 e"ci"tation .. ru (1'19. lb). If fr~t sballs 

are r •• poum. for t.Jse low uut.rOD yieU. uOWl4 .... 130 
,. . ( -

at 10w excitation ... rw, t.beD tbi. treti4 i. con.is.UAf vitb : 
. . 

ot.ber obHrYatiou tbat' .bJal1 .ffects aD&! to 41 .. ppear vith 
, ~'~ 

iDCre .. ~ aG~t:a~1Oo ne., t.bU Gau1Df tbe JlI'"r ,of . . 

JleUUOU Mttte4, bJ' • h....,t te foHov die l.tJ1e.- iDCJ: .... 

~ 
'J 

• • ... 

- . 

, 

\ 

1 

1 
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c 

FlOUR! 'a. Neutron "i.ld. a. a funotJ.on of framllAnt .... 
t '1"- ~ 

foz: fouz: ,~ype. oj fi •• ion a. d.t.~~ fJ:oa/ .... ~i.14 datA. . ' .. 
Th. appz:oxt~t. initial t~a,..nt ...... Oo~% •• p0D4inf to 

variou. --910 numbar. ~~ •• hown., Afte~ '.~~ell (T. '2' • . 

Floua lb 1 Dapen4ano. of n.uta:on ri.14 on tl' .. nc .... ,O~ 
pz:ot~n-in4Uo.d fi •• Lon of 2"u and H·u• fba J.AoJ.4ent p.ro~ 

... 

( t \ 

.naJ:fY 1... Lndioat" loz: •• o~ oun.. Afur IJ..bop et al, 'Ii 70). 
,) 
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vith ma •• pradicted by the liquid-drop calculatioq' of ~ 

and Ivi.t.cki ua 65). It i. al,lo inter •• tin; to note that, 

•••• nti.lly, th. incr •••• in .xc~t.tion .n.r9Y manil •• t • 
... it •• lt in the~h.avy fr.g.mant, thi. b.inq probably du. to 

th. t.ct that it r.ceiv.. • more .qu.l .hara of th. cS.for­

m.tion .n.rgy at .ci •• ion confiqur.tion 

Whan ti •• ion i. iri4uced br ._ projectile who.a 

inter.ction vith the tarq.t nucleu. qiv •• ri .. to excit.tion 
, \ 
aner;ie •. beyond the b1n4iJ; .ner9Y ot ~ l •• t neutron, cS.-

excit.tion uY ocout' by ... n. ot neutrln emi'lion prior te 

'the fi •• ion .ct (pr.-ti •• ion neutron.). Let u. oon.i4er at 

th.1.. point o •••• "bere the 1no14ant putiole i. oa~urecS and 
1 • 

~re, axcit.tion ener91 •• Àr •• uffici.ntly lev .0 that protoA, 
.. -- - ~ , 

.. i •• ion .. V be Deq1eota4 a •• relult ot the COUlo.b barrie~. 
~ * Tba cSeoay ot ~ ooapound nueln. Xl (A,Z) lD&y Da .chautiz.s 

a. follow •• 

* rDC1' * rn(2) * d rnP' 
Xl (A,Z) .. ~ (A-l,') --..... SJ CA-2,J) • 

r,(l) l, r,U) ! r,(J) l 
l.t obaDN 2ftd obanoe 31'4obanoe 

• •• 

ti •• ton li •• 108 , fi •• LoD 

/" 
1 ID thi. de-uaLt.ation abaLn ~ tU J.AttUl IWOl... GU 
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" . 
• 'êber tt .... œ .. C a ..... co ft~. ~ '(A-J.,I'. ~J.at 

.-
OB 'c ... .l ....... ., 1 ~ Ma ... La _'-_10 •• ild.lac 

1 • ~ , 

......... AC ......... f cu .... , I~" .. 'Ù • .,.N ri. 
\ ' t, .' " J J-- ........ .-u .. ~'~ ... " tAJ,2,. 

• - -,~, ,,,,,~ .. ,r." ". ":ll' " ,- j 
.-f*";lt. 1 , 

'< or ',t"J 1 r 

, </~ ':',. ':~, ~~.. : 'J. ' ~" ! 

't0~ ~l/. JI,' "1' ~ ,. \ , 

J ' 
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t1 ,/ ~ 
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below the bindin9' eMr9Y o~ the la.t Mutron, at Ithieb poistt 
,"'-

1 fi •• ion or y-ray ami •• ion becoma the only alternat. .. an. ot 

cSe-axeitation. 'Tba relative probabilitie. of fi •• ion and 

neutron .mi •• ion ara fiven r.apectivaly bY,r f and rn , fi •• ion 
• 

and neutron w14th.. Ruiz.nia and Van4enbo.eh Uw 62) hava 

cS.rivecS and analytic:al 0Fe •• ion tor the value ot the ti.­

, .ion b~anehin9 ratio G • r nIf t ba.e4 on the 'a~-9a. ~1 . 
of the nucla\JI S 

ca • 

• 

-A 1....... of the lIuo1.u 

~O tu maoüu ~a4iu." pu ... te~ 
~ J 

. an ~f tu 1 .. al-4eft.1tr ,"...ar. at M1U11.Lki_ 

üfonatioa &Ad, at tU .... 1e poJ.at 

la u4 .f tU Mutl'OD bia41nt aneru ud tbf fJ.~ 
.ioa èua.bo14 

• t:be ." of CM _U_ ' 

- 1 

"' .' -
'., 

1 
1 
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ot the variation ot rn/Tt vi~h axcitation anarqy i. ~iractly 

relatad te the ditter.nce b.tw.an Et and En and th. ralativ. 
? 

value. ot an and at " The axcitation anarqy dependene. ot 

Tn/r~ beeome. very ditticult te inv •• tiqate wb.n-th. fi •• ion 
1 

thra.bold and the neutron bindinq energy are approximately 

the .... , like in heavy nuelei, Althouqh a .tronq excitation 
1 

enerqy de~n4ence ot rn/Tt for the le •• ti •• ionable el ... nt. 

ha. b .. n ob.erved, and there i. evi4e~e tor the heavier 

nuelei that thera are .maller v~riation. at lev energie. which 
# \, 

correlate vith the 4ifterenDe (Ef-an), the excitation aner9Y 

dépendance ot Tn/r t for tha he.viar al~nt. at hi~r anargia. 

i. r.thar W'1el~ar. A n~r of ra.ult.. in4icat.a tbat. r n/T f for 

the heavier el"l'lt. doe. not v.ry JlUGh vith e""iution eurfY. , . 
~ rel.tive ~o~&bili~ie. of fi •• 1on and neutron 

.. iJ.~on Cb al~ " 4etaraifte4 by radioc~cal .... \U' ... nt •• 
~, 

'fba .. t.b04- eon.i.t.. 01 _a,uin, ~a4iocbeld.cally the reaotion 

/ )field 01 t.~ l'luclU.. _al' t.he t.ar,.t ftuclau., tlMtreby 
• 

4ete~1n, tbe oro,.' ..ctLon lor t.he reaotion wb10b 414 DOt. 

1.avolv. fi •• ion t.lu'ou9bout al1 .taf.' of t.he 4e-excitat,1on 

1*008... .tu4J.e. ot .th1. kift4 have béen ..... by Lief.peE an4 

!'!Y!I=to~ 'Li '0> ~ J40-JIeY protonJ on 2)2ft aft4 2J·u; 

." "'Ut., 'WPo", Mf 'H'. U1 'a.' ,C. '2-M Md lJO~JteY 
pr_ OA 2J21'h, ." ' ... Mf 10","", (ta ,la, lor "O-tteV 

and 1 •• -GeV' .. _ ., 2J2., JJJu, u4 2J.u• 

, ,'" ,u.~ ,. A.84UNd/ 1ft bN~ ~J.et by lIifb 

... ft ~. J,OO IIYJ ,....., ~ .:MOèJ.oA ..... 1Me J.a cw 
" /' " ,,' , 

'f.,'IIYt;. '" . 'r · ' \ i 01. '"1\ -IJ ~r~J 
~ .' t' " ~: • 'î -~.,. j jf ~ , l'" t , 

• '~"'n:~\ i \!"'1~' ."i !.. l r, " l 'Ie-.t .,', • 
, , ,'> ~,1~~"f " Il ~" ,." ,1 • ~ 
l'ill t1 NÎ?/I;. .~ f 

l''~ j." f'~"'P1 ,'~ , 

ilt J~ .11: t,-l' : 
;p,Y' p 1 
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.taqa.. ln the fir.t .taqe, the inei4ant partiel. inter-

aet. with a .inql. nuclaon in the .truck nuelau., 4u. to 

tbo tact that th. a •• ociated vav. lengeh i. ot'the order of 

th •. int.r nuel.on1e 4i.tanee (Se ~7). The partri.r. of thi. 

eolli.ion may make more eoll1.ion. w1th other nueleon. and 

a nuel.onie ea.ead. i. dev.lop.d, Who •• axaet nature 4apen4. 

on tha probabili ty and t:pe kinematic. of e.eh eolli.ion. At 

inc~ant anar9ie. aboY. th. pion pr04uction 'thr •• ho14, in­

ela-"e eolli.ion. DU.t al.o be eon.i4.ra4 and will hava an 

appr.ciabl •• ffect on th. propa9ation of the ca.eade. 
l ' 

'1 
Ther. 
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i. a fairly hi9h probability that .aDy of th. ca.c&4. nuel.on. 
1 

an4 pion. will •• eape frOID the nuel."." The 9aneration of .ucb 

a C~a4. uy J)e comput4t4 ~ the Honu-carlo .. éh04 in a 

rather .trai9btfoFwar4 mannir .inc. the ~l.a approxt.ation 

allow. one te ".a .1 ... ntary partiel •• "att.rin, data a. input 
. 

1Dfo.naation" Zach nuc1eon-nuclMn colli.ion i. char.cterize4 

br it. ""n ~Ob.ility 4i.tri!)ution for ooeurr.DCe~ .ne%'9Y, 
i 

and _D9u1ar cU .• tribution of the oolli.ion partner., and ero •• 

• ect~n for pion pr041U't1oD" A ran40JD .moie, i. u44t at 

.v.~t point in tu oa1cul.ation Wber. a .,..,1.ion JIU.t be 11&4., 
a. ~ft' ..... 1. tba po.ition of the fir.t col1i.ion paréDer 

and the ohoioe of a neutron or a protoA a. • oo11i.ioA partur" 

If eacm ru40a ,oboica 1. w.ipte4 aooor41nt iO it. probability 
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of thi. type have been perfonae4 for the .y.teII 238U+9 vith 

the aid of the code of Metropolis et al. (Me 5" and more 

recently the STEPNO code of Chen et al. (Ch ,.). 
, 

The emi •• ion ot neutrons in the fa.t intranuclear 
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ca.è&4!e i. not believe4 ëO be rel.t.~ te the .ubNqUent fi.­

.ion pro6e •• and the de-excitation of the c •• c&4e nucleus 

proCN4. a. de.cribe4 at the"'be9inniD9 of thi' .ection. 
/ 

In a44ition ta the exparillental .. th04 ... nti0JMt4 

previou.ly, thara i. anothar type of a.periMntal .... aare..nt 

frOli wbich one c.n 4a4uca infcmution about T nIt p. It 

con.i.t. in the 4ataraination of tba ralative mUWbar. of 

pre~~~-.l.oft .nd po.tfi •• ioft ~utrOft. trOll ~ba UfUlar corr.1.tioft 
\ 

ot the ,wHIsroft. vit.h r •• ~t to the tr ..... t direction. 1'ha 
1 _ / 

prati •• ion neutron. 1 ue .... Dta..lly iNtropic vith r •• ,..,t to 

the frA9lMnt direction 1 Wb11a otM po.tl1 •• ioft neuU'c:m •• r • 

• troDfly oorralated vith ~ fr .... nt 4traotLon. Thi. techDiqua 

bu Man applie4 to proéoft-induo-S fi~.J.on 01 23·u at 111/ ttaV 

lJy Cbait.tz et al. (Ch 7Ob). t'bey conc1U;de4 tbat ~ ne"11 

-.pal traocion of prat1 •• ion u4 po.tti •• 1oft MUUcm. i. in­

OOD.i.tent vith the ••• u.ptLoD èbat Tn/T f 1. iD4epeadeftt of 

uoitatJ.oA .".r91 but i. .-litat1.ely ooui.uDt wièb toM 

.urfr ~.noe 9i •• .,. ... (A.17,,, fi l ' . 
\ " 

VII. "..' pl ~ __ "PJ!!~ 
• J 
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" 
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-

in the ti •• ion ot 238U by proton. ot 20-'5 HeV t.o the Mavy 

.ide ~t the ma.. 4i.tribution (rare-.arth region of fi •• ion 

product.) • 

Previou. .tudi.. on 231u bav. been earrie4 out in 

thi. laboratory by Xhan at al. (Xh,70), Sarkar "a 75), 
; 

Hiller and y.tte (~ 73', Dik'ié et. al. (Di 14) and Parikh 

at al. (Pa 67), 1nvolv1nq re.~et.iv~y ti •• 1on product.. 1n 

the tOllowing .... reqion •• A • '0-'3, 111-117, 122-131, 

130-13.5 and 13'-143. With t.ha aJCCeptlon of the work ot 

tWz.w. (U. 71) i~ t.~ aMr,y "U\9. 13-J5 MeV, üare bal bMn 

Yery lit.t.u a"periMntal data 1.n t.he .... re,ion beyond 

A • 143, tbi. ~ituation Nin9 part1r 4.,. êO tM tact that tb4a 

coap1ete rattocmaaical NJ'Uaiion ot J.ft4ivU..-l rar.-earib-, , , , 

fi •• Lon ~04uot. call. t~ delieate and lan,tby ~rat~ 

otun inoo.pati»le vi,th the .bort halt-live. anoountera4 -

tA thi ..... r .. ton. The -"v.nt of hip-re.olutton Ge,(L1) 

Luctor. ha. DOW M4e po •• ibla the UN ot .Ulpliti., cbM.ial 
, , 

/" ... 0CM4ur •• .mer. rare-.. rthJ Gan 1te Nparat.e4 a. a ,rou, Àn4 

iAlomatioD on .. parata nuclUe. can De utracte4 on tbe 

, ba.i. ot t.JNit ~.,. propert.i... '1'hi ... tbod.ba. Me» utt1i • ., 

ja tM I* ... .,t. ... 4i, .. rtaUon te lewl, fi •• ioA J*04uo~ COY_i., 
/ 

CM .... rettoa 14'~157. 

... baY. datent.. ~ iJI4e"".-t to.atioa\},fto .... 

__ *. 01 l.f.k , 1 ..... , 1 .. ',., 1!0 .. , .J.'s.,. èbe ... _ 

J.aëwe IonIaUoJt ........ SUU 01 14.ee, 1 14'.,1 ~4'", 
14 .... , 1~1., .J..1,., ;J,~ ... , l'J~1 1 .... ,_ .. 1 

( ; 

l' ~, : 
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/ 

4i.per.ton ourve. wh!le the cu.u~e cro.. ..cti~ bave 

bean u.eful in providin9 a betur 4efinitton of th41 ha_vy vift9 

of tha .... 4i.tribut1on in the 20-85 MeV raftge. 

one of the _in purpo.e. of thi. .tudy, wa. te verify 
-

if the narrow vi4th. of the charte 4i.tribution curve •. 
, 

~eviou.1y r.ported br 'arikh (la '" for A • lJ'--1~3 al:'e 

typJ.cal of very •• ~UJ.c fJ. •• J.oD .. enu, a fact "ich aipt net 

be CJonJi.tent vith iftcr~ MUt.ron evaP'*atioft in ~ba ~vJ.er 
• 

,d.ftf. It. vu a1~ of im::.I:' •• t"to ... if the N1Ia.J,our of the 

.,.t probable "har,. fol1owe4 .iai1ar t~e04. a. t.bo .. ,ob •• rve4 

tA l1tbteJ:' buvy p&'04uot. •• 

, 

,1 Il ., 

" 

\ / 

" 

1 ,') 

" , ~' 
~'! ' • 

; "'.1" l '" 
- ~ 1 .J~t,.,/-~f". 1 

,,,,t. 
... 

/ 

/ 



, 
e 

/ 

/ 

.. 

• 

l' 

;' -,' 
~ ~~; 

, . 
, " 

'" 

