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ABSTRACT

In arder to explain the odd-even effect observed in low energy fission fragmant
distributions it has besn recently required a double mechanism of nuclaon pair breaking:
bafore scission (early pair breaking) and at scission (late pair breaking), respectively. in
the present work we show that, using the same formulas but considering only the garly
pair breaking mechanism, one can reproduce fairly well ;ll the available sxperimental data

on the cdd-aven effects.

RESUMEN

Para explicar ef efecto par-impar observado en las distribuciones de fragmentos
de fisién a baja energfa, se ha requeride recientemente un doble mecanismo de ruptura de
parejas de nucleonaes : antes de la escisidn {ruptura temprana de ﬂareias) y en la escisién
(ruptura tardfa de parejas), respectivamente. En el presente trabajo se muestra que, usan-

» do el mismo formalismo pero considerando sélo el mecanismo de ruptura temprana, se

puede reproducir bien los-datas experimentales disponibles sobre los efectos par-impar.
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1-INTRODUCCION

_ The mostly measursd fission fragment parametars are the mass (A), proton (2},
neutron (Pi) aum ber's and the kinetic energy (E) of the fragments from the thermal neu-
tl;o:;n induced fission of 2353, For thisand other fissioning systems structures with a
period of 5 a.m.u. were found. on the mass distribytion. They were first related to the
maximun value of available energy as a function of mass and charge ratios. This sugges-
ted that [] preforance for splus into evan charge exists [ 1 ). The measured charge distri-
bution confirmed the so ullcd odd-even sffect on charge distribution {2, 3). On the

_ other hand ths wmn vnluu of kinptic energy of the fmgmants present aiso and odd-
aven sffect i.g. the W«kin':tic snergy of even charge fragments is larger than of the
neighboring odd chargs Mmunn [3. 41, In drder to expluin thesd odd-even sffacts
H.-G. CLERC atsi. 3] supposad that in a fnciion of the fisiéning svents g proton-
pair i¥ broken in each evant whils in the ather fraction no nucleon pair breaking occurs.
This fraction wés called the superfluid fraction. It was aiso assumed that a nucleon pair
breaking diminishes by a.certain amount A E of tha total kinatic energy of fragments.

' H.NIFENECKER et al. ',Vanllvzing the above indicated odd-aven sffect as well
as those on spontaneous fission of 2520f. suggested {5] that tha proton pair breaking
is prodﬁcnd at scission. Their'hypothaiis was tiut a proton péir breaking is produced

. only in the odd charge fragmentations.

H.-G. CLERC etal. measured the proton and neutron number distributions -
as'a function of light ffugﬁent kinetic.energy, . These distributions indicate that odd -
aven-gffects increase with ths fragment kineticA energy. C. SIGNARBIEUX et al.showed
experimentally that thuufngment mass distribution., contrary to the Z a;_!d N distribu-

 tions exhibits no evidence for odd-evén effect fdr any value of fragment kinatic energy,

‘ [6, 71. This resuit wasexplained by the wtha_rs assuming that for each fission avent -

 there is at least ons brokan nucleon pair, and that niicleon pair breaking nceﬁrs hufore
scission. The null odd-!nn sffect on mass snd the high odd-even effacts on proton and
neutron number dmr“butlons are uplamcd 7,8} by lﬂ anti-correlation batween the

numbers of proton and neutron pairs broken in the process..



H. NIFENECKER et al. propossd, in arrecent publication [8). &-moded convides-
ing two pair breaking machanisms : tha.early pair breaking mechanism 1.4. pair breaking
before scission and the late pair bresking mechanism i.e. pair bresk mu at sﬁaion. For
sarly pair breeking machanism the separsted nucleons and with arnt equsi prqbobility in
the same fragment as well as in differant fragments. While for the late pair bresking H_

NIFENECKER ot al. assumed that the mmud nuelcons end in different frwmcnt:.
They also assumed that the two machanisms are mdepondnm. Using this two pair breaki mg
mechanisms the suthars reproduced the odd-even-affects for saveral systams.