iI.;'­

~~~ ~,~; 

, 
! 

•• 

, 

) 

/ 

.-r--------.-----

,1 
1 

• 

1 ... / 

J 



__ + _______ '- ._~" f~, . 

4! 

66 • 

! 

1. l'U'AJtA'l'IOI or TAIar. 

The tarqet ataria1 u • .s con.i.~acS of \lrani .. foi1. 

of natural coa;o.it.1On (".28' 2l8g). ~ thickDé •••• u.a4 

varie4 ".pan4inq on the type ot ."periment parforme4. ror 
• 

irradiation., Whare lCft9-1ivacS nuc1U.. U.e. vith halt-1ive. 

fr.aur th&n one heur) vere .tu4iacS, • tbiGkne •• ! of 134 JI9/ca 2 
! 

v .. u •• 4. Nbenev.r .hortar hall-live. ver. iDv •• ti9ate4, a 

.al1.r thickna •• of 5 .. III/ca 2 va. ut11ize4, the r ... on for 

that 1Min9 t-1I0-1014 # J'!r.tly, t.he "b_J.oal .eparation. nee4a4 
l ' 
, to l>e perfoJ:JM4 in a IILn1JlwD aIIOUftt of t-Jai ~ the u. of • 

tbLAur tar9.t racSuca. '19Aificantly toha ttM neoe.u.ry tOI' 
, . 

- ' it. 4i'JOlutiOft# •• 00JI411 , the COUAt!A9 raU. r •• ultiD9 11'08 

~I t.he vbo1e 9roup of raJ: ... rth. are u.ually quita hi9h, .paoLa1-

1, tthan .hort-livad DuclUe. are .til1 pr ... nt. A ... 11.r 
# 

.uperticial 4.ftJJ.t, will r •• ~lt iD a lov.r activ1ty lev.l vbioh 
~\ 

i. I*.t.r&bl. i.p viav of t.M po •• iitl. "'-d.-ci.. 10.... 4urL". 

aotivity .... ur ... nt-•• 

'riln to irradiation tJN U'ui_ toi1. Wr. o1eue4 
/ l ' 

ia 4J.lttèe JUIO, in 0I'4er i:O S'MOYe CM 0JCUe layer M4 Nquen-

, cUJ.lr ~inH4 vith 4i.t111_ vaur, et1l&Dol, and "'.tone. ~ 
loi,.. .,... 4s"t.4 UDder vu,,,. at rOOll è ·.,.ra1:.1II'. iD or4ar t.o 

J ' 

pr .... tU'Üft~. nicdœe .... WH. det.esaf.Ded., 

weifhJ.Df a 1c.now ana.1oS' to the ~"'ÜioJl of ta. tu..-. 
A ~ 01 eattan1 ......... 41ft 'JCU' of J' .,t. "'Jo_y VU 

""-:Ja odu to JIIIId.,,~t ~ .... Jw ~,,, ... 
:tt,.",. ." 
.II v~ ":i'.. ",r.:?,4"' ~ '~}~~,.. , 

,'t~ oR :~ , s'/~ ~~' .' 
, d,l' .... l ~','..... 1 -", ,;' 1 

,/ h 

, ' 
<' 

l, 

, l" " , • 
(tù" , . ",. "" .' .(,_ ."! 'r; '. 
., ,;~ ) , ' • 1,.,; ~r'~ ~ t' :?::: ~ r\ :N >/ "'j.,1( :tf ~~ .. " ,.~ 

_, "" "{''''f' .-N ,.\., .... ' {." ., , '1" ,1,/ li' ;,; ," " 
_ 1 f ... " ~ ;1, 1I'>t ri";; ... 'iI'tJ "1ft' p' , ~ 

~.J,[)I~ (J'f·I';':, • ,/:''', ;Y,l~I,~ -tt ;K~J{:.~ .... ",~ t 

,,~ J,; t l~- .. 'brtf ... ./ ~I' ~ l 

_ e ~,~ (,i' ~ 1 

/ , 
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•• 
reaction 65cu (p,pn) 6401 • A .uperfJ.cial 4an.ity of 44 fI9/cra 2 

va. u.e4 thrQU9bout the .aria. of irradiation. 

foil'. , 

\ 
The target ... embly con.i.ta4 of •• tack of fiv~ 

1 

/ 
1 
\ 

- th. ur.niu. tar,at .an4wic~ bettl .. n two .iâ.Llar 

/ 

foil. wbo.. rola i. te compen •• te for reooil 10.... in.i4e t~ ... ter tar9et. 

- one copper 1IOft1tor tar9et. ~ r.coil 10 .... 
f 
in the .,nitor foil vera COD.üerr êo be -

aet1iqibl. ~ tbac ~r. va. no nece •• ity of 
/ p 

Nft4viClhinq it ~ two foil. of Che .... 

M&ftJ.al. 

- .., altaJ.DUtI foil Hp&rftiAq' Cbe CO}'Per an4 uranL_ 

/ ~ .. t. ia or4e~ t.o pr.vant che ~Oftlfn frOli 

OOftèatIiucloA by fi •• 1oft produot ... 

1 
, 1'U '-foil ..... 1" vu ~efta11r UJw.4 vith 

( 

NU". ri ~ .. • .u.. iD ot:4ft, CO LA'-._ .qual apo.ue t.o 

tU I*otoft ~ Lft dwa oopier u4 w:aaJ.u. CUf.u" TM.-UOk 

v.. ,,1.. • .,.4 1A a ""tet hoUer of tu ... 1 ÂOW iD J'ifu'e f 

Md wapped v1tb • 10 1191 .2 CJlUk a1~_ '011 vt:iUh 

aoW U ." ab~ of fÜ.ioJa JlS'o4uou ëo M'OU coac_iDattoA 

f' "~JoCJ:OD ..... ::z. .. UqR ...... 1,. .,.. ~ aè-

r te'" u the ... of ........ W .... 01 dN .,..aowo. 
(r,,~ ~t~, 1, 

l ' 1 
j 

J '1/1 , 

/ 

! 
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Il. I~lATIONI 

~ The tarvet ~r4mentl were carrie4 out at the 

McGill aynchrocyclotron tt the ro.ter Rad1ation Laberatory 

at enervie. ranv1n9 from 20 to 15 MeV. The irradiationl ~re 
J 

Il 

parformed U'in9 the internal beam at ener,y intervala of 5 "*V 
~r 10 MeV. dependinv on the nature of the fi.alon produot. 

bein9 inveativated. The incident enerVy val> 4etemined by 

a.tt1nv the lea41n9 ed,e of the tartit aaaeably at a proper 

1 
1 

. radiu. with the belp of the ener,y-veraua-rad1ua oa11~rat1on 

data provldld by the re.ter b41atlon Laboratory te .. (Po 64). 
( 

r; 

The foil .taok wal p1aOl4 in auoh a vay th.t ~e copper-monltor 

foil waa the firat to 1nteroept the proton ~ 1n order to be 

bombarded exactly at the n~nal ener9Y I~e excitation " 

'\> 

funotion. of (p,pn) reaotiona are more .en.ltlve to ..-11 

ener9Y ohanvel than thrt of flaalon productal. The beam­

en~9Y devradation inl14e the tar9lt a'l.-bly vaa calculateeS 

ul1n, the table of Wil11amaon and .0\1;)ot ("1 61). At 10 MeV, 
, 

where the 4evra4at1~ ia at a N.XWU. lt '11 oaloulateeS to 

" 0.70 MeV 1n the ooppe~ foil, O.IO~tlaV iD tbe alUlÙ.IlWl 
.\ -' 

oatobu ancl 0.55 MaV &NI 1.40 MeV ift .. oh of the unl\11l fol1a 

u.ed; correlpon41n, to an 0"&"a11 èllpaèlat10n of 1.65 MlV ucl 

2.S0'.Vat tH llftl of the .ateZ' taqet. ~ae valu. aH 

_11 vi~ the Wl~ta1atlel in the &\oa1n&l ~ùat ..... nerl'Y 

naul. ua, Ina waoeru.1A"e. in H41lJa e.tJaation. ~ "lue , 
1 " 

of *, a .. v val a40p'" al1 ~~\l,bout tIle ~1~, _qy 
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ranp. 

The duration of irradiation. va. dependent on the 

~half-live. and the fi •• ion ~ielda inv.ltivated. They la.ted 

for example 30 minute. in the c~ae of 148pm , lSOpm d~ter­

minationa and S minut •• when l4'Ce va. the ~uot of intere.t. 

"", 
Ill. CUMtCAL PROCBDUUS 

a) 'eparation of rare earth. 

i) General 

~he mo.t elevant technique for th. .eparation of 
• 

rare earth. fram a mixture of fia.ion prodUQt. i. the i.olation 

of the lanthanide. a. a Vroup by .olvent extraction, follo~d 
1 

by an individual .eparation by ion exohan~. '~9 the .e-

lective extractant. capable of .eparatin9 tripo.itive rare­

earth ion. trom other elament., the monoacidio orvano-pho.­

phoru. compound., &mOn9 whioh bia U-ethylhexyl)phoaphoric 

acid (HDBHP), have received the molt attention (~o 'il. Durinv 

the e~tract1on proc ••• , one hydropn in the wealtly &oi4ic 

extractant i. replaced by a metal ion and the reaotion ia 
, 

_inly ionio. A. a con.equence, thi. preee •• il efficient 

Oftly if perfon.d ift a w.atly aci4io MdiUlft, and require. rather 

avinpnt pH cond1tiona (0,,019 &Cl or 11H03), ln the pre .. nt wort. 

th. ellaaol'ltlon of ~ vanl. ~~t. MCe .. ltat •• th. ~ •• of 

~.tzon, aolel. &ftcl OOD.~.t~y tbe .~t1y aolelic 8Ol~tlon of 

fl •• iOft ~\lOt. 40ea not lbcl lt.elf to tnatMnt by aD&HP 
\ -. \11\1.... 0Il. 1. pnpued to Ùlcl.. a t~-oonawa1ft9 pK adju.bent 

/ 



, '1' 

o t. .~ap. .aoondl)', HDmIP ha. pl'OvH affioient oftl)' ift o •••• of 

• 

. , ~ 

carrier-fr.e .epar.tion •• a f.ot whioh rQl •• o~t \he Q •• of ..' , 1 

• oarri.r for cbeRical yi.ld. d.te~n.tlo~ and Ob~alftln, • 

fln.l 8011d • ..,l., 
'l'he ohutoal procedure .doptad hve 1. balad ~ •• 

• antia11y on the _\hocl of hM and MI.~ten. th I~), 'l'he . 
rar .... rth ,ro~p il ilol.t" b)' fluorid. preoipit.tion in the 

~a.enc. of liroon1Wft. lvont1U\ .nd bari_ bold-baok o.r-
1 

rial", .nd purifie. by .... 1'.1 oycl •• of ~i.e pI'.ol-

pi t.t1ona • 'l'hi. M\hocl wh10h h.. lboWft 1., to be .elaot1 va , 

.nou,h wh.n .otivi\y .... ~r .... t •• re o.rrie4 out'b)' y-aotivity 

.a.ur .. nt i. howevu not noo.end" for th ••• t1Mtion of 

rare-e.rth .ctivltl •• b)' '-couatift', AI .tatad prev10u.ly, 

the 'II. of h19h re.olutlon y-lpec~try h.. .a.e po •• 1ble 

'the oholoa of .uob •• l.pl1f1 .. procedure w1tbout enooQftterinv 

... ~or pz'Oblu. of eontaa1n.tlon by forel,n eluent.. the 

tt.. nece •• ~y'to l'un ••• par.tion 1. only ~ 40 minut •• , whieh 

.llowi. ln putioulu. the d.ieotl~ of 24.2 .. 14Cpr aM 

21 ~a ... lSS ... ~. aborte.t h.lf-l1ve. iftve.t19.t14 1a tIl1, 
\ . 

• ~le. of ~r1Mratl. nuiwa, vbloh exhlbit. ~ a1ailar 

ob.-10&1 bah.viou, li .110 oo-pnotpit.tad. Bo",.,.., ~trl_ 
• '9 ~ 

iao\O,.\ proclu0e4 1ft ... U ___ eqy fla.ion of a~·u N'e _.tl)' 

.- _ttK. ucl ~ ~Mnt y-sye, i,., t.M a02-JteV aft4 

4la-keV ,..i.11M of .~, SSl __ .V yalta. of 4,~, .. llay and 

a"-k.~ y-1.iM of lO~I-h '~Y do aot iDt.f.re ,,1\1\ ~ le1.eot..s 

. y-nya ..ttte4 br the nre-earth ,nup. IWthenon. tM 

" 



o 

-~ ~.,. .................. ,., ... -, ..... ... %'9 Mi 2 ::. UMWiif ur • 

'II 

dl!f.~.no. ln hal!-llve. pceol~d.1 th. po •• lbl1lty of a 
" vron ... a •• 19ft_nt, 'l'h.r.fo"., no •• paration of ytt.l'iUft\ 

f~ the lanthanld.1 v •• attempte4, ln viev of th. fact that 
l " • " 

th!. addltlonal .t.p vould have involyed ropeate4 pl'eclpl-

tation. or th. lnolu.lon of • t~ .. ~au.in9 oatlon-exchanve 

.eparatien_ 
.... 

Neod~um wa. ob6a.n aa the oa~rl.r ~ to al1 

th. r.re-.. rth. inveatlvate4 ln thl. work (Pl' to lu) en th. 

baai. of th. fact that the 101ub11ity produotl of th. fluor1d.a 

and hydroxld •• of ~j.oent .1 ... nt. do not dlf!.r vreat1y, 

a. reported by St.ven.on and N.rvik (8t 'lb). 

!O the tarvet .olution in 10N HNO). l ml of 

15 R9 NdaO)/ml of .tandardlae4 carrl.r lolutlon we. adel.d. 

Th. mlxture va. bol1ed for l a1nut. and .dju.ted to a volume 
, , 

of 10 ml by furt~r addltlon of lON HNO), Th. lolutlon wa. 
Î 

. th.n tran.f.rred ~o & l50-~ a.par&tory funn.l OOI\t&1n1n9 

50 Rl of hexon. ~V!OUI1Y equ11ibrated vith lON HN03 to 

exua~t the bulk of uraftl_ pri.~ \0 \he flrlt: prec1pltatlon. 

!he aqueoui .alut1on .1 ah&Jt.n for 15 aecon4a, tben WH 

~Ifer~ to a .O~ oen~1f~,. tube roata1Dlnv 1 ~ .~ch 

of 10 -vial of "(MOll a • Ir(NOl 'a,4RaO, and Ir(NOl)a,aHaO 
1 . 

1101\lt1oa &ot1n9 a. hold-Mok oarl'lera. Il'l(lOl ,. fta -

preolp1t&tecl by ùdit:lon of 5 ùopa of OOftoenU&ted H1PO. to 

~ve .1rooni~ &ctlvlt1 •• wb10h otbarwl.e vou1d be extenalvely 
, 

~lp1tat_ dU1"v the .\Ib.~t f1uorid. precipitation 

.} 



o 

1 

at.p. 'l'he aolutlon wu oent&'ifupd, the aupezon.te 
;-

tral\.ferl'H to a aecond teat tube, and 11~4 and 11"10. lien 

precipltatecl vith 5 dZ'Opi of cono.ntl'atecl Ha104 , After 

oentl'1fuvation, t~ phoaphate ancl aulphatt loaven9in,.\wel'. 

repeatecl. The ~ultlnv aolutlon va. th.n tl"anaferZ'ecl to 

a 40 ... 1 Teflon tube and tl'e.tecl 1i~ l "lof oonotntl'atecl 

Kr. The fluol'icle aUlpen.ion wea âtirncl f~ lO a.conda, 
"" ~ 

oen~1fuvecl fol' 2 minutea and th. aupel'nltant diaoard.d. 
*' 

NdP) vaa 1'1n.e4 with 10 ~ of O.lM HP aolut10ft. then cl1a­

aolvecl vith l ml of ~llOl and l ~ of ~ON KNOl , ancl acljùated 

to 10 ml vith diat111ecl wat.r_ Nd(OH)l waa lub •• qu.ntly 

pZ'.e1pitattcl vith 2 al of ooncentl'atecl NH.OH .olutlon, 

oentl'1fu9ed and then cll~aolvecl in l ml of 10N HNOl • Tht 
1 

hyd~icle pZ'eelpitation waa npeatecl tvioe ancl th. f1nal 

preeipitat. cl1.aolvecl in l Iftl of SN Hel. The aolution wa. 

diluted to 10 al vith cllatilled vatel', 15 ml of aatul'ated 

RaCIO. vere adcled and. the .olution wa. htated ln & vatel' 

bath for 5 ainutea to ~elp 00&9ulate the Nda(CaO.)3 pl'eeiplt.te 

wh1eb fo~.. 'l'he ~eipltat. wa. uanaferrecS on to a Noa.a 

Whataan filt ..... equent1ally 1'1naecl v1th diat111ed watel'. 

ethuol, ancl etMI' and calo1nateeS. at 100· C, for 15 a1nute •• 

MIO) _a -eoole4 ancl, powdel'e4 vith a ,laa. l'Od and the powclen4 

MaO) Ra then tl:anafun« vith .tl\anol on to a we1,hecl ,l •• a, 
\ . 

f1bel" f11t.1' e11'01e 1.4 Ga in d1 ... t ... fitted on a 9Z'Ound-off 

,Bil'.eh tunnel .et-QI). The _11 of th. ohilllley wa. r1naecr 

1 vith .thanol &ncl .thu. MaO) \f •• dr1e4 at 110· C for 

10 ."'ut.l. ooole4, "iVh_, .ountecl on a oanboad laapl.. 
1 

1 
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, , 
"li&.;1III:iliQ..J.~" :f ..... ' "'.;. '\>, ".\., ' _ ::., ...... 11'_'1 __ • _ •• ___ ... , 

ho14er an4 covere4 Wlth/Myla~ f~ ,&mma ray .. a.u~ ... n\ •• 

Tbe mea.,u'e4 chuical ylelel. ven of the order ot 50·.,0' .. 

lil) ~aRi4 ,roup .ep!~a\lon 

.,S 

The .tudy of 12.4~ lSlNd required a mo~e rapid 

ch.mical .eparation thaft the one outlined ln tbe ~ce4in9 

'p.~a9raph. In particular, 1\ .ppeared that if 11quid .ample. 

oould be prepare4, the .ample preparation \iIIe oou14 be 

~.duoe4 oon.14erably, Th. proc.dure,' a4optle4 .ion thi. ca.e 
~ 

/~a •• 1",ila~ to the ;eneral lroUP .eparatlon wlth, hovever, a 

.1n,le 11roonium and bari~-.trontium .caven,in; cycle a. 

well a. a .in,l. N4(OH)l precipitation. Th. hydroxi4e 

precipitat. wu di •• olved with 10 ml ot IN RCl and rapidly 
.. 

\ran.ferre4 to a 20 ml 9~a •• ~ttle which wa. imme4iately 

•• al.4 and ·~.ed a. the final •• lapl. for activity mea.urement., 

'l'hi. m.thod i. al.o 4e.cribed in Fi9ure 10. 'l'hi. rapid 

proce4ure thu. enabl.d th. tir.t ac\ivity mea.ur __ en\. to be 

t&k.n ~ 20 minut ••• tter th. end of i~~adiation, thi. tt.. 

tnt.nal lnclu41nl th. \~an.ter trOll \he cyc4.0\ron to \1\. 

looation ot .a,uHMll\. '1'h. bottl •• _~. po.i\ion" an4 

helcl in pla.,. wJ.th • pl •• tic holel.r vàloh centenet \la. 

~ttle. vi th ~e.,.ct to th. 4et.ctor .. 

ln thi ••• rie. of .... ~t., th •• ct1vitie. of 

l'lad wn. .... vd av.Ln., \1\0" ot 14'.4 which ,pl&lM ~e 
~. ot &ft iftt.~aal .ani~ .. '1 

~ 1 1 
1 
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1~ V.lldlty oh.ck ot n.04~1wm ~ •• d a. a oommon o.~~l'F 

~h ••• paratlon d •• crlbad in •• ct1on a.11) a •• um.. 
that the chemloal yi.le! of ne04ym1um d.t.rIft1ned })y 9raviMtl'f 

i •• pplic.bl. te all ~he ra~ .. arth. involved. Ho~ver, th • 

• 11,htly hith.r ~ater .el~})111ty ot '1'(01), (2.7 x 10.,0) a. 

comp.r.d to that of Nd(OHl l (1.' x ~0-21), Im(OH)l (1.1 x 10." ) 

ane! S~(OH)3 (1.4 x 10-12)[~nlt. al" tram mol.cul •• pel' 10' 

lit.ral mi,ht be r.aponaibl. for ... 11 diff.r.nc •• ln yi.ld •• 

Al.o, no qu.ntit.tive data exi.t o~ th •• olubility of rare­

earth f1uoI'14 ••• nd, 1n th. a ••• of prOMthium, no _a.UHMnt. 

haY! b.en a.rri.d out on macro quantlti •• for bath OORpOUftd •• 

Tracer •• perlment. hav. be.n carried o~t u.in; th. 

followin; nuclid.. pr.par.4 ~y proton ~rdm!nt of natural 

Nd20 3 ' '2. "-h 150h by (p,n) r.action of 150N4 (5."). 2 .46-h 

141Nd by (p,pn) r.action and .2.04-h 131,1' by (p,2p2n) r.act1on 

~ on'142Nd ,(17.1'). Th. bcmbarcSm.nt waa c.rr1!d o~t at 50 MeV 

wh.r. th ... nuclide •• re ~uCld ln comparabl. amo~t •• 

Four .liquot. of tb. traa.~ .olution we~ .u})j.cted , , 

to • compl.t. ;roup-•• para~1on. Tb. final N420, va. th.n 

tran.l.rrld to a 20 ml bottl., di •• olY!d in 10 al of RNOl and 

aot1vity .... \lZ'!ft\ent. were p!rfo~ on \hl liqu1d • ..,1 ••• 

ho al.iquot. of th. tracer .01 ution "'~ u." •• ref.r.nce 

.U\pl •• and ~eir aot1vity Ma.uad uM.r ~ ..... teOMtric 

oond1 tion. • Th. eStcay of th. thr .. l\uol1f1 •• v.. followed ud 

th.ir r'.ptati ... ot1v~ti •• at th. !ft4 of ~nt we. 

d.t~n.4 ~y .t&ft4ar« proO!d~... ~b. actlvity rat101 abow 

/ 

\ 
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- the l'atio of lS0'-t141Nd. ao\lvi\i •• i •• qual, , 

w1th1n .\ati.t10al Uftoe~ta1ntie~ in both the 

referinoe and the prooe •• ed .... 1 •• , 

- .the rat10 of ll.,~~41N4 aotiviti •• 1. ~ ,. lover 

in the prooeaaed aMple. than in \he uftpz'ooe •• e«, 
'l'hi. cOl'n.ponda to • 4.pletion in praa.oclymiWl 

wh1ch aù.,ht be du. \0 4iffu.noe. 1n hytm1de 

and/or fluoride aolubiliti •• , and/ol' th. fact 

\hat ,~l+ ion. ha" a lup~ 101\10 ~ad1u. a. 

~ to thAt,ot h •• viel' ~~ .. arth. ~oa\l.e 

of the conuaot1on of ~. .i.e of th, aqueoua 

1on. wi J. 1no~.a.in, nuclKI' chvp, In '\lb- • 

aequent chem1eal yield calculat1ona, th1. cor­

~ot1on wa. app11e4 to ;1' y1elda, wh11e tho., 

ot ,. to lu vere taken .qual to tha\ of ne04ytùWft .. 

ln \he oa.e of th. ta.t' vroup •• par.t10, wh1ch 

lft~lYe' le •• pX'.clpitation-di.aolution 0101 ••• no ai,nificant 

41tfel'eftGe "a. Ob •• ~ between ~ie14a, 

ta) 

, A ~Qi~ "pIZ .. ti~ _thod. .._".ll~ .a. on 

ta. pnoetun ot Glea4!ftM et al, (CIl .,. •• u.. 1ft oN'l' 
\ , - -

to iaolate 1a • al\o~t tm. 14,1 ... 14'ce fZ'Oa th. bulJt of 
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tillior prodUC~1 and the other rare earthl, The proo~u~e 

aakel ule ol the tact that cerium, u~like the other tervalent 

rare .arthl, il ealily oxidiled into e.+4 and that ,0.+4 .ay 

be .electively extracted fram .tron, nitric acid media by 

Mthyl i.obutyl ketone, The oh,.ioal .eparationl WI~e 

perform.d at the POater RadiatiJn Laberatory, tNmediately 

'tolloyin, the ir~adiat1on.. The uraniu. tar;etl were dia-

.01 ved in --A minimum amoun t of pnn.a teeS 10M lINO l' pre ferably 

to RCl in order to avoid the pre.ence ot chloride 10nl yhich 

_i,nt bamper the lub.equent oxidation of oeri\m\. The lolution 

wal carefully boiled to drynell àtter ad4ition of l ml ot 

Itandardiled cerium carrier lolution (10 m, Ce(N03»),6K20/al) 

in order to promete .xcnan;e betw.en the carrier and radio· 

active ceri~. The aolicS reJidue wa. di.lolved with l al o~ 
------

praleodymi~ hold-back carrier aolution (20 m, pr2ol !ml) and 

adjulted to a volume of 10 ml by addition of 10M RNOl , The 

lolution va. tranlferred to a lSO-ml .eparatory funnel 

containin, 50 ml of ... thyl ilObutyl tetone previoully .quili-
""-

bratecl vith lOM RNOl and abù.n for ~5 aeconda. Thil It.ep, 

prier to ceriWl oxidation, ha. been included in order to 

fne t.h. .01ut10n fZ'Oft\ uraniu wh10h othenti.e .l,ht lolloy 

cerium and contaainate the tinal ceriua aanpl. with wei,hable 

UlO\Ult.. .,h. .~ua .olutlon fta truatured to a leconeS 

.eparatory tunnel oonta1ning 2 al ot a~ Naarol .olution 

.ctin, •• the oxleU..1ft, .,.nt. !'hi. wa.a foll0we4 by the ad-
l' 

41UOft of JO al of Mthyl laObutyl at_tOM ,ntnatH with 
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10M HNO, and the mLxture wa. aha~.n for 30 .econda/ ~he 

time at the middle of thl. .tep ",a. recorded and taken aa 

that of •• paration of c.~um fram th. oth.r fl •• ion prod~ot •• 

The aqulou, phaae wa, di,carded and the orqanic pha.e wa. 

wa.hecl twic. vith 10 ",lof iM HNo) containlnv a fe." drop. 

of ,odlUJ'1\ bromate .olution. Cerium va. then bac»t-extr&cted 

ln the form of ce+) by .hakin; the methyl iaobutyl ketonl 

w1th 5 ~1 of ",a ter conta1ninq 2 dropa of 10'\K202 aolution 

whieh reducel ce·· into ce+' and the aq~eoua eolut10n va. 

tranlterred ta a SO-ml clntrifuqe tube. 

The procedure of Glendenin oal11 f1na11y for a pre­
cipitation of oerium oxalate which .. y De uaed aa the ehemieal 

form 1n which the final aample il mounted for activity 

mea.urement.. However. thi' Itep il quit. time conluminq a, 
1 

it r.q~irel ",arminv of the .olution and a 5 minute. div"tion 

of the pr.cipitate. %t ",a, tound more convenient to ihclude 

aa a final etep of reox1dation of ce+) into ce·· followed by 

a precipitation of eeriW\\ al cariu iodate, arter the .. th04 

of 1014ridp and KWH tao 51)" Apart from b4ainv falter than 

the oxalate precipitation, thia etep introducea &ft additional 
\ 

oxi4ation cycle whieh ~ovea decontamination fram the other 

rare earthl" The aolution of ee·', alter the 1102 re4uotlOD, 

w:a ue.ted vit.h 2 al of 2M N&kO) aolutlO1'l .1n th. pre.enCl 

of 20 av ot PI:203 holcl-baolt ourier and 20 al. ot o.31M IllO) 

vere actdH. ~he c. (%0,) 4 ,"c1pita~e toma illatfUltly. '1'he 

.01ut101\ ,.. ohtrihteel Ulcl Üle auparft&\e .U .• 0u4ec1_ ~he 

/ 
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() U t.&rget foil .. ION HN)3 

30 mg Ce (003) ) • 6H:p ... 20 ng Pr 20) 

l 
& EKtract U wi th SO ml Mathyl 

I80butyl ketone ,\, 15 sec. 

orqanic ~sc Aqueoœ phage 
(disoaro) (mùaad fission products) 

l 
~ 

Ade} 2 ml 2M NaBrO) sol. 

+ 50 ml of Mltthy 1 laobuty l 
.. ke~. Extract' Ce .. 4 '\, 30 sec . 

1 

d.isoard ~ phase 
.. 

Mash ~ phase twiOl9 

with 10 ml 9N fH») 

+ fw drops :2M NaBr03 sol. 

... ~ 

Aài 5 ml "20 + 2 drops o 
JO, "202 sol. 
Back extract Ce" 3 '\, )() sec. 

discard~c~ 
Aài 20 ng Pr20 3 
+ 2 ml 2M NaBrO) 

+ 20 ml O.35M HIO) 

Filter Ce (IO)) 4' 

rinse wi th 2 ml Etai 

+ bdœ 5 ml of ether 

M:ult, Activity ~~surement 

-, 
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o precipitate wa. wa.hed vith 2 ~ of EtOH and filtered with 

luetion on a No~42 Whatman aahle •• filter paper attached to 

a ground-off Kirlch funnel. The cerium iodate wa. finally 

rin •• d twice with 5 ml of ether and mounted tmmadiately on 

a cardboard aample holder coverad with 1.75 mg/cm2 Mylar. 

In thi. procedure, the time elap.ed between the end of ir­

radiation and the final ceric iodate precipitation waa 5-6 

minute. typically. 

Ch.mical yield determination. were carried out by 

al 

a gràvimetric method after the activity meaaurementa were 

complet.d. Th.~Mylar coyer waa carefull~ removed from the 

.~ple and rina4d with EtOH, the rin.ingl being recov.red in 

a previously weighed porcelai~ erucible. EtOH wa. evaporated 

under an infra-rad heat lamp and the .ample waa tra~.ferred 

to the crucible. CelIOl)4 was ignited for l hour at aoo·c 
and cerium vas weighed a. Ce02 u.~ng a preciaion_oalance. The 

ch.-ical yield ranged between 60\ and 80'. 

ii)j Praaeodymium-cerium decontaaination 

In thi.'work, the incluaion of a .eparate chemical 

aeparation for cerium waa undertaken in order to deter.ine 

the cuaulative crol.-.ection of 146Ce whoae know1edge, COIIbined 

vith that of the cwaulative croaa .. cUon of 146pr detemine4 

fram the Vroup .epuation d •• eribed in the prececliJag paragraph, 

will 1 .. 4 ta an eatiJMtion of the 1Ddependent croaa •• ction 

of l·'pr. ~be ch-.iatry uaed h~ vaa originally deviaad for 

.' 
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t~e .eparation of 284 .4-day.·' l44c. from fi •• ion pX'OC1uct. 

aft.r .hort-liv.d activiti •• , .uch a. tho •• of pra •• odymium 

i.otop •• in particular, had d.eay.d. In thi. work, 24.2-m 

146pr i. pr ••• nt at .ach .t.p of th ••• paration, .ith.r a. 

a dir.ctly formed fi •• ion product or a. th. d.cay produet 

of 146ce . In ord.r to avoid additional uncert.inti •• on 

146pr ind.pendent cro •• - •• ctions r •• ulting from th. u •• of 

82 

two different d.cay .chemaa, l46C• activitie. wer. d.t.rmined 

via th. activity of the decay product 146pr • It wa. th.refor. 

n.c •••• ry to det.rmin. to vhat .xt.nt pra •• odymium would 

follow c.rium at tho.e at.p. in th. chemi.try wh.re cerium i • 

• epar.ted from the oth.r rare .arth •• 

Tracer .xperiment. have be.n carried out vith 

ll7.S-day l34C. and 4.4l-hour l39pr produced re.pectiv.ly 

by (p,pn) and (p,2n)' r.action on l40C., by 20 MeV-proton ir­

radi.tion of natural C.02 • ln thi. c •••• th. targ.t mat.ri.l 

acta al.o a. c.rium c.rri.r in th. auba.qu.nt chemic.l proc.­

dur... A .olution of 20 mg/ml of pr203 "' •• u.ed aa pra •• ody­

mium hold-baek carri.r and th. .ffect on th. pr-C. con­

tamination f.ctor of th. r.lativ. aDOunts of pr203 and ce02 
pr.sent in th. initi.l sample "'.. inveatigated for thos. .t.p. 

involving cerium oxidation. .. found that, 

- iO .... urabl. a.ount. of pr ac~iviti •• follow ce 

4uring the .. thyl i.obutyl keton. extr.ction, 

even witbout addiD9 pr hold-back carri.r. 

- vh_ the Ce (IOl ) 4 "precipitation ia perfo~ 

/' 
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in the ab.ence of Pr20 3, 35' of Pr activity fol­

lowa the iodate precipitate. The decontamination 

factor can be ali~~t1Y improved when Pr20 3 is ad­

ded before the final precipitation. W. found 

that the contamination drops down to 15' when the 

ratio Pr/Ce - 2. Further addition of pr20 3 does 

not improve decontamination aignificantly. One .. 
ha. to note, however, that in apite of this poor 

deoontamination factor, the correction to be ap­

plied to the .. a.ured l46pr activiti •• amounts 

to 2' at the mo.t, due to the short time interval 

(1-2 minutes) which .eparates the solvent extraction 

fram the iodate precipitation. The time of solvent 

extraction and iodate precipitation was recorded 

in order to eatimate the amount of l46pr which 

aocumulatea during thi. time interval and subtract 

it fram that reaulting fram 146ce decay after the 

final precipitation. 

Copper chemistry 

~he radiochemical proce.aing of CU monitor foils, 

der1-..d fram the procedure of ltrau8 &nèl !«)ore (ltr 53). !lhe 

copper foil wa. weigbed on an analytical balance prior to 

ch .. ical treatment and dlaaolved in 2 ~ of concentrated Rel 

and a few drops of ~02 _ich ~t •• the oxldation of cop­

per into cu2+. ~he tarpt •• teri.l tt.elf acta •• the carrier. 

• 
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After complete dissolution, the copper chloride solution 

was evaporated to drynes. and redi.solved with 2 ml of 

4.SN HC1 .. The new solution was tranaferred to the top of 

• Dowex-1X8 anion-exchange resin column (mesh si.e 100-200) 

about 20 cm long and l cm in diameter, the resin having 

84 

been pre-equilibrated with 4.SN HC1. Th. column waa washed 

continuously with 4.SN HCl to fre. it from~, cobalt and 

iron till th. yellow copper band ia ready for elution. Coppe~ 

ia then eluted with 1.SN HCl and the middle traction of this 
1 

eluate is retained. The solution is diluted to a volume of 

about 5 ml by addition of distilled water and cu2+ vas reduced 

to ~+ with NaHSO) and precipitated as CuSCN by addinq drop­

wise a 10' NH.SCN solution from, dilute HCl solution until no 

more thiocyanate formed. The precipitate was diqested for 
f 

20 minutes over a 90·C water bath, centrifuged, washed with 

30' ethanol and acetone, and transferred with a minimum amount 

of iaopropyl ether to a previoualy tared glass bottle. The 

ether vas evaporated under an infra-red lamp and CuSCN was 

dried at 110·C for about 30 minutes and weighed. 

~he lpr8cipitate vas finally di.aolved in 10 ml 

of concentrated NH.oa and 64cu activity vas'determined in this 

liquid sample fOrll. t'he per~ta9. recovery of copper is 

usually h1gh and vari.s between 80' and 90'. 

d) 

~he fteod~ua carrier solution was prepared by dis-

1 

412 il 1 cac au 
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FIGURE 12 l bdiochemical •• puation of copper. F1owchart. 
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lolution of 1.5 , high purity Nd20, in lM Rel and the lolution 

val made up to a volume of 100 ml vith the acid. 5.0 al of 

th!a aolution were pipetted into a 40-~ conieal centrifuge 

tube and 15 ml of .aturatee! ~C204 .olution "n adcled. After 

heatin; for 5 minutel on a 'O·C weter bath, the precipltate 

val filtered uncler vae?um through a Noa42 Whataan filter paper, 

tranlferred to a w.ighed poreelain erueible and 19nite4 at 

800·C for l hour. After eoolin;, the preeipitate we. weighed 

a. Nd20 l , The reaulta of five replieate deterainationa agreee! 

Yithin ",'0.". 

The eerium c~rrier solution ~I prepared by d11-

.olvin; 30 9 of Ce (NOl) j. ,~o in 1000 al of 1120' 5 ml of 

thil aolution were pipet tee! iftto a lOO-ml. beaker and 50 al. of 

laturated (NH.412C20. were, aclcled. 'l'he precip1tate yaa heated 

on a water bath until i t had coagulated, theft eooled 1n an 

iee bath for 15 ainute. and filtered through a NOl42 Whatman 
\ 

filter paper. After a 30 minute ignition at aoo·c, the 

precipitate wal weiVhe4 aa ce02 • rive lu.ndardiaationa, vith 

reaulta agreein; vithin 0.5' have been carried out. 

/ 

All' the ran-euth acti~lU.a iDwatl,ated in thl. ' 

work vere _aa~ by lolloviDt the cle.oe.y of charaet_latie 1 
g .... raya on a lO-cc Qa(Lil cryltal 4etector. ~he 5l1-kaV 

ann1bJ.latlon photona ol the '·ol .c»Ql~ .~lea ven 

detected vith a Nal (t'l.) OZ'Yatal., 

.' 
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a) 

1) oe.cr1pt1on 

Th. d.t.ctor cona1.te4 of a lO-cc ory.til of 

11thium~r1fted 9.rman1ua (ORTEC BOd.l 8001-05ll) COftta1ned 

in a cryoatat M1nta1ned at 11qui.d n1tro".n t-.peratur.. Th. 

operat1ng volt .. ". bla. ~aa .2·~ volt.. A pre-.pllfl.r 

(ORfIC mod.l 120-2rl\va. mounted d1r.ctly on th. detector and 

the a19nal. were ampl1f1ed by a apactro.coPy'amp1lf1.r (OaTEC 

DOde 1 451). Th. pul ••• were f.d to an Analoq-to-Digltal Con­

v.rter unit, part of a Muclear Data 40" chann.l analya.r. 
1 

In ord.r to reduc. th. background &ri.1ng fra. .nvironmental 

ra4loactiv1ty, the whol. ayat .. waa plaoed ina1de .. th1ck 

1.a4 ahi.lding, the inaid. of wh1ch wa. 11n.d w1 th a coppu 

foll and. a ~uc1t. abe.t to t'educe 9--- baclt .catter1ng. Th. 

dur .. t1on and t1M 1nterval between counta could he progruned 
- ~ bY _ua of an 1ntuva.l clock and a cycl. tiAer. The 1nfer-

-' . ~ 
.. tion vaa then .tore4 autamatlc.lly on __ en.t1c t .. pe for 

auba.queat COIDputer analya1a. Bach apectrum waa r.cor4ed 

vith th. tiae &n4 4uration of count &Del .. tagword nWlber for 

Htr1.val purpo.... A.t th. eDCl of each .a.ureaent, th. 

...ory va.jautoa&ucally era.ed, the 

l»y ODe UAi t aM a MW cycl. .uzted. 

ayat .. ia ahown in F1quH 13a. 

tagword n~r lncr .... ed 

A. bl~ d1atlr .. of the 

fil. 4etecto~ could be uaed eitber ~ ·clock-tiM" 

or "11ft-Uae· .... XIl the aecoad ca •• , th •• yata .el!­

OOZ'recu for 4ead-t1ae 108.... III al1 our ~1MaU, the 

• 
1 



o 

.. 

/ 

flOOD 131 aloct cll_gr .. of the ctet.ator ayat... uaecll 

al Ge tU) .0114 atate cletector. 

b) RaI (!l) aciAtl11atlon ctetector. 

/ 

\ 
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.... u~nt. "" performed on live-tille and the activity 

cSetected R. kept to a le ... l .uch t.hat the indicatH tucS­

", t11M never uceecled 10\. '\ 'l'hi. •• achieved hl' vul'in9 the 

.: 

, 
i cii.tance between .Mple anel tetector • 

~-:'..--_ 'l'he nao1ution of the ret-up, in the enuvy rove 

pertinent to thi. work, va. tounel to ))e 1.4' for the 122-keV 

, y-line of S'co, 0.6' for the l56-keV y-llne of 113 .. and 

0.4' for the slo-kev'y-line of 20'.i oorre.pondinv to • full-. " 
wj.clth at half-IHXÙlwa of the peù. of '" 2.2 keV.' 

il) Bfticiengr calibration 

'l'he lO-cc Ge(Ll) cletector h •• been caltbrate4 for 

bath eneru and -.baolute photopeak efflciency over an ener9Y 

ranve of 100 to 2000 keV by Powler (Fo 12). 'l'he prt..ry 

'cal1.bration ha. been _de .t a. di. tance .uob that errer • ... 

, 

aat10n y ray ca.cade.) are reduced to a nevliv1ble errer. 

"he ~çe of the low portion of the efficiency Curie h •• 

thuefore been eleteZ1ù.Aed at • di.tance of 108.0 _ fram 

tbe detector uaift:9 112.r. ~ 133 .. point .ource.. t'he.e 

ft~11cle. have beu <=boau for the accuracy vl th which the 

rel.Uv. inten.lt1e. of thelr uù.ttecl ' .... -r.y. are Dawn • 

.,.. .... ureMIlU were car:r1ed. out uau, • thick pla. tic 
\ 

abeorber (1.4 -.) in omer to preftftt po •• 1ble a-y .~u.on. 
~lute efflc1eacy cleteDli.nat1ona have ben .. de at the _ 

, -

8' 

\ 

ti.unGe u1ft, ... t of IIlterDat1ou.l AtOll1c bHU AteDCl' \ 
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" 
(~) atandard point aourcea (241Aa, l17ca • coco, 54Mn , 22Na , 

8~) and the l82.r. clat.. J:lar been noraali.ecS to that of th. 

I~ atand .. rda (Po 72) by I.ana of a l.aat-.quare fit uainv 

th. Où Ridge Gener .. l r..a.t Square provram (OI\QLS) (8u' 2) • 
f 

In .. etu .. l experil'llenta, th. radioactive aourcea uaed 

for cro •• - •• ction det.rminationa are .pre .. cl aourcel of ~ 0.5 cm 

in diuaet.r, or in .0IIe C..... liquid aource.. It w.. th.refore 

n.c ..... ry to inve.tiV.t. in more d.taill the .ffect of aource 

~OMtry on th •• ffici.ncy. A liquid .ource of 133.. (obtained 

<I~~ New Engl&nd Nuel.ar t N'EN) ".a prepareeS in i4.n'ic .. 1 
1 

/veomatrie condition. (10 al) a. th. rare e .. rth aUipl.a uaed 

in 15~d axperiMnt.. Acti vi ty ••• ur_nt. b.ve be.n mad. at 

v.riou. di.tane.a correaponding to th. diff.r.nt ab.lv.a in th. 

a-.pl. boleter in ord.r to d.te~n. efficiency ratioa with 

re.pact to th. r.fer.nce ah.lf (108- da) .0 th.t the .ctivity of 

.aapl •• with low emi •• ion r.tea, mea.ured on .h.lva. elo •• r to 

th. det.etor, eould. ba converted to equivalent ratio. of th. 

calibrat.d diatance •• 

. Th. liquid. 133.. aource wa. th~ COIlvute4 into • 

apreaeS .01i4 .ource ( .... veo-try of the aa.pl~) by pre-
J 

cipitation of bariw. chroIIate &Dd the ._ operation iwaa 

nr-ated.. It ia te: be notee! that the activity of th. 133. 