The purpose of the pm_t;vr.worlt is ta show that the urﬁ pair bresking moéﬁ-
nism as defined by H. NIFEN ECKER etsi. is sutficient 10 reproduce the svailable experi-
menta! resuits on odd-sven stfects: ' .

2- FORMALISM FOR moxmfmapnmumm

LetZY, and ZY, bethe yisidsof fragments with even and 0dd numbars of
protons, respectively. Consider the narmalization lY, + Z.Y,J = 1 Thn‘odd-ﬁm :
.effectean fragmant proton- numhﬂr dhﬁhutioa is defined by ’
sz = Ty, - Ivg k (1a)
The aversge kinatic energy of fugm,annwjth even and 0dd Z sre defined by
ZE, and ZEO , raspactively. The oddevan stfect on Mwmfmmm kinstic anergy
relative to the protan number (charge) is defined by '
32 -2, - I, , )
Ths above odd-sven sffacts dcfinett fnrthﬁmmem p;oton number (Z) can bt

genersliz ed for the neutran number (N) and the mass number (A} respectively. Let The
8 parameter thatcan be Z, N or A.

We define the odd-even sffectsan T by

8T = Ty, - Ty,. )

sTe = T8, - TE, (2b)
in order to reiste the odd-even eftects to peis bresking mechanisms one definen:

the valuunﬁ' as the probability for i protan, j neutron pairs to be hmk;n bsfore
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scission and k proton, | neutron pairs to be broken at scission. It isassumed that the
separated nucisons from breaking before scission snd with the same probabitity in the
same fragment es well as in different fragments [3,4,9]. From the above indicated dafi.

' nitions and-assumptions ane can obtain the following formulss :

. - kgk

52 = F, +n *ag} (32)
= 1) laky

&N = E, gy (3b)
= £ (nk +igu

sa k:‘:l 1 g0 (3ey

Suppose that a nucleon pair breaking diminishes, by a amount AE, the frag -
mant kinetic energy. Then, considering the definitions and sssumptions indicated

_ before, it follows that

s2g =—28E  fszF - CE, Grkenentoll} (49}
1-822 % !
28 E_ [ons G+ +0 60 lof}
———————— - - (4b)
1 - &N vEr
24 E

1. 8A2

sNe =

- k+1
5Ae BAF -z w0 <o) (4c)

Whers n is the number of broken nucleon pairsand # is the averege value of n -

"= §+j + k41 (5a)
Fo= Z G+j+x+n a (5b)
ij. k1

Where the indices i, ik gofromQto oo, ig

Lik! e[ 0, e ]



Consider only tha sarly pair breaking mechanism. 8y dcfmmonthm is no pair
breaking st scission. In ather wards ‘ ' o

e = 0 for k >0 o 1>

Let us define
00
Q; = 0y
Substituting this definition into formule (3) and (4) we obtain
sz = I Qg S e
j , ,
sn- = E Qg © (e
§A = Qg _. o t6e)
sl =——tim (528 - T WO} 78
1 - 822 ‘
sNE = {gns - 2 (050} (78)
1-8N0 ' :
pA =—2E_ san g
1 - 5a2 ‘ -

As an example it hes bean shown in raf. [8] that the following matrix :

R T R

'RU L N B |

@ =T v 1
c 0 o0

fits rather wall the experimental data
sl = 13AE

52 = 03
5N = 0.1
§5A = 0.
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H . NIFENECKER ot ol. proposed & binomiet type farmula for 0;; :

;- = cf el (1-e)ivy (a) (@)
. Where : . ;

Pyfn) = Cpg® (1 - M0 ' {8o)
N isthe svaximan member of brokes muclesn pairs; q s the probebiity for & pair 1o

be broken, € isthe probebility for » broken pair to be protom one. Inserting (8) in
formules (8) and (7).“

82 = (1 - qe)® : e
BN = 1 - gl e o B ()
5A = (1. qN | 80}

2812 (1-8z 1Ny
..

sZf =AE BZWN 4 guil.y (108}
1-522 szIMN : .
"2 sz - -"“"m '
Np = AE N Y RLEY LT
8F T T ol
: ' 2 8 A ~ .
aAE = AE —— “A'm,'