aource naed' not be Uown, linee it baa beu ahowIl by !;Owler 

(!o 72) that, at ,diat&Dce. gre_ter ~&ft 75.0 .. , there il 

DO tifferellce in 4 th. .ffielency for point or uterw4j .ource ... 

A 11.tiDg of the naul.tl obtaiAed. for tbe vuioui 



o nuolide. in ehil .eudy i. given 1n Tabl. 1. riiure 14 

.how. the o.libr.tion curve •• d.t.rmined at 108.0 mm by 

Fowler. The point. Ar. th.~ IAEA and th. nokm.lil~ 182Ta 

'1 

dat.. The lolid lin. i. the eurv. calcul.tad by ORGLS le •• t­

.quare fit. Th. probable .rror of .ffiei.nei •• above ~ 300 k.V 

ha. b •• n o.leulated to b. ~ 2', whil. at lover .n.rgi •• it 

·inor ••••• to about 8' .t 100 k.V (Fe 72). 

b) NaI(Tl) .ointillation d.t.ctor 

Th. Icintillation d.teetion Iystem uled in th. 

m ••• urem.nt of the aetivity of th. copper monitor .~Pl •• 

con.iatad of a 3" x 3~ thallium-aetivated .odium io4id. 

cryltal (Har.haw Chendcal Company) h.r.matically .ealad in .n 

aluminum oan and optically coupled to • photomultipli.r 

(RCA 6342-A). The d.tection aa.embly v •• ahielded from the 

background radiation by a l.ad hou.ing. Th. in.id. o~ th. 

lead ahielding wa. lined with iron and copper to aleernate th. 

fluor.scent radiation. fram lead. 

Th. output pul.e. fromj th. pr.aaplifi.r were fad 

to a 400-chann.l pul.e R.igh~ ~aly •• r (Nuelear Chie.9Q 

Corporation Mod.l 34-12B, RIDL) and the .pectrwa of the stored 

data wa. printed out with a digital print-out .y,t_. (In 

the .etual .... ure.ent .et-up, two identie.l detection .yst ... 

and the1.r pre&llpli~i.r could .eftd puls •• 1 to th. analy.er 
, / ,,/ 

alt.rnatively tbrouVh • awitch. An external cycle-ti .. r could 

tri~r th •• ,,1teh· Uld th. analy •• r ,",Tb. arrangèJaent i. abown 

.. 

\ 

1 
1 



•• _. lb - 1 

92 

, 
1 

T~LE 1: Absolute efficiencies for gamma-rays of nuclides 

studied - 30-cc Ge(L~) detector 

Nuclide 
GarT'Ina-rav Det:ector-to-

eneI"Ç'Y OœV) sarrple distance 
E Eliq sp 

147Nd 91.1 20.7 7.10 
-3< 

mm x 10 

153Sm 103.2 20.7 mm 8.71 x 10-3 

15SSm 104.3 75.0 mm 1.80 x 10-3 

153.5 mm 5.78 x 10-4 

151Nd 117.0 75.0 mm 1.57 x 10-3 

153.5 mm 5.65 x 10-4 

156sm 
, 

x 10-2 204.0 20.7 mm 1.09 

149Nd 211.3 20.7 mm 1.08 x 10-2 

75.0 mm 2.19 x 10-3 1.58 x 10-3 

153.5 mm 7.09 Je 10-4 5.69 x 10-4 

149Pm 286.0 20.7 mm 8.28 x 10-3 

15°Pm 333.9 20.7 mm 7.03 x 10-3 

75.0 mm 1.43 x 10-3 

lSl
Pm 340.0 20.7 mm 6.94 x 10-3 

lS7Eu 373.0 20.7 mm. 6.31 x 10-3 

146pr 453.6 75.0 JIII1 1.01 x 10-3 

153.5 ... 3.28 x 10-4 

" 
148~ "55'0.0 20.7 JIIID 3.60 x 10-3 

--~- ------------------

j 

i 
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FIGURE 14: Absolute photopeak efficiency of 30-cc. Ge (Li) 

detector measured at a distance of 108.0 mm. The p10tted 

data are 1AEA standards and 182Ta data no~1ized to the lAEA 

data. After Fow1er (Fo 72) • 
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on Figure 13b. 

The resolution of the crystal was found to be 7.6' 

for the 661-keV qamma ray of 137cs • The efficiency of the 

detection system for the 511-keV q&mma ray was determined 

by Newton et al. (Ne 73) using a liquid 22Na standard source 

obtained from New Enqland Nuclear Corporation. The standard 

sample was measured under qeometrical conditions identical to 

those for the 64cu samples prepared for monitorinq the proton 

beam. The choice of 22Na was dictated by the fact that the 

maximum enerqy of its positrons (S+Max - 0.545 MeV) is not 

very different trom that of the positrons emitted by 64Cu 
+ (6 Max - 0.656 MeV). The contribution of the l.27-MeV 

y-radiation of 22Na to the 511-keV annihilation peak by pair 

production was assumed to be neqligible. 

The analyser has a provision for dead-time losses 

corrections. However, Newton et al. (Ne 73) have found 

that, as the d~ad time rises above 8', the live timer error 

becomes siqnificant. Tharefore, a.ll the activity measurements 

were perforJDed after substantial decay of 64cu had occurred 

50 that the data were collected below 8' indicated dead ti.me. 

l 

------------__ .... _ù .. mNa 
i~~ 
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o This,chapter describes the procedures utilized to 

convert the gross data, which consist of gamma-ray spectra, 

to formation cross-sections of the nuclides studied. 

1. ANALYSIS OF SPECTRA: PEAK INTEGRATION 

95 

The photopeak areas, which represent the total 

activity at a particular t~, for a given measurement period 

and a given y-transit~on, were determined by summation over 

the number of channels defining the peaks of interest, fol­

lowed by subtraction of the background. All the data 

recorded on magne tic tape were processed using the l-lcGill 

Computing Centre IBM 360-75. DUe to the large number of 

peaks present in each spectrum, specially at times of meas-

urement vithin one hour from the end of bombardment, no at-

tempt vas made to perform a primary analysis with the aid of 

a program which locates the peak positions. Each selected 

peak was visually located with the help of the channel num­

ber-versus enerqy relationship determined with standard sources 

prior to each series of activity measurement. In spite of the 

cOIRplexity of the spectra,' it was possible to isolate the 

various peaJcs of interést without noticeable interference fram 

neiqhbouring y-rays (except for the 103.2-keV and l04.3-keV 

y-lines of 153Sm and 155s. ~hich have been treated as a single 

peak. and the two COIapOnents subsequently.resolved using a 
1 

p~ure described in the fo~lowing paragraph). 

==~!4;l24 i __ $1 



r- I 

1 
0 

, 
f 
! 
~ , 
, 

1 
1 
t , 

. 
t ft .. 

96 

A simple summation program, whiCh C~dS the 

reading of the tape, performs peak integration, prints and 

~ punches out results f has bean used (Br 71). Input parameters 

consisted of the taqword number of the spectrum to be proces-

sed and the limits of the peaks defined by two channel­

windows on each side which serve also for background deter-

mination. The program integrates the total number of disinte-

grations between these limits and subtracts the background. 

This background was taken as a straight line computed by a 

linear weighted least-square method through the points in 

the adjacent channel-windows. The variance of the total 

number of disintegrations was taken as its weightinq factor 

(St 65). The standard deviation on the activity of a peak 

was taken as the square root of the total peak area pl us the 

background (true peak area + twice the .background). The 

output consisted of the time at the end, of measurement, its 

àuration, the number of recorded disintegration and the cor-

responding standard deviation. The format of the punched 

output was chosen suéh as to match the input format for the 

progrUl used in decay-curve analysis (see follow1ng section) • 

For data collected vith the Nal (Tl) deteetor r peak 

!ntegration vas done manually. A trapeaoidal background was 

subtracted ·frca the total peak area. The atraight line 

defi:ning the lover liait of the peik vas that pas.ing through 

an average background on _ach side of the peak. ne staDdard 

deviatiOD of the pe_ ar ... va. calClÙated vith the .... expres-

.. 
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o sion as above. 

The apparent emission rate, RO. vas then corrected 

for detector efficiency, gamma ray abundance. charnic.l yield 

to give the absolute disintegration rate Do: 

CC .1) 

where E: detector efficiency for a specifie source-detector 

geometry. 

Iy: number of y-rays emitted per disintegration. 

C·Y: chemical yield. 

97 

The values Iy for the various nuclides pertaininq 

to this work are shown in Table II. along vith the hall lives 

used in subsequent calculations. 

II. DECAY-CORVE ANALYSIS 

The decay·data were analyaed vith the Br~khaven 
National Laboratory least-squares progru CLSQ (CU 63). 'l'his 

program, vhich vas origÙlally writtera to tr.at decay data. 

obta1ned vith gaa-flow baU counters, uae. a leaat-.quare . \ . 
procedure to cc.pute -the activ1.ty at aOlie arb1trary initial 

tilDe ADCl ls capable of reaolviDg- up to tu. COIIpODents. At a 

.glven tialll t, th. observee! 4iai.DtegratiOll rate ia the aUJll of 

the CODtributlon of tba • CONtODC!~. (a" 10): 

! 
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TABL! Ils Decay properti •• of the oblerved nuclides 

.uc1i<!. 

146ce 
146pr 

,147Jf4 

148m,. 

l49R<! 

149b 
l5°Pm 

151)14 

151PDr 

l53SID 

155Sm 
l56 Sm 

lS7Eu 
64cu 

* 

Emitted ra-
RAdiation diation per 

Mode of * Half-1ife detected disinteqration formation __ _ 

c 

c 

c 

i 

c 

c 

i 

c 

c 

c 

c 

c 

c 

(p,pn) 

14.2 III 

24.2 m 

10.99 d 

41.3 d 

1.73 h 

53.1 h 

2.68 h 

12.4 m 

28.4 h 

46.5 h 

22.2 m 

9.4 h 

15.2 h 

12.74 h 

453.6 keV 
fr01'll dauqhter 

4.53.6 keV 

91.1 keV 

550.0 keV 

211.3 keV 

286.0 keV 

333.9 keV 

117.0 keV 

340.0 keV 

103.2 keV 

104.3 keV 

204.0 keV 

373.0 keV 

511 keV 

0.77 

0.77 

0.28 

0.95 

0.27 

0.026 

0.71 

0.40 

0.21 

0.28 

0.73 

0.20 

0.14 

0.38 

c - cumulative product i - inde pendent product 

~ 

o 

Ref. 

Le 67 

" 
.. 

" 

" 

Ch 70c 

Le 67 

" 

" 
" 

" 

" 

" 
" '" CIO 

.. , 

.,~ oF~ J 
", . , . , 

'(..~ 

'1 . 

," 

1 • 

..j,', 
.. ~ t 
~ .. -. 
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m 
Att) - t IIjexp(-~jt) + vtt)] 

j-l 
(C .:2) , 

where Ij is the initial activity of the jth component and 

vtt) is the residual at t~ t due to statistical fluctua-

tions and experimental errors. For each observation of A(t) , 

there is an equation of the form of (C.2) which is linear 

with respect to the initial activity. A least-square. 

solution for the Ij'S is obtained by minimizinq the squares 

of the properly weiqhted residuals. Each point vas weiqhted 

by the value of the standard deviation and the origin of 

time was taken as that of the end of bombardment (plus half 

the duration of the countinq interval in the case of short­

lived nuclides). Besides providinq the activities at the 

origin of time, this proqram also gives t?e half-lives of, 
~ the nuclides corresponding to the best fit as defined &bave. 

A second program, ba.ed on the same principle, vas 

u.ed to analyse ,the copper monitor data obtained vith the 

Nal{TI) detector, as in the original work of Newton et al. 

(Ne 73). In thi. lineu le.st-aquares treatllent basëd on 

the aath8lll1tical _thod of Von Boldt (~o 59), th.re i. no 

proviaioa for a variable half-lif.~'half-lif. values .ust 

he qiven u input data. 



1 

) 

• 

n' 

III. CROSS SECTION CALCULATIONS 

al General eguation 

The observed disintegration rate of a .peeie. A 

at the end of bombardment, DAo, can he ealeulated aecording 

to the expression: 

wher. 

1: beam intensity of th. boabarc:ling partieles 

(number of partiel •• per ~.cond). 

~ ; superfieial density of the target materi .. l 

(nuaber of atoms per c:a2). 

(C .3) 

0A: formation cross section of speeies A (cm
2
). 

ÀA: decay constant of nuclide A (in .ec-1). 

to: duratian of boIabardment (in •• cond.). 

The deteraination of 1 is achieved by .onitoring 

100 

the lM .. vith a knovn reaction. As atated befon, the reaction 

6 SOI (p,pn) 6.CU vas uaed for thi. purpo... The cro.. ..ct ions 

at th. different tx.ba .... nU.DCJ energi.. usecl in tbis work are 

liatecl in ~. 3. filas. labelled vith an a.teriak bave beeD 

iDterpolateèl !%ca the orlViaal valu •• of Newton et al. (!!! 73). 

~ cli.!a~atiOD. ra~ at: the eIlC1 of ~t of 
,. ' 1 • 

CU, 0: ' CUl .. C&lcolat:e4 fxca .. nl.aUOD a:1a11ar ta (C.3): 
1 

• 
gC·ELZE 
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TABLE III: 65CU (p,pn) 64CU cross .ections 

- 1 

Ep(MeV) Ref. 

1:::::...1 

20 285.0 Na 62 

25 429.1 Ne 73 

30 408.7 .. 
35 249.7 .. 
40 244.6 .. 
45 194.5 .. 
50 186.6 Il 

• 55 178.2 .. 
60 169.7 • .. 

• 65 162.5 .. 
70 155.3 • .. 
77 156.9 .. 

• 85 141.1 .. 
/ 

• interpolated ~u •• 

.. 

/ 
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l' 

(C.4 ) 

where the subscript M refers to the monitor. 

By exposinq an equal &rea of the monitor and the 

tarqet foils to the s&me beam, the intensity 1 will he 

identical in equations /(C .l) and (C ... ). Therefore, the 

formation cross' section of A aay be determined relative to 

the known monitor cross section by cOmbining the.e two 

equations: 
• 

o 

° 
~A 

°A - H 0 
YM 

(C.S) 

102 

The n~r of atom. in a given area is related to its weight by: 

n - A~li. x Ab x J 

W: veight of the foil. 

A.1h atOldc weight of the t&rget Duclide. 

Ab: iaotopic abundance 'ot--the' target nuclide. 

cJf: Avogadro'. nœber. 

(C.6) 

SubatitutiDg~(C.S) ~or the .anitor and the t.&rget 

\ iDto (e."'" one obtain.: 

• 0 -'- t Di Abx A. "'.r .. 11-. -. 0) 
0. ër Z u;-.z r:v-.z il x -11ft 

DA .., _., ~ (1-. 0) (C.7) 

\ 

1 \ 
(./ 

,~~ 1· 1 

• 
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b) Calcul.tion of disinteqration rates at the end of 

bomba.rdment 

i) Case l 

, .,.. 

103 

r " 

Equation (C.6) may he applied directly to calculate 

the inde pendent cross sections of shielded nuclides and the 

cumulative yields of nuclides vith shor;21ived precursors. 

This situation is encountered in this work in th. case of 

148~ and lS0P,m (independent), and lSlNd and lS1EU (cumulative). 

(see ~able IV for details on the various decay chains in-

volved in this study). The precursors of lSSSm and 156Sm 

have been assumed to he short-lived since ~o data on half-

lives exist 50 far in the literature. In any case, half-

lives are likely to he short enouqh so that saturation rates 

are reached in a tilDe short compared to a 30 minutes ir­

radiation period. 

ii) case 2 

When the parent decays vith a half-lif .... vhich is 

not short cOJllp4.red 

of irradiation,ita 

to that of its daughter and/or ~ duration 

contribution to the oba.rved CWIlul~ va 

yield of its ~uqhter has to he evaluated. Conaider a ~~ 
A • B • C (stabl.e) vith A havinq .. ahort-lived prec:uraor. 

1 

If'he a.ount of A pr.sent at the end of ~t ... y he 

expreased bl' a À1ation aiJlilar to (C.l) ... 

0AZD.r ->"AtO 
- lA (1-e ) (c.a) 

J 

. \ 
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TABLE IV. Fission product decay chains (Ho 72) 

Element 

Mass 
s,La 5"8 Ce 60 Nd 59

Pr 
62 Sm 61 Pm 

63
EU 

146 8.3s -14.2m t 24 .2m • stable 

147 11 < 108 .708 .12m tlO.99d_2.62y_l.07.10 y 

l48m 15 13s --.-. '" 43e • 2. Om - stable. 41. 3d p .10 Y 

149 v.short? .181 .2.3m • 1.73h ~ 53.1h _> 1.106 y 

1S0 v.short? .12.49 ... stable 2.68h --...... stable 

151 v.short? • 4s • 12.4m 
~ 

153 v . shor t 7 ----4 

155-

156 

157 

.. 
y .. y •• r h - hour S ". second 

d • day m .. minute 

- l ,[ . 'n. 79. un, '[' ,,5$1 .7aw~~~ __ .. _.t 1 • Ir " 

.... 
o ... 

r 
! 

1 
1 

l, 
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At any time t during irradiation, the net rate of 

production of Bis: 

(C. 9) 

The first group of terms appears due to parent 

nuclide A, the second term is from the independent formation 

of nuclide B, and the last term takes care of the decay of 
"" 

the daughter nuclide B. At the end of bombardment, the amount 

of B present is: 

(e .10) 

where 0A is the cumulative cross section of species A and 

oB the independent cross section of nuclide B. 

After the end of the bcabardment, the amount of B 

groving from NA 0 in a time t is: 

Therefore, at tu. t, the diaint.egration rate of B, at'ter 

subst1.tuting ~ 

! 

{
-lat -lat 

~ - Zn.r U-e' °1·. • (CfA + .O'B) 

-1 t -l_t 
1 (e A 0_ ''1J o) -lat 

B la - lA •• °A 

.1 -1 t 1 

la (1.'" :la 0) -lAt -lat ) 
+ la ,'- l.. (e ... )aA 

(C.12) 

/ 
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In this work, whenever the rare-earths were treated 

as a group, no parent-daughter separation occurred. Therefore 

(C.12) applies to the otiserved disintegration rates aIl 

throughout the period of activity measurements. Secondly, the 

data used in decay-curve analysis are those collected at a time 

when complete decay of the precursors of the nuclides of 
-À t 

interest have taken place, i.e. when terms in e A have 

disappeared. Therefore, the extrapolation of the decay curves 

to the time of the end of bombardment yields the following 

0
1 

expression for the observed disintegration rate of B, DB 

-À t 

l {-ÀB t ÀB (1 + e B o) ° ) 
D~ = InT (l-e 0) (OA + OB) + À

B 
- X

A 
A ( C.13) 

The second part in tbis expression represents a 

corrective term ta the first one which otherwise is identical 

to equation (C.3), with (oA + OB) as the cumulative cross 

section for nuclide B. This correction had to be taken into 

account in the case of the l46ee - l46pr pair. In aIl other 

cases investigated in this work, the differences in half-lives 

vere large enough to treat the last ]MIDber of the decay chains 

as one having a short-1ived precursor as ln b-i), without in­

troducing significant errors iD cross-section calculations. 

It bas to be noted that equation (C.12) is applicable 

only to cases liber. either all the nuwbers of a decay chain are 

ch.,;ea11y separatee! vith the SUIe yielei or the short-lived 

precursors bave decayed co.p1.etely. For ~46pr - ClDIUl.ative cros. 

. 
1 

l 
j 
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section measurements, following group chemistry of the rare 

earths, the targets were processed after a cooling period of 
", 

about ~ l hour, in order to allow the decay of I46Ce (> 94') 

to take place. This precaution is made necessary by the fact 

that cerium, as a fission product, miqht exist in the +4 

oxidation state. 

iii) case 3: Cerium-praseodymium separation 

The calculation of the disintegration rate of l46pr 

formed by decay of i ts precursor 146ce becomes slightly com­

plicated by the fact that durinq the Iast stage of the ch~cal 

separation (iodate precipitation), seme of the l46pr which 

bas qrown fram l46ce after the cerium solvent extraction fol-

lows the cerium fraction. 

Let to be the duration of bombardment, t l the tilDe 

of the first Ce - Pr separation (solvent extraction) and t 2 

the tiae of the second Ce - Pr separation (iodate precipitation) 

A and B refer to 146ce and 146pr respectively. 

At tiae t 1 , follow:inq the extraction, the aJIOunt of 

146ee present in the cerium fraction i8 

(C.l.) 

the .-ouDt of B followiDg A has been foUDd to be neqligibla 

(section B XII-h). 

At tiae t 2 , "jwat be~ore the iodate precipitation, 

/ / 
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the number of atoms of 146ce is: 

(e .15) 

The amount of 146pr which has grown frall 146ce 

during the tilDe interv~ (t2 -t1 ) is expressed by: 

t 1 
ÀA NA -ÀA{t2-t1 ) -ÀB(t2 -t1 ) 

= Xl; - X
A 

1 e -e J a A (C .16) 

At time t 2 just after the carie iodate preeipitatioh, 

a fraCtion of species B follovs A. Let Il be this fraction 

(a - 0.15 as determined in section III-b of experi.-ental 

procedures). At a tt.e t > t 2 , the a..ount of B present is 

therefore made up of two parts: that grown from 146Ce, after 

the second Ce - Pr separation, andj that coming fram con­

tamination by l;,46Pr forlMld during the tilDe interval (t2-t
1
). 

A -A (t-t) -l_(t-t) 
~--.,;;;A~ le A 2 _"'li 2 l 
IB - lA' 

! (C.11) 

t -l.-(t-L) 
". 2 •• -"li -Z 

B + Cl 

• • 
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(C.18) 

At a time when 146ce has totally decayed, the term 
- -ÀA (t1t 2 ) . 
e vanl..shes in (C .18). The extrapolated disinteqration 

rate of B, ~ ~ at the end of bombardment is obtained by 
+~t 

multiplyinç (C.18) by ÀB and the decay factor e : 

1 

-, 

,.-.,~-­-
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l. CUMULATIVE CROSS SECTIONS 

The cumulative formation cross sections at each 

incident enerqy have been calculated as explained in the 

precedinq chapter from the decay schema data given in Table II, 

the monitor cross sections presented in Table IV, the ef­

-ficiency of the detector shown in Table l, the chemical yields 

and the duration of bombardment. In the case of l46pr , an 

add~tional parent-daughter factor was applied due to incomplete 

saturation of the precursor l46ee • A correction arisinq from 

cerium contamination vas also incorporated in the final cross 

section calculations usinq the crntamination factor determined 

in Chapter B (section III-bl. The cumulative yields for 

od " "th f"" f 238 ""d "20 85 MeV pr uct10n ~ e 1SS10n 0 U at 1DC1 ent enerq1es -

of the cumulatively-formed nuclides studied ,in this work are 
J 

pown in Tables V to VII. The values quoted for these cross 

sections are in JOOst cases the result of several determinations .. 

~y vere obtained by taking the average of the se measurements 

and the associated errors repr •• ent the -.yjmgm amplitude 

, l' ~ betveen rep 1cates. 

1fbaDever li .hgle experJ..ent va. per:fouaed, the error 

quoted bas been calcul.ated by takiDg the waxi __ , errer deter­

ai"" fraa replicate ..asur_nts at ot.ber anergi... -rhe 

.yste.aUC en:or. Iut .. DOt been inclacled in tbii error bar. 

sbcND aDCl the .. vl1~ be 4iscusHCl in • ~t •• ction. 
- / ' 

\ , 

'lb.e data 91.". in ~abl. V through 'yxX, aloDg v1.th data frc:a 

'/ 

1 
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* " .,AlU V. Cumulative formation oroa. aeotions .. 
1 

I~ 
~ l4'Ce l46pr l47Nd l49Nd 

.p_("'V)~ N/I-l.5172 N/Z-l.4745 N/Z-l.4500 N/Z-1.4833 r ~. 

l 
20 11 • 7 t 2. 3 (1 ) 15.2 :t 1.7 (2) .15.9 :t 1.8 (2) 9.40:t 0.7 (2)' 

t~ 
25 10 .. 5 z 1.6 (2) 

~ 15.0:t 1.7 (1) 16.7 :t 1-04- (2) 9.50 ± 0.9 (2) 
r 

30 13.8 :1: 1.4 (2) 20.2 1: 1.4 (2) 18.1 :1: 2.5 (1) 11.8:t 0.7 (3) 

35 10.1 i 2.0 (1) 17.5 1: 1.6 (2) 2 0 • 8 ± 2. 5 (2') 12.5 ± 1 •• 1 (2) 
1 • 

4.0 12.3 * 1.8 (2) 18.7 :t 0.9 (2) . 21.0 ± 1.9 (2) 12.1 :t 0.9 (3) 

45 9.9 t 2.0 (1) 18.3 ± 1.1 (2) 18.5 ± 2.5 (1) 12.2 ± 1.4-- (2) 
h 

50 5.7 :t 1.2 (2) 17.2 t 0.8 (3) 16.6 ± 2.3 (1) 13.9 ± 0.8 (4) 

55 7.4 t 1.5 (1) 17.6 t 1.2 (2) 20.4 t 2.8 (2) 14.0 :t ,1.7 (2) 

6O 6.4 :t 0.8 (2) 15.8 ± 1.3 (2) 19.2 ± 1.7 (2) 11.9 :t 0.7 (3) --
6' 4.7 :t 0..-.' (1) lS • 6 :t 1.8 (1) 15.5 :t 2.2 (1) 10.7 ± 0.9 (2) 

10 4.4 t O., (2) 13.8 t 0.9 (3) 13.7 1: 0.6 (2) 9.5 t 1.0 (2) -
77 6.1 :t 1.2 (1) 13.7 t 1.4 (2) 11.8 ± 1.5 (2) 6.8 ± 0.7 (2) 

)85 3.6 :1: 0.4 (2) 9.6 ± 1.1 (2) 1L4 t 1.7 (2) 6~5 t 0.9 (3) 

~ • ~ 
The number. in braok.ta qive the number of determinationa ~ 

------ -
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/ ' -Glib 

.,(MeV) 

20 

25 

30 

35 - 40 

45 

50 
c 

55 
~ 

'0 

l' 
70 .. 
77 

85 

* Cuau1ative formation oro.. .ection. 

_ 149,. 151Nd 
N/Z-1.4426 N/Z-!. 5167 

12.3 * 1.3 (2) ~ 4.3 t 0.6 (2) 

12.4 i T;-8 (2) 4.9 * 0.9 (1) 

15.4 :t 1.4 (3) 5.2 t 0.4 (2) . 
11.4 :t 1.,5 (2) 5.1 ± 1.0 (1) 

----11.0 :t 1.2 (3) 5.0 % 0.7 (2) 

1'.4 :t 1.8 (2) 5. ~ ± 1. 0 (1) 

18.' :t 1.7 (4) 4.B :t 0.9 (2) 

19.0 :t 2.2 (2) 4.8 ± 0.9 (1) -

16.3 .t 1.8 (3) 4.3 ± 0.4 (2) 
1 

14 .7 .t O., (2) ,4.2 ± 0.7 (1) 

13.J5 * 1.5 (2) 4.5 :t 0.8 (1) 

10.1 .t 1.3 (2) 4.4 :t: 0.1 (2) 

'.1 t 1.1 (3) 3.2 t 0.6 (2) 

lslPm 
N!Z-l. 4754 

7.1 ± 0.8 (2) 

7.2 ± 0.6 J2) 

7.7 ± 0.9 (3) 

7.9 ± 0.5 (2) 

7.8 % 1.1 (3) 

8.1 ± 0.7 (2) 

8.5 * 0.6 (4) 

B.3 :t 1.1 (2) 

6.7 :t 1.2 (3}-

6.9 :t 0.5 (2) 

6.3 :t 0.9 (2) 

5.9 :t 0.6 (2) 

" 4.2:t 0.5 (3) 

* The number. in br.oket. 91ve the n~r of determlnatlone 

----------------~._----

o 
• 

ls3sm 
N/Z-l. 4677 

3.3 t 0.2 (2) 

5.0 ± 0.6 (1) 

.. ----
6.7:t 0.9 (1) 

7.2 % 0.6 (2) 
; 

6.4% 0.9 (1) 

-----
5.9 ± 0.8 (1) 

-----
... ----

{ 

6.0 % 0.8 (2) 

6.2 % 0.9 (2) 

4.3 % 0.5 (2) 

"'" .., ..., 

.. 

j;~ , trI 
~, , 
.1"'J • . / .. ~; ~ 

,~ ., 

", 
-·'l 

l--:~~ , 
l,' ,!tl; 
f' ,;,' '" .. '. _.,. 't-l 

','J.t • 
~I~" , J 
l' ,r 

'; 

't
1~.:~7:~ 

- "', :;.,'1'-
• 1t' 
.... y' 

"("'JIf"I' 
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TABLE VII: CUmulative formation cross sections 

°mb 155Sm 156Sm 

113 

157Eu 
Ep (MeV) N/Z=l. 5000 N/Z=1.5161 N/Z-1.4921 

20 2.2 j: 0.4 (2) 1.9 ± 0.3 (2) 1.1 ± 0.2 (2) 

25 2.4 ± 0.5 (1) . 2.7 ± 0.6 (1) 1.0 ~ 0.3 (1) 

30 3.7 ± 0.5 (2) 3.5 ± O." (2) 1.2 ± 0.3 (2) 

35 ---- ----- -----
40 . 3.1 ± 0.3 C2} 2.3 ± 0.3 (2) 1.8 ± 0.2 (2) 

45 ----- 2.2 ± 0.5 (l) 1.8 ± 0.6 (1) 

50 3.0 ± 0.2 t3} 2.2 :! 0.3 (2) 1.9 :t 0.3 (2 ) 

55 ----- 1.8 ± O." (1) 1.5 ± 0.5 (1) 

60 3.2 j: 0.5 (2) 1.6 ± 0.4 (2) 1.4 :t 0.4 (2) 

65 ----- ---- ----
70 1.9 ± 0.4 (1) 1.9 ± 0.5 tl) 1.9 ± 0.6 (1) 

77 2.4 ± 0.5 (1) 1.8 ± 0.2 (2) 1.2 ± 0.2 (2) 

85 1.7 ± 0.2 (3) 1.6 ± O." (1) 1.3 ± 0.3 (1) 

* The Jmilbers in bracketa give the nUllber of deterwinations • 

.. 

1 

CE 
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Stevenson et al. (St 58), Pappas and Alstad (Pa 61) and 

Baba et al. (Ba 71) for 147Nd , 149Pm, 150Pm , lS~, 153Sm, 

1S6sm, and 157EU vere used to oonstruct the excitation functions 

shawn in Figures 15 to 25 inclusively. 

II. INDEPENOENT CROSS SECTIONS 

a) 148~, 15°Pm : the indepen.dent yields of these 

two-shie1ded nuc1ides have been determined in the straight-

~rward manner ouUined above. Excitation functions are shown 

on Figures 27 and 28. 

b) 
146p 1S1

Pm
_ 

r f • iodependent cross sections have 

been ~ferred by subtractinq the CWRU1ative'cross sections of 

146ee and lS~ fram tbose of tbeir daughter nuc1ides. The , . 
error on the estimated independent yie1ds vas calculatee! by 

taJting the square root of the sum of the squares of the un­

certainties on both cumulative yie1ds of the 146ee_146pr and 

15~_151Pm pairs. ,This procedure, however inaccurate, vas felt 

to provide a rather reliable estimate of the independent yie~ds 

concerned, special1y in the case of 1.f6pr , where activity 

___ ur~ts ~ve beeD carried out OD th •• .- nuc1.ihe (146pr ) 

~r both -ars of the pair, thus e1 f • f na t.iDg factors of 
" 

en:or arismg fre:. the .... ur~t of t:wo different activitie. 
. '. 

(ria ancertainti..s in dacay .ch.... and efficiency of the 

detector). For 15~, an additiODa.l 15' uncertaiDty vas adc1ed 

tG tbe en:or ))ara OD the ûactional iDdepeDdeut yi.148 uaed 

iD 1;be COiU"jct.ion of" ~ charge c1i~.iOD carves. 

'. 
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FIGURE 15: Excitation function for the CUIWlative fOrJMtiol1 
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Excitation function for the cumulative fo~tion 
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c) l49Pm : the application of a stralqbtforwarc1 

subtraction procedure i. no lonqer possible. Un1ike in ~ 

previous case, l49Nd and l49P.m cumulative yields are almost 
1 

identical within the bombarc1inq enerqy ranqe Uled in this 

work, lince 149Pm is a ratber neutron-deficient nvclic1e. 
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Hovever, the values of 149.d and l49b obtaine4 lhow • 

surprisinq1y larqe differencel which 1ead ta 149b iD4ependent 

croIs sections vhich are far toc hJ.qh te be in accord vith 

the charqe distribution sYIUllAticl. Thi. situation Jàiqht 

partly arile' fram the fa4t that ~4'Pa activity .. alurementl 

have been carried out through itl 286-keV y-ray, who.e abunc1ance 

il on1y 2.6' (Ch 70e) A lOt error on thi. value would re.ult, J 

for examp1e, in a ~ 2 Db increase on the cumulative cross 

.. ction of 149Pm at 55 MeV. The fol1owinq approach vas 

thar.fore adoptad to .Itimata the ind.pendent cro •• section •• 

,. cro ••• ection ratio of 149Pa (C)/14'.d(C) va. d.termine4 

in .&ch .aaple ue4 in thil •• ri •• of .. a.ur--,t.. A value 

.. of 1.304 vas fOUDd at 20 MeV, Vhich va. than ull a. a DOr­

alizatien factor lor all other. fOUDd at hi9her .DarU, b&H4 

OD the ... uaption tbat at 20 MeV ~t al1 of .... 14' chain 

ia 4iluibute4 over 1·'114 &ft4 i1:a precur.or. (axcapt for a 

0 .. 04 lib CODtribution frOli 14' .. a. 4etarJU.De4 frOli chu',-

4J..peraion carv.a conatncte4 vith the other J.D4epen4ent yi.14.). 

ftMe .. êw.Ud 14' .. u.J ~oa. MOtio#s hav~ I~-
y 

êly .. UNd OAly .. a pUe for tJIe 4eteaatn atJ.o.D of tl» 

f1Aa1 ~ .. 4J.8_~ CUY •• , .bJ' be1Dt ... ~ed a 501 
1 

• -- 1 

, t 

'1", , .... !. 
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error. No .ignificance bey0n4 that of a r01J9h e.tt.ate 

.houleS be placeeS on the value. quoted. 

Al1 ineSependent yield. determine4 .in thi. vork 

are .hown in Table VIII an4 the corr •• ponding excitation 

function. appear on l"iqure. 26 ta 2'. 

III.. TOTAL CHAI. fiELDS 

The c1a11ative cro ••• ectiou cleta".SNd J.ft th!. 

vork in the JDa" range 146-151 bave beeft correctec! ta total 

cbain yield. u.ing a fir.t •• tt.&te of the cbarge di.per.ion 

ob-taine4 vith t.be belp of tbe ~JI4.nt tonaatJ.On cro ••• ec­

tion. of 146Pr / 148Dlp., 150Pa, 149 .. and 151.... ror ....... 

hi9her th&n A-151, no .ucb oorrect~ bU been attalpt:.e4, .ine. 

tisa cbar9- d1.per.1on ,ar_ter. cSateraine4 for 11gbt.e&, pr04ucu 
• 1 

-y DOt app1)' ta thi. .,.. raJl98 .. 

153 .. , 155Sa, 156 .. &Dt l57zu have 
1 

~ cuau1ativ. yie14. ot , 
, . 

, 1 

tharefore ~n uH4 a. 

lover liai. t. for total cbain yie14. of t.ba corre.p0a4iq ....... 
Our data, &lem; vl~ ot.beJ: publl1be4 La tbe lituature, 

are .howD on ritue. 32 tbrOQ9b 44. fte po&"tioD of the .... 
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the .... 4i.tribution, the corre.poD41n, total chain yiel4 
1 \ 

an4 the halt-wi4th at half-uxiIIwD (DBH) of tM a •• UM4 

Galia.ian di.tribution are 11.t4a4 1n colu.n. 2 te) 4. '1'be 

lut column, .how. the value. at .ach aner9'Y of a fit ~r ... Ur 
/ 

"-t1ne4 al S ~w-- (O-C) 2/ (JIO-IrY) 

. " wberes o. obHne4 valu. 110 • ftUIIber ot ob,.rYat1.on· 

C • calculate4 valu. JfV • .nWlber of ,,"1ab1 •• 

w • .tati.tical we1fht ot tlwt 4ata point, ~ a~ 

t~ inver.. of the UM4trtainti •• on the ... -

pe"t.nt.a1 4etamJ.nat1on •• 

1'he va1u.. ot total chain fieU, int."., trOll tM 

Gau.1an f1t and u.eeS in " .. quant ~nt t"acttoaa1 

yUl4J ca1culatlon. al' •• hon Ln ~aba x. TU .... dt.ut-

_tLon curv., appear on 'i,=.~ JO wOtath /42 J.""lu,1".1y. 

~ tr.aotioAal 1ft4epeA4eftt fieU, .~ ...... W 

br Ü.UiAf the • .,.ri.llntal 4et.nU.M4 ~t oro.. 

~tiOA' br the total GU yu uS .. J ,.~ 
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4 1 

beeaua. of itl extremely lo~ production cro.. ..etion in the 
. 

• ".rgy ~anr 120-~5 MeV). ume.awa (tJWt ., 3) ha. mea.ured t.he 

i.omer~atio a o:~ for ~48mpm and 1489pm prod~cod ln 

thermal~neutron ;i88i~n of 2llu and found a value- of 0.88. 

On the basis of this reault, one rnay re_sonably oxp.et ~hil , 

ratio to be hiqher in 20-85 MeV prot~n filBion of'238U aince 

the higher the en.r9~ of the incident partiele, tho higher the 
'" - angular momentum transferred to the targGt nucleus (at least 

in an energy range where, as in the present cale, the compound 

nucleus meehanism predominates), a fact which '8ttould favour 

the for.mation of the high spin atate(6-) 148~m over that of 

the low spin atate (l-) ~489pm. A lOt correction to the,148mpm 
"-

croas .ections W&S non.thel... appli,~,~~Qr the purpc.. of 
y 

fractional i~d.pendent yields calculations. 

The v_lue. of the fractiQnal independent yielda 

used in the construction of the final charge dispersion 

curvea are shown in ~able XI and Figures 43 to 45. 
'. . Of 

V. DaOR ANAt.YSIS 

work an of ,two types: 
\ . , 

- syatematic errora f due to an i,mpnci ••. knowledve , 
_ of certain con.~t.- of th. r.act,lons atudi.s. 

~.Y affect all .~pertm8ntal r •• ult. in th. s&me ,-
w.y once a a.t. of coa,t&ftt. ha. ~ adopted. 

- random error.\which ari •• from ùaprecialon ln tb.-. 

\ 
\ l!WliUa_aQ& 
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'l'ABLE XI: Yractioftal i~ yield. UHd in eb4rge dispersion cun'e. 

/ 
_._.~~-_ .. _ .. - ~._- --~-_ .... _._._-_ .. _-_ .. ~~-_. __ .•. ~~-_ .. _ .. _ .•. ,-_ .... ~_. - .. ~_ .. _ .•... _ .. _. a., 1 _ 148Pm a 149~ lS0b 14'Pr- ~S~ 