1 - '8A7.
The vatus of AE: i3 esimensd, from the odd-evem affects e massen, 1o be sgusd t
25 Mev.
4- AVERAGE ODD EVEN EFFECTS




for the foligwing systams: the thermal neutron induced fission of 2350. mtl:und by
238y { th,n.1.); the 3MeV neutron inducad fission of 235U, indicated t;v 23y (3mev
n.f.); the spontaneous fission of 252CF, indicated by 252C+ (s.£) ; and tha slow neutron
induced fission of 223Th, indicated by 229Th {sn.£). For the cass of 235y (th.n. 1)
the two sxisting data can be reproduced by formuta (9) and {10} with ths valuesof N,

g.e, i, aln presented in the foliowing table :

5z N BLE. N g P n on
Ref.[3] 0237 0054 ap. 07 55:05 066:002 036+001 363 123

Ref. [4] €22 0.06 0815 55 21§ 0.64*6;! - 0.37+0.01 352 1.27

H. NIFENECKER et al. have analyzed the case of 235U (3MeV n., ) in order 10
estimats the value of e for pair bresking at the saddie. They supposed that pair breaking
at saddle and pair breaking during the descant until scission are indepondmt Thay estimate
there are AN = 2.5 more broken nucloon pairs than for 2350 {th.nt). Thcn the odd-»

avan effect on proton number dtstnhutmn i given by

53MOVZ - (1 €) AN&ﬂlz an ‘

Using tha axperimental resuits 338z = 0,08 and stz = 022 H.NIFENECKER
et al obtained e = 0.4. They notice that for tha fissioning systam Z/A =0.38.
We have seen that for average odd-aven effects. ¢ = 0.37. This suggests that the probs-
hiliﬁ for a broken pair to be a proton one is proportionsl to the nun;hu of proton pairs
axisting in the fissioning system. Compering e = ) 0.37 and the sstimated vduc‘fm .
peirs braaking st saddie.one can sy that nuclsan plir bresking in 235y (th.n_f) ismostly
produced close to the saddle.

The average odc-aven sffects for 252¢4(s1.) and usTMs.a.,f) were sise repraduced
by formules (9) and (10). The masin origin of the incertsinty ison’ 5ZE . Neutron emission
does not permit @ high ressiution of fragment kingtic my Wse prasent the tmlnon_ ﬂqc_ »



f,ollowing table :

52 - §LE N g i o
252c¢(sf) (4] 012 0804 12t5 044303-528:0.04 30%15

229Th (zn.f)[4] 035 1.3203 B£15 04302 2602 15:04

The inca}tuinty on &%E produces an lmmmty on q and N velues. However the
uncertainty of T is negligible.

5.- ODD EVEN EFFECTS AS A FUNCTION OFFRAMENTMEIERGY

H.-G.CLERC et "-. have measurad [3] 8Z and SN for several fixed valuas
of light fragmant kinetic energy (E, ) from 88.5 to 108 MaV for the case of 235y
{th. n., £). In order to calculate tha N, q and e valugs from equations (9) and (10)
ang needs three values of odd-even affects. Wa can however assume that value of ¢
is the samae as for average odd-even effects. If % we obtain the resulgs presented in the
following table :

ELimev) 82 &N N ¢« @7 aoa
108 0.33 - 0086 245 100 245 0.10
103 027 0075:39 077 3. 0.69
88.3 0.23 ‘ 0.045 344 095 323 0.18
83.4 020 0034 380 093 355 023
88.5 0.18 0.024 375 099 374 001
Hereweused ¢ = 0.37 as calculaud from average odd-aven effects measurad by G.’ -
MARIOLOPOULOS stal. [4]. The valuesof q, N and o2n depend strongly on e.
While 0 isapproximatsly independent of €. Letususe €= 0.36 deduced from data
obtained by H.- G. CLERC et al. [3]. Then valuesof N, gand e cormnondingh the
same data presented above are the iﬁllowing :
EL(Mov) N e @ oo
108 28 098 243 038

103.t 5.0 063 3.17 Li6
983 42 082 343 063"

934 50 077 386 089
885 45 088 396 047



Gne can obsarve that the valus of the maximun number of braken nucleon pairs dos not
incressa by diminishing EL- This seems ab'n'okrmnl-, however the average number of broken
nuclean pairs obays the reasonable decreasing function of E.. 0 ne must notice that if
tar the total fission events ths probability of pair breaking obny; binomial type formula
for tixed values of kinetic anargy this is nat necesarity the cass. Thuswe must ba careful

when applying formula (9) far fixed valudd of fragment kinetic enargy.