g (MeV) H/Z-1.4262 R/Z-l.4426 _/Z=1.4S90 _/Zs1.4746 _/Za l.47S4 

- p , - ' 

20 bO.OOOI f 0.00001 0.0040 f 0.0024 0.019 1; 0.005 0.20 1; 0.07 0.44 1; 0.18 

25 bO.0002 f 0.00003 0.0035 :f 0.0021 0.024 1; 0.008 0.22 i 0 .. 07 0.32 f 0 .. 15 

bO.0004 f O.OO~1 
~~j~ 

30 0 .. 0041 j; 0.0024 0 .. 032 1; 0.001 '0 .. 30 1; 0 .. 06 0 .. 33 ~ 0 .. 12 

35 bO.0009 1; 0.0001 0 .. 0095 f 0 .. 0057 0 .. 04' f 0 .. 016 0.33 t 0.10 0 .. 35 f 0 .. 16 
/ 

bO .. 0019 f 0.0002 
, 

40 0 .. 0180 f '0 .. 0108 0 .. 084 1; 0 .. 032 0 .. 32 :t 0 .. 08 0 .. 31 f 0 .. 11 
-

bO.OOlS t V .. OOO4 
~ .5 0.0347 t 0 .. 0208 0.122 1: 0 .. 043 0.40 t 0 .. 12 0.37 :t: 0 .. 14 

'1 
50 0.0105 1; 0 .. 0035 0.0415 :l 0 .. 0249 0 .. 160 1; 0.055 0 .. 51 :f: 0 .. 16 0.44 :t 0 .. 20 1 , 

1 
1 

/·-55 ().OS06 t 0 .. 0336 
, / 

0.150 t 0.030 0.44 1: 0 .. 22 0.0089 f 0.0027 / 0 .. 48 :t 0 .. 15 
/A/ .... ................ 60 0.0142 1; 0 .. 048 " .. 0'626 1; 0.0316 0 .. 184 1; 0.044 0 .. 53 f 0 .. 13 0 .. 36 t 0 .. 16 

~ 

'5 0 .. 0214 f 0~063 0 .. 0554 t 0 .. 0332 0 .. 167 f 0 .. 031 O.S' 1: 0.20 0.39 1: 0.1' 

70 0 .. 0303 1; 0 .. 066 0 .. 0900 1; 0 .. 0540 0 .. 224 1; 0' .. 041 0 .. 53 :f: 0 .. 16 '0 .. 29 :t 0 .. 11 
" - , 

0.27 :t 0 .. 12 77 0 .. 0468 :t 0.-13. 0 .. 1160 f 0 .. 0696 0 .. 312 f 0 .. 051 0.52 :t 0 .. 12 
../ 

.5 0.0614 :f: 0.148 0 .. 1240 :t 0 .. 0744 ../ 0.446 f 0.084 0.46 1; 0 .. 12 0.22,1; 0 .. 10 

-',. 
i ... 

, a • correcte4 14~ data (He tat for ~tail.) , 
c. 
0 

b - data frOll œIe:zawa et al .. (tha 10) 
,,!, 

/ 

E?~J "V ,-" • • .•... -', '.. • ·%717 P 767 '115 PŒ 1 III'.; & . ,mu ••• 
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\ 

, \ 
Errers in th. clec&y charaetui.tic. of the l\uclicl •• 

"" 
l " 

.tudled ti ..... branching ratios and half-lives), jrrora in 

aetector .fficiencies and':'monltor cro's .ec~ions be10ng to 'the 
. \ 

,fint category.. Uncertainties in the de~ .ch_. can be 

~rt.nt in the cas. of a weak peak.. MOst of the y-raya . 
•• lecteci for activity measurement purpo'.ell in thi. worlt 

\ 

w.re rather inverse peaks (s •• ~&ble II) t .xc.pt for the 

286 .. 0 keV y-line of 14'Pm .. 'As .. ~~oned pr.viously, t4. 

observecl discrepaney between 1~9Pm experimental cross sections 

and tho •• calculat.d fram charg. dispersion systtmaUcs may 

be accounted for by a 30\ errer in clecay char.cteri~tica .. 
, 1 \ ' Il 

al1 other c ..... , no .rrera have been a.signed to b;anching 

In 

. ratios talten from the 1herature.. ~he hal.f-li vas foUrid !. 
, . 
.. r.sul t of Cl.SQ analysis of the dac.y 1 eurves were in good 

agreement vi th the publish&d value. and. th. latter h~va been \ 

ua.c) to calculate the decay constan~s. 
\ 1 

An error of : 3' vas~liowed for d.t~t~ 
in. accord with the recommandation of Powler (Po 72). 

.ffieiencie. , 

IAn W\-

certainty of 5 .. 9', quoted hl' Newton et al .. (Ne 73) in th.ir 

lmonitor work, was adopted for the 65CU (p,pn)640l cros si section 

used for beam intensitl' determination.. In the ea •• of l5~ 

.... suremants, where l49Nd acted as an internal .JI01\itor t lU 

.. dditiona~ St error was added~ 

Random errors arise from the deter.mination of 

di.integration rates t chemical yields, superfici&l den. lUes 

, 
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155 , 

of the target and l'DOni tor foils, the reproduc.ibili ty of 
, 

sample geometry, volume measurements etc .•• An estimated 

errer for each ef these factors is given below. 

The main source of error in cross-section values 

lies in the determination of the photopeak areas. This error 

was estimated to he :t 6%, 'except for 148lnpm where an error of 

i 8% was assumed hecause of its low yields. The analysis of 

the decay curves introduces an additional error. For short 

lived-nuclides (i.e. half-lives less than a day), where the 

collection of data was carried out automatically, the error 
• t 

did not exceed 3\, due to the large number of points defining 

the deca~ curves. For lonqer lived nuclides, the uncertainty 

was estimated to be :t S,. 
The chemical yi,ldS were determined by gravùnetric 

methods, using an analytica-l balance which qives a precision 

of :t 0.01 mg. 'l'he weight of the solid samples ranqed trom 

10 to 15 mg ~d the im~reCision in the weighings has therefore 

ce en neglecte~. The er~s due to pipetting were min~zea 

by using calibrated volumetrie glassware and do not exceed 

:t 1\. 

S~ple geometry reproducLbility did not introduce 

significant'errors for short-lived nuclides where aetivity 
\ LJ 

measure.ments &ve been earried out at distances from the 

d~t.ctor greater than 75.0 mm. At a 20.' mm distanee* errorS 
, ! \ 

ue believed _not to be in axeess of ± 2' for solid s-.pl ••. 

'\ 

" 
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1. EXCITATION !ONCTIONS 

The independently-formed nuclides 14~, lS0Pm, 

and 149Pm show the c1assica1 behaviour of neutron-deficient 

156 

spe.c~es formed in fiss<ion, namely a sharp rise in the 

excitation functions with increasing incident energy, as dan 

be seen in Figures 26 and 29, whereas 146pr and lSlPm which 

are further away from the stability line have excitation 

functions which reach a fl\aximum located at S5 MeV for bath 

curves (Fig~27 and 28). Friedlander et al. (Fr 63) have 

pointed out that there is a definite correlation between 

neutron-to-proton ratio of fission products and the energy . 
at which their excitation functions reach a maximum with the 

peak moving to higher anergies with decreasing neutron-proton 

ratio. Such a conclusion was dr&wn fram cesium data obtained 

in .. the fission of 23à~"in the 0 .1-6.2 '~ev range, and was 

consequently confirmed by various other workers. This is 

il~ustrated in Fiqure 46. Whether this curve will represent 

the data. for nuclides other than cesium is not èlear. Rowever, 

parikh et al. (Pa 67) found, that excitation functions for 

barium, 1anthanum, and cerium agreed with the cesium data. 

Kil.ler (Ki 73) observed a similar agreement in the case of 

antimony isotopes. Ac~Ordin9 to the Friedlander systematics, 

146pr\ and lSlP.m (which h~ve almost identical N/z r~tios) abould 

.xb~it a maximum yield around 45 MeV, and our data. confirm 
"!' 

rather .vell this pl-ediction. lIowever, caution sbould he 

-'/ 
1 1 - • -_. 
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an analysis is performed on the basia of 

funetiona constructed using formation cross sections, 

since one of the assumptions inherent in this approach i5 that 

the existence of ~ peak ~ the excitation function of an 

inde pendent product is related to the energetics of the fission 

aet"-leading to this partieular product, and not to its 

probabili ty of occurrence. Zn other words, that ~e maximum. 

observed i5 due mostly to a preferential formation of this 

nuelide with respect to its adjacent isobars, rather than to 

an overell increase in the yie1d of the mass chain to which 

it belongs. Fractional independent yields ate therefore 

more sui table for this type of analysis. The fractional 

illdependent yie1ds of l46pr and l5lPm determined in this 

work are affected by large uneertainties and the determina­

tion of a peak on their plot versus energy is som&what dubious 

(a?e Figu.res 44,45). However, the peak energy values for 

these two nuelides have been plotted on Figure 46, as 

determined from fractionAl' independent yielels. They appear 

to be in accord with the peak-energy-versus neutron-proton ratio 

sYlitematics of Friedlande%' et al.' In the 'èase of l"~, 
, i 

l49t»m and 15Gb , it "as not possible to observe the maximum 
( 

becaus. it cuutnly oceurs béyond the avaUable range of 

bomba.rdi.ng energy (Fig. 43).. Nevertheless, it vas poil.ibl. 

to extraj;,olate the eJCitati~n function of 150b beyond the 

•• xilllum vith the &id of the cross section value at 170 MeV 

of Pa.pp!! and Alat.a&! (Pa: 61). -.rhe curve ahown in Pigure 26 

. ~ 
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exhibits a maximum which is approx~te1y located around 100 MeV, 

with a'~ssible uncertainty of ± 10 MeV. The Friedlander 

systematics on maxima of excitation functions would predict 

a peak at aO-MeV incident energy, a value which lies just 

outside the range of error bars (see Fig. 46). 

The general shape of the excitation functions of 

independently-formed nuclides can he exp1ained qualitative1y 

by invoking the same mèchanism responsib1e for spallation 

reactions. The products with lower N/Z require more energy 

to he formed f the reason being that an, increased number of 

neutrons has to he removed. The formation cross sections 

will be low at low incident enerqy and will increase with 

increasing enerqy until the formation of those products 

requiring even more energy becomes more probable, causing , 
• f 

a decrease in the excitation function of elements with 
1 

higher N/Z. For neutron-rich nuclidesrp' roduced in medium-
. ""'" 

anergy fission, the cross sections decrease monotonical1y 

vith increasing-bombarding energy, 1ike ~or examp1e 136Cs 

and 134cs (Fr 63) and l28Sb (Mi 73). In this work f no sueb 

va..ri~tion has 'been obs~rved for 1146pr and lSlPm. 

The excita1ion functions of cumulatively-formed 

nuclides exhibit a broad peak in the CAse of the most neutron­

deficien~1 species observed like -147Nd (N/I-1.4S00) and 

.~S3Sm (N/Z-l.4677) (Figs. 17 and 22) as a result of what 

bas bean discusiled above. Neutron-excess nuclide. do not 
. 

exb.ibit such a feature. For instance, the excitation function 
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FIGURE 46; Incident anergies at which the uci tation 

functi~s of the fission prOducts of 2~80 reach their 

" \ 

,< 

"\' ~ 
v 

• UliJ (Cs) (Fr 63» 

A lm (Rb) (Fr 63) 

'1'. of, ). 1 

Â lIIil.ler and Yaffe (Sb) . (Mi 73) 

1) parikh et al. tt.a, ce, Pr) {Pa 67) 

• Davie. and Ya'ffe (çs) (Da 63) 

o ~lù.. work 

/, 

," 

" - 1 

- , . 

\ / 
> \'J 

1 

, )~ 

159 

1 

r 



;. ... ' , 
.'> 

1 

/
' 

~ \ 

1 

~ 

== ~O 
'-' 

, 1 ~ ., .,> 

" 1 • .. 
1 III 

.1 
f 

/ • 

\ 

\ 
\ \ c-

o. 

, 
l, 

... • 

-- 1.35 1.45 
,1 N/Z 

.f 

4 

\ 
" 1 . ~ ~ , , \ . 



o 

1 

1 

160 

oi lS~ to / be . a.l,J.Qost flat vi thin u-
i -

perÙlental ( 19, 20).. Thi.s behaviour ia 
; 

.trikingly diffa that of lighter products vith ~-
/, 

rable neuuon-to,:"proton ra.tio, like for example 14laa. 

(~/I·l~5179) produc6C1 under identical conditions, whose 

formation cross section decrease~JsharP1Y fram 43.5 mb at 

20 MeV down t.o 8 .. 6 mb at 85 MeV ( a 67).. This comparison may 

be taken as an indication of a. less prominent role pla.yed 

by the displacement of the mast probable charge along heavy 

isobaric chains in the decrease of cUlllu1ative cross sections 

with inerea.sing bombarding energy.. This is compatible vith 

the low-energy formation hypotbesis of hea.vj products. l ' ~ 

The portion of the mass-yield curve of ;elevarice 
~ 

, to thia worlt has bfMn shown in Figures 30 to 42. OVer th.~--'\ 

boabuding enerqy range studied, the heavy-mass peak is found \ 

to ahift tov~s-the 1ighter-mass,side while the yields at 
, \ C ~ 

the .. xiawa Ùlerease lICmotonical..ly by' approxiJDately a. fa.ctor 
- f ' " 

-of 2.. The hùf-vidth-a.t-half-aaxÙWDl of this side of the 
, . 

clistribution undergoes a. sli9ht i,ncrea.e froua ~ 11 to ~ 13 

.. ss uni ts (see Table IX) .. Beth variation of peak position 

and mmM. are consistent "i'th the OIlset. of ayuaetric fission 

and the filling up of the valley of the total. ... ss distribution 

eurve vhi.eh C4uses a. -broadaJÙJlg in 1;he upper put of the 
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curve. Baba et al, (Ba 71) ha,ve obtained so fu the moat 

extensive body of data pe.rtaininq to ~ass t1istr~iQnS 'in 

Ute fission of 238u by protons of energy 13 to 55 M.eV. From 

a decomposition of the overall curve into three Ga..ussian 

oompoDents corresponding to the two wings and a symmetric 
> 

compo+t centered on the valley ~ased on the method' of Ford 

(Fe 60) ~ these authors were able to assess the relative impor­

tance of the two modes in the Anal result. Dy integration 

of yields over the theoretical Gaussian distributions. 

\, they obtained the total fission cross-sections. They 
\ 

consequently observed a steep ris. in total"fission yield 

froùl 0.22 to 1.45 barn between 18.2 MeV to 35.2 Mev. followed 
\ 

by a ~ower increase up to 55 MeV.. A similar analysis 
\ 

perfo~ with the aid of the data of §tevenson et al. in 
\ 1 

the lO-l.~Mev bombarding energy r~qe reveals a level1ing 

off of the \otal fission cross section versus energy curve, 

the value reaC:hed at the plateau being f\. 1.5 barn. \ This 

~sult, combineq. vith the fact that the yielàs around mass 
, 

·130 !ncrease constantly in the 20-85 MeV range, as shown here, 
'. , 

and a150 that the ~ntribution of the ,yuaetric component 
\ 

goes from O .. 0~5 barn \at 20 MeV to 0.43 barn at AS.l Mev, 

accorcÙ.ng to ~e _~ of jDaba et al ~. ta consistant vi th 
\ ' 

the deorease observed in, higher mass yi.elds &bave 50-Mev 

bombardinCJ enargy. 
\ 

On tl\a other hand. the increa,ae in our total chain 

yielda halov thia energy ... y' he attributed ta the. genera.l 

1 . 

\ 

/ .. 
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increase of the asymmetrie component, befora the open~ng of 

néW channels, among which symmetric fission is one, leading 

to the depression of this mode. ,Such an increase does not 

appear so markedly in the data of Stevenson et,al. betveen 

20 and 50 This discrepancy seems difficult to explain 

since at ener9ies, our data and theirs agree well 
.~' 1 

vi th in rimental uncertaint:les. 

Ill. CHARGE DISTRIBUTION • 

1 
a) Construction of the charge di$persion curves 

162 

Charge dispersion curves for the ~ss regi~n 146-151 

vere co~tructed by fitting Gaussian eurv~ to the fractional 
o -

independent yields given in Table XI. The method was based 
( . 

on the assumption\that the/dispersion of fission yields along 

isobaric chains vas well represented by a normal Gaussian 

equation in-the form 9iven by Wahl (Wa 62) ~d described 

in chapter A (eq •. A. 8) • In the present case, due to, a lacJt 

of Charge distribution data for chains heavier tban ~'~ 151, 

it_ was necessary to assume also that, in the mass range \ 

covered, the most probable charge and the charge dispersion " 

(Wldch is ",:l.ated to the fUl.l.-.. ~dyt hal.f-~ of the ~, 
charge distribution curves) are~ essentially constant so that '<'-.....----

the various fractional independ~nt yields listed in Table XI 
1 

1 .' 1 

~all on al unique curve at a giv~n incident energy. 
\ 

, These yie~ds vere plot~ed versus\ their ne\itron-to-
J 1 

. p~ton ratios of the various Du4icles to whicb they correspond 
1 

\ " 

1 

1 . 

1 j ~ 
i 
1 

\ 

1 
l 
~I 
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and compute~ fitted by a least-squares procedure identical to 

that utilized in the fi tting of the heavy wing of the mass 1 
\ 

distribution (see preceding chapter). An additional constraint 

vas also added: the fractional c~ulative yields of 146ce • l49Nd , 

and l5~d determined by sumnatiqn on the theoretical charge­

dispersion curves by determini~ th~ yields et the appr?priate 

N/Z of the isobaric chains wer~ required to Agree with the ex­

perimentally-determined~value$. Friedlander et al. (Fr 63) 

have shown that this requirement provides a mean~ of determining 

rather accurately the width:of the distributions. In our 

study, we have limited our choice of cumulative yields ta 
, 

those of nuclides belongi~g ta the mass range of the inde-

pendently-formed nuclide~ investigated here. The use of the 

~ulative data for hea1ier masses reported in this thesis 
1 

IlÙ.ght: introduce distor ions in the de termina tian of Zp and 