6.- ULTRA COLD FISION

P, ARMBRUSTER et al have measured {10} 82 and SN forE) = 112 MoV
from 233y (th.n, f.). They considered their result { 82 =D, 46 and SN=0, ﬂ) and the
extrapolation of the H.- G. CLERC etal, ‘results ( 81 = (.40 and- 5N =0, H) esti -
mating . 5Z to be equal to the-average 5Z='0.43. U:ing thmulua and 6N= 0.11 in
formula (9) one obtains N = l 1,g=1 and e =0 33 The Imurextmoolatmn of
H.-G. CLERC et al. results gave in fact GZ = (.35and SN = (.11, W|th these values
onenhtamsN ==3 q =093, 7 =232and czn-OIG fore-037

The 6Z and &N presentad above are messured at}u neutron amission. Thisis
“ the causa of erross.on &N , 8A and fmgnpani kinetic ansrgy. l:hl increasing values of
8Z , 8N ass function of Ey suggested that st very high values of fragment kin-tié
enprgies, mostly even-gven fragments would be obtained. Sumriting axperimentsl rasults
[s,7j shaw in cantrary to the suggestian for hiuﬁ valuas of‘ﬁnot.ic energy thntthon.-n-
add mass fragments with the same probability as the even mass fragments. in othar words
SA =.0. Ontheotherhand for thevery high value of E, ssch mass ratic seems to
~ select a single chasge ratio. Consider that this charge ratig cuimpond:tn the maximum
valuse of available energy which iss function of Z. Then from mass tahles we can see that
for sach 10 valuesof ma;an: there are 8 even and 2-0dd charge fnumntitio_ét. This mesns
- §Z = 06 ' '
For the same fragmsntations there are 7 even and 3 odd neutron number fragmentations
is. '
5N = 04



These values are compstiblewith N = 1, ¢ = land e = 0.4.
In the regions of vat‘y Bigh kinetic energy we must be careful in analyzing the

" odd-svan effects. Sometimes the availaﬁla energy does not parmit protan or Reutron
pair bresking. This is the case for mass regions where the availabis anergy forbids odd

‘ chargarfngmonntion. Then 8Z = 1 and SN=0 (bacause A =0). Tﬁa corraspond-
ing paramaters to these valuesareq =1, N = tand ¢ = 0. Forthe case of 238y
{th.n.f.) the above example occurs for the tatal frigm shts kinetic energy highar than 203
MeV. Thers sxists alsa a region for whichdZ = Q0 and 5N = 1. Those valussare

reproduced by q =1, N =1lande= 1.

7- CONCLUSION

\ The axperimantal results on odd-aven ﬂffects ara well rapraduced by a model in
uhich iha nuclean pairs are broken early during the descent of the fissioning system from saddla to
scission. The probability for a broken nuclaon pair to be a proton one is very close to the
fraction of protons pair éxisting in the fissioning systems (Z/A = 0.39}. This resuit reinforcas
thi above conclusion. H. NIFENE_CKER et al. had proposad [9] & model of two peir
bresking mechanisms in arder to show that the hypathasis of a late pair breaking macﬁanism, .
is tompatible with experimental result. However they have esﬁmated tha valuas of certain
paramaeters (probability for a pair broken at seddlo ta be & proton oné; the similar paramater
cdmsponding to the scissian; and the probability for o pair to bs broken st scission) -from

data in critical ensrgy regions.

The averaga number of broken nuclegn pairs estimated from ex perimanfal results
on odd-even effacts ara 2.6 for 229Th(&n,,f.) ;3.5 for 2:‘mu(tl't.n.,f.); 8 for 235y (3mev n,f);
and 5.3 for 2520 (5 1),
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