fu11-width at half-ma 'mum, sinee the variation of bath 

quantities with the ss of the fission chain is not known. . 
~he charge d'stribution curves thus determdned are 

'- shawn on Figures 47 to 9 inclusively. 

~he parameters_ tmportanoe associated vith the 

char~ distribution curves as already aentirined, the 

- pos~tion of ~e peak •. expresse as N/Zp or Zp of ~ven 

_S8 chain ancl,. the vidth of the ~s. whi.eh4ves a measure 
, -~ 

of the charge dispers~on Along ~~riC' chain and fram 
/--- -

vhicb one can deri va. at 1east qUâiitati vely. infonution 

~arding the energetie aspect of specifie MsS divisions 
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1 
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occurring during the fission process. ~hese parameters are 
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displayed in Tabl~ XII in units of N/Z and Z. In the case of 

the péak position, the data have been a1so expressed in terms 
. 

of the àisplacement of the most probable charge, Zp' with 

respect to the line of B-stability. The most probable !Uss 

Ap was chosen as that of the Promethium isotope closest to 1 
the peak and the corrésponding most stable charge, ZA' has 

, 'been taken from Cogel1 (Co 53) ... 

The error bars on N/Zp and the full-width at half­

maximum have been ca1culated at 20, 50 and 85 MeV by generating 

for each of theJe incident energies a set of charge distri- . 

bution curves obtained by successively taking the minimum 

and the maximum of one of the independent yields involved, 

while lteeping the other equal to the values quoted in 'l'able XI. 

In the least-squares-fit procedure used, these independent 

yields were equally weighted, whereas they were weighted by 
, 1 

the inverse of their standard deviations in the original 
1 \ 

calculatian of the charge dispersion parameters. The deviation 

~n N/~ and/ FWBM was found to be eS~~lY -the same at the 

three energies above mentioned, ±_ 0.08 an'à.,,,~ 0.10 Z unit ! 
~ . 

respècti vely. The total amplitude of these undertainties 
"-

f -'-_ . 

ia shawn on Figures 60. and 60b and bas been assumeà to bé- /' 

valld over the wbole bombar?ing energy range. 

\ 

\ 

1 

1 
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TABLE Xl:I.; Parameters of charge dispersion eurves 

Peak ~sition 
F1ùl-Wid~ at 
ha.lf-max· U1Il , -

~a, . Z b XC ~(HeV) N/i! ZA-Zp NIl Z , 

63j65 20 1 .. 517 153 .. 5 2.65 0.0". 1 .. 06 1.412 

25 1.515 153." 63 .. 61 2 .. 61 0.0 .... 1.06 1.427 

30 1 .. 517 153-.5 63.65 , 2.65 0.047 1.13 1.587 

3S 1.512 153 .. 2 63.54 2.54 0.046 1.1.2 1 .. 536 

40 1 .. 507 152.9 63.43 2.43 0.048 1 .. 1.6 1.068 

4S 1 .. 498 152 .. 4 63 .. 25 2.25 0 .. 04' 1.1.2 1..280 

50 1.498 152 .. 4 63 .. 25' 2.25 0 .. 051 1.25 1.286 , 

55 1 .. 500 152.5 63.29 2.29 r",,0.051 t. 25 1.28,3 

6O 1 .. 498 152." 63.25 2.25- 0.053 ,1.30 1.1.86 

6'"5 1..500 152.5 63.29 2 .. 29 0.057 1..40 1.248 

70 1.498 152.3 63 .. 22 2.22 
t 

0.061 1. ... 60 1.1.51 

77 1/.496 152.2 63.1.8 2 .. 18 0 .. 063 1.55 1.098 
' ... 

,_ - 8S 1 .. 492 152.0 63.1.1 2.11 0.063 1 .. 53 1.677 

a - ca.1culated from Promethium isotopie distribution 

b - fram CoXye11 (Co 53) • 
c - fit par~eter: X - ~,..-(-o--c-:) 2::"/-{-N-O-:-NV-)-

/ ' .; 
li - statistica1 veiqht 

0\- observed value 

C -= ca.1culated ~ue 

-, 

obaerv.tions 

av • number f variables 

J 
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FIGURE 52: Charge distribution in the 'fission of 238U 

by protons of energy 4S MeV. 

1 

A • 1.46-L51 

O~S work 

• UlDezawa et al. (ua 70) 

~ ~~~-

~ ~ ~ !!: 

.~ v ~~1 c:L - , 

, 
\ , 

" 

1 

\ 

. 1--

0, " 

\ 

.t , ' 

H, 

1 : 

r' 

\ 
\ 

~71 

\ , 

1 

[ -



o 238 U (P,f) 

1 45 MeV 

.001 

e. 
1.40 

r ....,zp=U9. 

\ 

1.45 1; 1.50 
N/Z _ 

, " 
~I' • 

1.55·, 1.60 



() 

\ 

\ 

_FIGURE 53: Charge 

by protons of energy 50 MeV. 
( 

,'t -; 

.. "~.':~ -.~ 1':, ~ 

" :; •• ' - 1 ;. 
I, :;' 

, , 

, 
f, 

\-

! 1 

-JI 

172 

.. 

1 

\ 

\ 
\ 

,. .. ,.. , 

.,' 

" 

\ ~-l , • 

1 



__ .:::s::a::: . _ '- • _= sc 



ï 

/ 

·1 

-- --

" 

--------~--------------------~-~-~ 

1 

'\1 

\ 

fiGURE ~4: 1 Charge cti.atr1buti.on ~. the ~i.a.iOD pf 23_-" 

bt protoras o~ eDe%gf 55 !leV. 

\ \ 
Jf , \ 

A .. 146-151 

Ir 
/ , \ 

- '. 
\ 0, 

., 
/> '?;-1 

.11" 

1 Î JI, ~ 
. L 

"'-
\ 

\ ;. 1 

\ 

!' 

", 

/ 
/ 

" 
1 1 

L ' , 
. 

~ -

1.73 

' . 
-\ 

.,V 

1 , 

il 



o 
, 
1 

"'d 
.1 

-G) .->-

-D 
C 
0 -.. 
'" .01 D .. j .. 

1 

.. '" 

.001 

• 

238 
U (P, f) 

55 MeV r 1ItZp= 1.500 
151 Pm 

\ 

~-# 1.45 1 J' 1.S0 
N,Z - , 

/ 

1 

1 
1.55 1.60 



o 

\ 
\ 

-es); 

1 

1 
1 

, 

FIGURE 55: Charge distribution in the fission of 238U 

by protons of et4rgy 60 MeV. 
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hl' .protons of energy 71 MeV. 
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Most probable charge as a fonction of incident 

energy 

The shift of Zp towards the stability line vith 

increasing pro ,ton enerqy 1.S clear1y Séen, as i11ustratec1 in 

Figure 60b, and t'his trend Agrees at 1east qualitative1y 
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vell vith those already noticed by other workers in neighbouriDq 

mass regions (Da '3, Pa 67, Di 74). 'Bowever, oui data differ 

significant1y from those obtained,in liq~ter heavy-uass chains, 

in that Zp v~ries vith a sma11er rate of ~ge (O.S~ Z units 
l ' 

in the 20-85 MeV rrange, as compared te 0.83 Z unit for mass 

130 (Di 74),-1.142 un~t for mas .. 136 (Da 63)_~ Z unit 

for mass 141 (Pa 67». Secondly, in the mass reglon 146-151, 

Zpl vith in expe~imental error, varies linear.ly over the 
'-

who1e bombarding enerqy rangf!, vhereas in the case of the 

tbree chains above-men of lnovement of Zp is 

seen te diminish 50 MeV (Fig- 60b). This discontinuity 
l , 

in the (ZA-Zp) versus bOJlll)arding ~nerqy curve has g:nerally 

been attributed to the onset of' the direct interaction 

~~hanism which a110ws the formation of fissioning spec!es 1 1 
vith higher N/Z and/or the fact that, vith increasing bombarding­

energy, the fraction of incident energy which remains as 

deposition energy in 'the fissioning nucleus âecreases. 

The 1inear decrease of (ZA-Zp) ,for J - 146-151 suq-
1 geat.s as a first approximation that the same mechanism is 

1 

1 
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responsible for the production of these mass chains in the """ 

20-85 MeV energy range. On the other band, the fissioning 

species from which the products studied o~iginate shou1d 

carry less excitation energy than those giving rise to 1' ••• 

asymmetric mass splits, so that the primary fragment~ wi11~ 

emit fewer neutrons. This is incompatible with th~ a •• umption 

of a unique mechanism, namely a compound nucleus pro cess in 

the present energy range. On the contrary, it wou1d appea%' 

that very asymmetric mas. divisions such as thos. enco~tered 

in the present work wou1d he the re.u1t of weIl defined low­

energy-deposition events ari.in~_from a compound-nucleus 
, 

~ mechanism ~t low bombardinq energi~a and d~rect interaction 

reactions above 50 MeV. Thia i. con.istent with the observ.d ,. 

decrease in total chain yield. &bove ~ 50 ~v which ha. been 

pointe~ out in the preceeding s.ction. 
1 
l ' 

This proposition 8.ems to ba in contradiction vith 

predictions made on the basia of the data obtained in the 
'<;:''' • 

liqht-ma •• ragion of fi •• ion product.. For A ~96, th. 

'measur.ments which have been carri.d out on 238u and 2350 

(Kh 7~), 233u (Ma 731~' and 272Th {Mc 72' ihOW that Zp i. 

al.tDost, in4epencSent of both th. incident energy and the 
/ 

nature ot the target, thu. sU99 •• ~ift9 that th. variations 

introduce4 br th.s. ,two factor. are al).orlHt4 by th. beavy 

compleJDenUry fi •• ion frap.nt" 1 It. abou14 be ~d bowev.r 

that the compl ... ntary .... r.9ion i. centere4 _round A~ 140 
\, 

4 , 

" 
/ 

'/ ./ 

l 
,1 
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,/ 
this work do not exhibit an identical behaviour. It would ap-

pear that, within a fev mass units (~ 6 A units), the mecha-

nism of production becomes more selective as far as excita­

tion enerqy is concerned. 

The dual enerqe.tic aspect of fission has been C1e~ 
1 

demonstrated at higher enerqy. In mass regions below A = ~40, 

the charge dispersion studies of Fried1ander e~ al. (Fr 63) on 
... 

cesium isotopie distributions up to 2.9 GeV, Yu et al. (Yu 73a) 

on xenon isotopie distribution at 11.5 GeV, Yu and porile 

(Yu 73b) for mass chain A = 131 at the same enerqy have revealed 

the ~xistenee of dOub1e-humped charge dispersion curves. The 

neutron-exaess species appeared to have all the cbaracteristies 
1 

of low-deposition energy fission produets, w1lereas the neutron-

defieient products have been attributed to &vents with higher 

4eposition energies, possibly different from binary fission, 

such as deep spallation. The extension of these studies 
Cl 

ta higher masses by .,Çhu et a1_ (Ch 71) at 11.,5 Ger and 

BAchmann (sil 70) at 28 GeV ha!S shawn that the charge dispersion 

~ve8 chanqe fram a d~1e hump Vith a .~llow valley in 

between (peak-to-va11ey ratio 1\1 2) at A «II 131 to a cU.stinct 

~aration of the two maxima (peAk-to-valley ratio 1\1 8) at 
, '-:\ 

A «II 147 and. to a single peak On the neutron-4ef1cient ,side "' 

at A • 170. Thi. very 1mport~1 re~uÏ t vas to confira the 

pr8viou~ conclusion that 4ifferent mechani~ pre40minate in 

hlgh-ener9Y fi.sion /au4 al.o tbat the .... cbani ... btcome 
, , , '. , 

1Dcr.a.~ly seParable w:J.tb incre •• ift9 .. ~tJ:y 4>1 tJie prod ••• # 

t 1 

.. 
/ 

( 
/ 

/ 
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Our data indicate 4;hat thi. ~elusion' may be exten4é4 td, 
, 

t~ me4ium-energy range, where the ,only peak obs.,rved ap-

pears ta be more statfonary than for lighter heavy products • 

Recoi1 studies have strengthened this conclusion 

at ~)"qh u... enerqy. The ranges of neutron-defieient nuelidea 

4eer~ase by approximately a factor of 2 campare4 to their 

values at lower energies, while those of neutron-exceas . 
nuelide. remain e.sentialir independent of bcmbard~ng energy 

""'''''(Al 63), Su 56, Be 71). The change in range between these 

1 

two classes of n~cli4es oesurs rather sharpiy over ~ 2 Charge~ 
units on the neutron-deflefent side of ltabilfty (Sr 65). 

This relative range bahaviour was used by Starzyk and 

Buqarman (St 73) to 4.compose lsobaric charge disper.ion 

curvea into three individual charge-dispersion components 

corr.spondin,g to two fission meehanisms (one at, low energy an&! 

one at high enerqy) and a non-fi.sion procass tentatively " 
\ 

••• i'9!iêd to a spallation-like mechanial. 'l'he intrCH.1uction of 

tbe hiqh-energy'component of fi •• ion wa. ren4ere&! nece •• ary 

br the fa ct tbat the midpoint of the. sharp drop in rang •• 

1 
ver.us (ZA-Z) of the correspondi,; pr04uct8 oceurs ~ 2 Z unit. 

/ / ' 

higher than the minimum in:the double-humped charge dispersion 
~ 

eurv.s. The relative contributions of th. two fis.ion ~. 

to the cVerall isoharie yie1ds, a. calculated by Starzyk and 

s,ug&rman at 11.5 Oev, raveal a sharp a.cre.se of the low-

energy contribution between mass 131 an4 mas. 147, ~ •• stiJDate4 
- /'" '" - / ' values 1?eing 10t an4 35. re,pectively • 1'hi •. ·-r.sU1t if, compatt-

• 
1 

r 

~ 
~ 
i 
~ 
l 

1 
1 
j 
l 
l 
1 

f 

1 
1 
1 



1 

\ 

• 
1 " 184 

/ .. 
1 

ble vith oQt previous conclusion. 

energy 1 which causes a sMft. of the energy spectrum of 

residual cascade nucle! towards hiqher values, there~ore 

4ep1etes the probabi1!~y of occurrence of low-energy 

deposition events and consequent1y the production of the 
1 

1 j . 
heavier neutron-excess products. One should·note.hcnlever 

( 

/ fi 

that neutron-~xcess pr04ucts of masses around A '" 131, 1Ihic::b 

are a180 the re.ult of a.ymmetric events and .• s suèh are' 
\ 

genera1ly a.soeiated with -lov-energy fis.ion- are le •• af-

fected~in their production Dy an inerease in bombar4ing 

energy than their heavier homologue.. l 'lbis is ~ indication 

that the term "low-energy fis.ion- bu t:;o be taken in a t' 

1 -
broad sense as meaning fiss10n çon.ecutive _ ta energy . ( 

4epoJition events lea4iDg te excitation energie. .Ub.tanti.~-

ly lover tban the incident energy, but DOt nece •• arily 1011 

i-1) !LZp a. a function of mas. --
o -

The variation of »/Zp verau. the .... Duaber of the 

fi •• ion e.J.ins- is shawn in Figure' 61 at 30 , 50, and 85 MeV. 

~ curve. have been constructed vith the help of the re,uIt. 

- of Sarkar (Sa 75) 1 Miller and Yaffe (Mi 73) 1 Dik'i6' et al.. . .. 
1 

(Di 74), and the normalized value. di.played in' Table. A-I 

to A-Ill, in a44ition ta our own data. At theae thre. energi •• , 

the curv •• exhitJit •••• ntial1y the .... ~.atur •• , i.e .. a 

gra~l ~ lofer.... ift N/Zp bet:w •• n A' ~ 96 aft~ ~ 1\1 '127,. Ifollowed 

~ '1 ",:'; 

// 

-

( 

/ 
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FIGURE 61: 

chain at 30, SO, and eS-Mev incident energy .. 
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Â Khan et al .. (Kb 70)t 

o SU'kar (Sa~75) 
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by a sharp rise up te mass 133 .. Beyond that point, a slow 

decrease takes place, vith possiblya leveling-off of the , 

curves for masses higber tha.n A - 141. 

The 1ast part of the curves is oertalnly the 1II08t 

1 

interesting aspect of the variation of N/Zp • The liecrease of 

B/Z.p vith mas. sU9gests, ~s a f!rst approximation, tbat the 

aver4ge deposition energy increas~s vith ~ncreasing as~ 
, 

metry. Ifbis conclusion i. contra%}" te t.hose previously 
" 

derived. Bowever, this is not incompatible /with fission acts 

, tak1ng place after the compound or cascade nucleu bu 

evaporate1 a substantial number of neutrons. 'the decreaH 1n 

B/lp beyond A • 133, for a given incident ~ner9Y, vould there-
1 

1 

~or. reflect the, evapo~at.ion of pre-fission neutrons rat:her,. 

than ~ emi.sion 'of neutron. f~ h1q~y excited fx:agJDeD~. 

A similar remark has been made by Bageb1! et al~ (Ba 64) 

in their stOOy of charge distribution in the light.-fragment 

,reqiOD' (A • 64-98) of the fission products of 2380 .Jr 
170-MeV protons. Tbe low N/Zp values 1 toget.her vith the 10w 

- , 

vi4t.b of the Charge distribution enco1llltered in this .... 

:region led these authors to the conclusion that the.. re.utta -

coule! be attributed ei ther to very high an~ vell definec! 

energy dePositions, i.e. the observee! nuclides originate froa 

, a narrow spectrum of fiasioning nuclei 1 followed by fi •• ion 
-, 

~ vhich are much faster than tho.. ocurrin9 in the%DAl aD4 

lOw-energy in4uced fission, or to a late fi.sion Act 1t.hich __ l 
tatea place at SOJDe inte%'2Dediat.e stage of the evaporation 

1 
chaJ.n vh1cb fo11ow8 the prJaary nucleonic ca.cac5e. aag.grs 

/ 
• J 

1 
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\ 

et al. (JIa (4) make 1 a1$O the ad4it;ional assump~ion' thaf in 
, 

the latter case, the liCJhter fz;agments shou1d carry an exci-
" 

t:ation energy higher tban that received by the beavy comple­

JDentaxy fragment in order to explain the low N/Zp values 

obtained in the A =: 64-76 mass regian and inversely the high 

B/Zp observed in the complementary IlaSS region. 

iii) Variation of the fu11-vidth at bûf maxiBaDD 

The farious val~s of FWIIM repor~ in this vork 

_are plotted in Figure 60a, along vith tboae for .. ss A - 96 

aJi4 A - 136 given 1n Appenc1ix A. An .increasing ~ vith 
1 ! 

incident energy ~rend is ~pparent 1 al tbough the standard 

deviation. of the.e values are suffici.ently large ta JI&ke 

sœe arguments possible for a constant FlfllM-versus-energy 
1 

relati.onship.. The charge dispersion at al1 ener91ea appeara 

187 

. / ta be .uch narrower than the value, obtainec! ,for lighter 1 

/ 

.. aa chaina, like ~for esampl. for ... 136 where the ftfIi:M 
.i,~ 

varies.fram 1 .. 88 Z at 20 MeV to 2.$6 Z at 85 MeV (Da 63) .. 

'rh1s trend of decreasing !'WHM vith increasing mass number of 
. 

the 1sobaric chain for a given incident energy had alrea4y been . 
point.ed out Dy Parikh et al .. (Pa 67) .. 'A similar observation 

bu al.a ~en made by Pape.s and AlSUt! (Pa 61) for fission 
1 

pro4uct.s of mass greater than A • 140 pr04uced in the fi.aion 

o? 238u by protons of energy 170 MeV.. The latter f0un4 

that only a' narrower. curve vith a width of 2.2 charge unita 

i. COtDpatible vith tbeir ~ta_ .. compare4 t;o 2 .. 8 J units il t.be 

1 
/ 

.f 
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100 < A < 140 mass range. This finding receilred further sup­

port from the fact that this curve fits also the charge 

distributions observed for light BaSS products CA - 64L98 ) 

vering the compleJDentary mass region (Ha 64). Khan et al. 

, " ever report much larger PWHM in the '20-85 MeV 

~jCl,.I;UZI~A • 90-92 (FWBM. 3 .. 14-3 .. 06 Z unit.) .. 

The variation of PWHM as 

energies is shawn on "Figure 62. 

U,l;-tllAII.!S~ at three in1i4ent 

The values bave been taken 

from the resul ts publishe4 by the HcGill team. In SOlDe 
~ ~ 

instances, the charge dispersion curves" have been redra.wn 

by subjecting the indepen&!nt y#e14 to a tr~.tment similar 

ta that descri.bed in .ection 1 of thi. chapter.. 'l'be re.ult. 

are given in Appen4ix A .. 

~0JIl Figure 60, it i. evi4eni that 1'WHM of charge 

disper.ion ~e. are depe~ent upon .. s., their maximum 

being located &round ma •• ~32.. Pate et al.. (Pa 58) -have 

attributed ~e variation of vi4t.h. vith inci&tnt energy to 

the ~petition between n~utron evaporation and fis.ibn 

competinq at each step of the de-excitation chain, the 

wi4ening being due te the Maxwellian distributi? of neutron. 

evaporated from the excited fragments. "Bolub aJd Yafte (80 13) 

have invoked the notion of an elementary charge distribution 

as tbat arising from the fis.ion,of only one kind of nucleu ... 

M aultichance" fi.sion occurs at moderate energies, the f, 1 . 
-resultinq charge disper.ion curve, woulc1 ibn he a .um o~ the / 

el_nury charCJe di.per.ions, an extr ... ca_tt being tut of 

-
-~-

1 

1 

! 
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PlGURE 62: Variation of the full-vidth-at-half-maxiaulll 

as a function of mass at 30, 50 aneS 85 MeV incicSent en.rgy =/~ 

<, -

4 .Khan et al (J(h 70, ... t 

o Sarkar (Sa 75) 

• Miller and Yaff. (Mi 73) 

• Dik~ié et al. (Di 7.) 
: -

• Davi •• an4
1 

Y.ff. (Da 63)+ 

o parikh et'al. (Pa 67)t 

• 'J.'his von 

t • nor.ma1tzed values (Appe.D4ix AJ 
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the 4oub1e-huaped charqe distribution carves reported at high 

energies. / 
1 

Sucb an argument miqbt 'a1so be useful to explain 
, 

the variation of PWHM wit.h masS. The low widths observed J 

for products beyond A = 140 wou1d tben,be_çaused by a narrow 

spectrum of fissioning nuc1ei. The peak at mas. 132 seems 

tben ditficu1 t to explain sinee the directing inf1uencr of 

tbv 82-neutron shel1 in'" the nucleus 11' -believed to be 

particu1ar1y felt in this mass region. ''''~.~._..;. ... ~--------~,,,, 

IV. CALCULATION OF THE TOTAL HUMBER OF NEUTRONS EMl1"l'ED 

FrOJll the observatJ.cm, o~ tbe variation 'of Zp of the j 

'e procSucts formed in 2)2Tb fi.sion by a-pa;.ticles· at exc.itAtiQD ____________________ _ 

ener9i~. ranging from 20 Ito 57 MeV, HcHuqb and Michel '(Mc 68) 
, \ 

_ have concllU!ed that thi. quant~ty parallel. ZA' at a qiven 

, energy, . in the region of heavy"!"lDa's chains (A. 126 to A • 150). ,,,-/ 

~~y bave consequently propose4 a meth04 re1ating'the rate 

of change in neutron emission vith excitation ene~gy 1 ta the 

~.te of cbllmJ8 of ZP' by tlhich cm. can ~rive t.he total 
) \.. .... ~ 

nuaber of Post-fi.sion neutrons emitted 4uring the' fission 
1 • ' 

ACt le.4ing ta the observed pr04ucts. This treatment is 
1 

(S.l) 

J 1 1. 
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UA/aB] z • - (avlaE) 2 
p p 

"1. 
t 

then: (av/3E)z • (3ZplaS>A!C3ZpYaA)s 
p 

vith: {3Zp73A)El • UZA/3A)p; 
\ 

a. ~ntioned above. 
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(8.2) 

(1.3) 

(1."'. 

; In one instance, the variat.ion of Zp a. a function 

of Ba" ha. been directly evaluated tram i.obarie di.tributLon 

.tudie. (Di 74) in the masa range 131-135. ~i. variation 

va. found to he linear with incrJa.ing ~ •• numbe~ over the 

bombar~inq enerqy r;anqe used in t.hia won, vith a .lepe of 

0" 38 t 0" 02. This value was .ubsequent.ly u.ed in t.he e.ti-

.. tio~ of (avh/aE)~~4 

(aZp /3E) A was ebtained by linear-lea.t-.quare. 'fit 

~f our Zp data normalized te mass A • 152. The excitation 
~ >~ 1 

anergies of the average fissioninq nuclei have been calculat.ed 
1 , ' , 

by Dik'i6 et al. (Di 74) u.inq the Vega. STEPNO pOde (Ch 68) 

fol~owed by Monte carlo -evaparation (Do 58, Po 59) for the 
• .J' 

.... target nucleu.; trOm 30 ta 85 MeV bombardin9 ener9Y# 

lntermediate value. of <1*> have been estimat.ed by inter­

polation. This would yield a value of UZp/3Z) A • 0.0208 Mey-l. 

Tbi. re.u1t ia .ubltantia11y lOver than the value cf 0.:027 

Mey·l ~oun~ in the A'. 131-135 ~ •• region (Di 74) and 0.048 

Mey·l i'n tbe A • 111-117 ma •• re9ion (Sa 75)., Sati.fActory a9r M-
. - \ 

.. nt 1'1 obtalDe4 vith tbtt value of 0.0195 reportec:1 by •• t.1war 

( •• 7.) from a COJDpilaticm ot 4ata in tbe r89ion of ma •• 
. 

J A • 1.~-16D, for e",,1tation .nar9J. •• 12p.to 21.5 ,MeV an4 

r 
1 f 

.Jlllœii8b4AW9 
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, 
fiaaioning nucle! who.. ... ranges from 233 t.o 254. This-

<, • J \ 
fact .how., fin particular, that the charge bebaviour of fia-

l ,~.,. 

sion products in the re9ion QfrA ~ 150 ..... te be i~n4ent 
u 

of the nature of the target in the low an4 medium excitatioD 
, 

energy range. 1'he nUlllber of po.tff.sion neutrons ha~ IMen 

calculr4ted vith the asaumPtion tbat: 1 

(I .. S) 

1tber. b and 1, re~er to beavy and 1i.g.ht .fragments respectively 

and !!!. 2. 'l'he latter .. sumptio1 is/su~rte4 by the re.uits 
~ "1 ~ _.. .. ~ 1 

of Cbeifetz et al. (Ch 70) who report an experimenta11y 
» : 

mea.ured vh/v1 ratio' of 2.2 for the mas. split 1 .. 5 in tbe 

15S-MeV' proton-induced fisllion of 2380 .. " Bishop et al.. (Bi 70) 

'bave reJorted \lh /v
1 

ratios from 1.12 to 1 .. 34 for siJUi1ar ma.s 

spli~s in the same system in the 11.5 MeV-22 MeV proton ehergy 

region, with an increasinq "b/\I1 ratio".with energy Jrend. The 

value chosen in our case tberefore appears ie~.Fn.ab1. ~ 

'l'he total number of neutrons thus .stimatea by a4-

ding to the post fission neutron the prefiasion neutrona 

(~.cade r~utron. \le ana evaporated neutrons "z) calcu1ate6~ 

vith the aid of the code. previou.ll' mention.cS (Di 74).. OUr 
J 

r •• ults are di.played in 'l'able XIII, Along with the •• of 

Dik'i6 et al. {Di 74) for A • 131-135 and Sarkar (Sa 75) tor 

A • 111-117.. It app.ar. that an incre •• e in the •• ~try 

tran.late. into a dec~e •• e in the total number ot neutrons 
~ , 

. , 

-.t1:t.4. 1'b1. r •• ult wu alr.a.6y pre4ictab1e I.rom the slower 

L. 
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~ate of change ot Zp vith incr ••• in9 boab.~di~9 rn.~9Y and 'i. 
. '" ' in acco~d with tb~ hypoth •• i. ot h1gh1r a.ymmattie .... split. 

a. being in~uc.c.1 by low-c!apo.it1on energy c •• ead •• 11 Dow'ver, 
1 / ; 

th. exactn... of thi. c~lc~lation might b. qu •• tionad a1so Oft 

th. ba.i. of thi • • ~~ypothe.i., that' i. the av~r.9' exci-
~ . 
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/ 

;/ 

" . 

7' 1 

~,' .<t" 

~, ~ 

" 1; "" ~ 

\ 

tation .n.rgie. u.e4 in ;he caleulat1ôn ot ~h. n~er ot po.t- ' 

~i •• ion n.utro~.'mi9ht net b. r.pr ••• ntativ. ot th. averag. 

ti •• ioning nuel.i l •• ding to the product. ob •• rve4 in this 

w~. ln Any ca.e, th~. calcul.tion will re.ult 1ft an ov.r-

•• tima~ion ot the numb.r 01 emitud neutr~., a tact ilhioh dM. 

net mo41ty the conclu. ion. 4ravn trom the ob •• rve4 yariat:ioD 
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AD obviou. continuation of. thi. york wou14 con.i.t 

- in the invl.ti9ation, of the compleMntary ma.. rlgion, w1'aere 

thqrou9h char9. di.per.ion .tudi •• , j,n thl .1'1.r9)' rangl u.ad 

in thi. di ••• rt.atio~, r.main' te b. ~n.. Such .tudie. 

WJu14 involve the i.olation of. al..ment. l~,. Gal1iWll, Ger­

manium, an4 Ar.enic, wbere half.-live •• uitabl. fb" a radio-
1 

chamical ~tho~ can be found. 

A •• con4 approach might con.i.t in perf.o~ tbiok 
- .. c~ j \ 

tar;et-thick catcher reco.11 .tu~~ •• on th. .ame nuclid •• ~ 

i1'1ve.ti9at.4 in thi. work. Thi. wou14 enlbl. the •• timation 

ot th •• "citation energi •• of. the precur.or • .of th. fi.­

.ionin9 nuelei leading to the pro~uetion of. hoavy fr.gment~. 
Juch A method might, in principl., an.w8r the que.tion •• to 

which of tl). two ,mechani.m. invokea in Section 111-2 of the 

Di.cu •• ion pr.6o~inat •• in hi9hly a.ymmetric ma •• ~ivi.ion. 

indue.a at m.~ium en.t'gy, Bowlver, recoil .tudi •• in thi. f 
• 

~.n;t'qy rang' might,prov. te b. A rather d.licat. problem 

,.inc. the 4ifference. in excitation energie. involv8a in t~ 

pro4uction of .e •• ura:bl. amount. of in4epen4.ntly-forme4 

nucli4.. are neo •••• iily ... 11 and the cver.ll rAng8 of 

po •• ibl. excitat.ion .n"9-'-' J).I.rJ:ow, a. cOJIparad to fi,.1on 
u 

at hip . ."lr9i.' 1 •• ituation_ te 1ad.,. t.he matbod ha.,..· .... o fu, 

alao,t 4N'Clu.i'V81y be4tn awliad~ 
/ 

" , 0 

1 
/ 
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14'.,. an4 15°Pm, and ~be eumula~ive forma~ion cro.. .ac~ion •. 

ot .1467-1 146'2:1' 147~1 149.4 , 149 .. : 151Jf4 , 151hl 1~3 .. , 

1.55BlD, 1568., ant! 1.57EU pr04up" in ~he ti •• ion ot 238" by 
/ 

protor' of ane2:9Y 20-8.5/.s.V have ~ .. n mea.ura4 ra4;ochemical-; 

1y. ~b. in4ap.n4ent,; cro.. .ect.iona ot 1 .. 6p%, " 1491')1, an4 151Pa- 1 
bave ~.n •• timat.4 tram the cumu1.tive ri.ld •• ·Excit.at.iOn 

function. yare con.truct.e4 ana th. .n.rgy at which t~ir 

maxima va. re.chad wa. ob •• rvaa to 48cr •• '. vith proton 
\ 

.~r9Y Whan camparad to incr.a.in; neutron-to-proton ratio 
1 

ot the pr04uct. •• 
/ 

Tha char;. di.tribution eurv.. in th. ragion 

A • 146-151 of the product. of the fi •• ion of 23Su by proton. 

charia deduce4 .how. an ene2:9Y dependance qualitativ.ly 

.imilar ta that ob.arve4 for neigbbouring Iower m ••••• , i.e. 

_a di.placement toward •• tability with incre •• ing incident. 

enar9Y. Howaver, it ha. b •• n .hown clearly tbat thi. 41.-
/ 

plaCU/llnt i. 1 ••• pronounce4 than in the A • 130-136 .... 

re9ion. ~ tu11-wi4th. at half-maximum are narrower,tban 

tho.a r.poru4 for liqh~r li •• ion chain.. The •• two tea~ur •• 
o 

,appear t.o :be coa.patib1e vith the hypotu.i. of an incr ... 1tl9 
.' , , , ' •• ,...t~ of .... tivi.ion •• "Nin9 lavour.4 by .1tber 1011- , 

\ 
\ 

1 
.. 

,~ ,'" '. " t-' IV'P} • ., .. 1,f.r"èt~·1 J~h ...... "f<.-.##' 

Il ~'1 ''''d' l' 
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.nerfY 4epoaition ~~nt. 41:le to, ,Ur.ct interaJon, or long 

pre-f1 •• ion-neutron eYaporation chaina. In the .econ4 ca .. , : ) 

it become. n~ce •• ary to a •• ume th~t the complementary light 
, -

fragment. carry.more excitation energy than they abou14 on 

the ba.i. o~ a uniform di.tribution, in or der Ite axplain 

the h1gh (ZA-Z,' value. ob.ervaa in the ma •• ra,ion inv4.-
/ 

'l'be, incident energie. corre.pon4!n; to the peak of 
tb. excitation function. of in4epen~ntly-forme4 ),46,,,,, 15°PtD, . (~ 
an4,151~m have bee~ foun~ to be in 900~ agreement vith the 
/ f . 

1 

for beaV)" prot1uct. of lawer ma ••• 

The cumulative formation cro ••• ection. of 11 

nucli4e. ranging in ma •• from A • 146-157 have bean u •• 4, 
/ 

410ng wit~ the information derived fram charge distribution, 
-

to e.timate total chain yielde. The§c have prove~ u •• ful in 

provi~in9 a better definition ot the heavy .ide of the ~ •• -

Yiel" c:urve re.ulting fzom the fi.~ion of 238u in the 20·,'5 MeV 

range of bombar~in9 energy. The behaviour of thi. portion 

o~ the ma •• di.tribution with iner.a.ing incident energy, 
, 1 

i,e. a decrea •• in total chain yield. beyon~ 50-MeV incident 

.mari)' aCCOIDpaJie" br a ahift of, the !DO.t, ~rObabl. ma •• 
< 

tcwar4. lawer valUeI, has al.o b •• n ~ound to be compatible 

vitb th. hypotbe.i. invoke4 'in the precedin; para;raph. 

:.: ~ •• timated total n.r ol nntron. ~itUd in 
,/ t._ u)'JIIIMt:ric ~ of fi.Mion i. 10wer t.1'Wl in le., .. ,... 
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" u •• 4.. Thi. JB19~t .lso 1n4~cate tha~ h1qhly .s)'IIIDatrié .... 

4ivi.ton. origina;e from ff •• ion avents taking place tu 
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'1 . f-

"sul ts for duu'ge M.per.1on in .... cbains 96, 

136 an~ 141 are l'reNnud in 1'ables A% te· A%II re.pectively.. ~ 
• 
1'he cro.. section. have ben taken from the won o~ Davi.. . 

. ~ 

and Ya~~e' CDa 63)', Xba.n'. Saba and Yaf~. (Xb -10) T. 9"ik.h, 

Mar_den, por.il. and Yaffe {Pa 61).. The nonsalization 
. 

proèedure va. identical to that use4 in .ect:ion Z.. 1'he 

charte ~istr1bution curve. vere fitte4 ta Ganssians vith the 

hell' of the O.aGLS proqram.. 111e prillary charge ~i*per.iOft 

par ... t.r. vere u.ed te calculate the mo.t probable char~ 

and th. ful1-w1dth at half-maximum corre.pon~in9 te the .o.t 
, \ 

probable' isotope at the peak of each 4i.tribution.. 'l'he r.sul~. 

1
4i.Pl~ed her. have been normalized to the mas... Above 

"-// , 

JDeAt1oDed.. ne la.t celumn in 0 the table. corre.pond. te • 
-- ' lit parame ter vith the .ame a.finit10n a. given in •• ction D .. 

1 

~normalized values have served for intercomparison be~een 

Charge 41.per.101) data l:>elonging to variou. fis.ion ehaic., .. 

l, 
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TAiL! AIs Charge 4i.per.ion 4àta for A • " (0 10' 

(nomalize4) 

/ 

/ 

1 1'Ull-wi4tb at 
/ geak 22.it~ion half-max1aum • El'. (MeV) I/Z Zl' Z,A-Zl' _/Z . z X 

20 1.4'0 39.03 3.14 O~.17' 2.80 0.771 

1 
30 1,,4'3 38.90 3.21 0.159 2.51 0.4'5 

1-
40 1,,45' 3',,06 3.11 0.150 2,,38 0.384 

/ 
1 .. \462 3'.QO / ' 50 3.17 0.15' 2.47 0 .. 406 

~ 

J 
! 
1 

12 •25 6O 1.453 3'r14 3,,03 0.141 0.397 
\/ 

10 1.454 39.11 '3.0' 0/.151 2.45 - 0.380 

1 11 1.4-53 \39.10 .. 3.01 0.154 2;46 0 .. 308 
l ,1 

85 1 .. 454 3'.11 3.06 
-r 

0 .. 157 2.50 0 .. 3'6 
1/ 
( / '1 

1 

1 
1 • 1 
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TABLE AlI s Charge 4i.per.ion data ~r A - 1:3_ (Da 63 J 

(Jlormaliz~l 
~- , 

Ful1-w14-th at 
Peak 22.ition balf.-muimwa 

1 

.Ip {HeV) If;Z _/Z ) i 
Zp ZA-Zp Z X 

20 1 .. .549 53_35 2 .. 65 0 .. 090 1 .. 88 0 .. 619 

30 1,,526 53.84 2 .. 16 0 .. 092 1 .. 96 
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1,067 

/ 1. 
50 

6S
t 

80 

o 
1 

1 .. 509 

1 .. 505 

/i .. 496 

f > 

54 .. 21 1,79 

54.29 1 .. 71 

54 .. 49 /1 1 .. 51 

1 

1 
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0 .. 09. 
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0.117 
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2 .. 21 
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TABLE AllIs Charge diaper.ion data tor A • 141 ('a 67) 

] i Y 

(noJ:1DAliz." ) 

/ 

J'Ull~th at 
peak poaition balt ximum 

i 
E,CJleV) IfjZ Zr ZA-Zr , Jf/Z z x 

20 1,,524 55,86 2,97 0.070 1,," 0,366 \ 
1 

" 1 30 1,.509 56,20 2,63 0.061 1,,37 ,0.456 

/ 
40 1.49' 56,42 2,41 0,055 1.24 0.724 

50 1.498 56.45 2.38 0~057 1.2' 1.134 , , 

/ 
, 

l, 

1 60 1,,4'3 56,56 2.27 0.058 1.32 0.622 

10 1.488 56.67 2.16 0.064 1",46 0.732 

11 1.483' 56,7' 2.04 0,072 . 1.65 1.882 

.5 1.47' 56.88 1.95 0.071 l'." 0'.807 
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