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Evidence for even-odd effects in nuclear physics

Light fragmentation products U(1A GeV)+Ti

Even-mass nuele (dd-rmass nucle
F bes 2
i Tz g R ERR
ﬁlﬂ.—? n.f-‘g_Tt ok 58 ‘?"!ﬁiia
NOf Y i'*if."?a' = _'..'é&"
;4}.5$- +d i T TR
5 i "R §d r #""5}
I E R Y ShN B I NS UL S
S'_‘ :' ? l"ﬁ"i ) '
ST Py
A . 0
b EI1:| 12 Hl'lli“i i IEI1:] 11I’£IE1H
z i

M . 0w

===

FEEEZ=E
i B § B

M. V. Ricciardi et al., NPA 2004

Fanny Rejmund

2,
o<r >

Mean square radii

Hg
0.1 fm’ /
7=80
| o
T P 4
g
o

98 100 102 104 106 108 110 112 114 116 118 120 122 124 126 128

Neutron number N

F. Le Blanc et al., 2000

ILL, May 3rd 2004



Evidence for even-odd effects in nuclear physics
Nuclear binding energies B(N,Z)=Nm,+Zm -M(N,Z)

fp  iwEeo
e A=E[|
spozz |— rIBELTY i
_____ — HDS &3, 1]1353) e
] e "
T il = O 71D
s = e
ey %ETI o
— N 1300 & e ] -
mess |—
S 3, I + my 2 1E0 EGE
JaEE : %-U :
Jman — _— Ly 4 ET200
p— [ - MELTEE 5 12400 By 15000
L ST
e |— o . . -
B 0 N3 5 13330 /
Wsee — Hl:r - - B, 04LD - _r14150;
. ﬂ‘*;’mu“ E oA
1008 — Q, o e 1 - e o R B tEBAl
anee — E13 o Twis o TOM3 4
oeee |— SENQ g2 - 2 . =
preey EDZI'I
= Gy Lo = .
el . S o
. . A%
bl 15"1:F:|' = & % B jpesTm
e |— 2 Fe e z 374y b E17E
26 e = :
e |— EQC
[EE BT
e 0, MmN
12z
Ewaluator: WML H"'Ig i
ORI
agMi

Even-even nuclei are systematically more bound than the odd-odd nuclei
Fanny Rejmund ILL, May 3rd 2004



Nucleons are paired in the nucleus

An extra energy is
needed to break a pair

Notion of “pairing gap” below which no
single particle excitation is possible

bory

A, = 0.25{ B(N-2,Z)-3B(N-1,Z)+3 B(N,Z)-B(N+1,Z) }

A, = 0.25{B(N,Z-2)-3B(N,Z-1)+3 B(N,Z)-B(N,Z+1) }

A~12/AY/2
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Even-odd structure in fission fragments yields

?*Th+n,_ Proton Yields
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Qualitative understanding of the even-odd structure

A

Without dissipation there would be no odd-Z fragment
Pairing gap
saddle scission ’

The even-odd structures in fission-fragments yields are a key to our

understanding of dissipation effect in the nucleus
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Even-odd structures depend on the fissioning system

Global even-odd effect 5,=XY 2- XV, °
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Even-odd structures depend on the excitation energy

Influence of the excitation energy at saddle
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Even-odd structures depend on the kinetic energy of the
fragments

Even-odd structures increase with the kinetic energy of the fragments
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Even-odd structures in neutron and proton number yields

'6 is always Iarger than o, 252Th( 1.f) Persyn et al., 1997
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Local even-odd effects in the fission yields

8.(Z+3/2)=1/8(-Y2{InY(Z+3)-InY(Z)-3InY(Z+2)-InY(Z+1)}

Increases with mass asymmetry
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Quantitative description of the even-odd structure

A combinatory analysis, H. Nifenecker et al., 1982

(e

Bag of broken pairs

N the maximum possible number of broken pairs N = E../A

¢ the broken pair is a proton pair Zf/Af~0.4

q break a pair when the required energy is available 0.5

p the 2 protons of a given pair to end up into 2 different fragments 0.5

SZ:(I—qug)N Ediss :'4|n(62 )
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Limitations of the combinatory analysis

*Model is based on the number of broken pairs and NOT on the available
phase space
As a consequence the model/ cannot reproduce

*the variation of 5, with Z of the fission fragment (p=0.5)
-the amplitude of §, (E,"=2*E,..P)
*the even-odd structures in odd-Z fissionning systems (q=1)
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Temperature-dependent pairing theory

Mantzouranis, Nix, 1982

From an intuitive picture, ......
0, = Number of quasi-particles/Number of free nucleon excitations

5, =2/[1+exp(A(T)/T)]

As pairing decreases with femperature, the consequence is a reduction
of the even-odd staggering.

*A(T) is different for protons and neutrons
* A(T) varies with the kinetic energy of fragments
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Dynamical analysis of the even-odd structure

Willets 1964, Bouzid et al. 1997

o Adiabatic descent to scission
Heating produced by the breaking of the neck
between the 2 nascent fragments

Probability to have odd-odd fragments : P,_, = p.exp(-A/V,)
p=0.5

A strength of coupling between the ind. part. states
V=velocity of neck rupture

As Z_ increases, the velocity of neck rupture increases and
thus 5, decreases

Due to Coulomb repulsion, the neutrons undergo

. . more violent neck rupture and thus show a less

pronounced even-odd structure
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A new interpretation of the even-odd structure

If Ein‘rr>A
there exists a probability that one pair is broken
there exists a probability that one of the two subsystems of the
nucleus remains completely paired P,

AN

The statistical description of
the properties of the nucleus
allow us to quantify rigorously
these probabilities

=
LAty
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Probability that one pair is broken

Proportional to the number of available single particle states

Level density accessible to n particle-holes:

Pa(V) = g"(U-nA)1/(n/2)1%(n-1) | Strutinski, 1958
g level density at the Fermi level
A pairing gap
P,(U)=g"(U )1/ (n/2)12(n-1) Ignatyuk, Sokolov, 1973

Uere=U - 174 g(Ag*- Anz)-Hq

{ Pauli exclusion reduces the number of excitations
*Energy-and n- dependence of the pairing-gap:

A= Ay)(0.996-2.36(n/n_)157) /(U/C)076
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Level density of n quasi-particles
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Survival probability of completely paired subsystem
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Survival probability at scission of a fully paired configuration

Due to the higher level density in the neutron subsystem, the
probability o break a neutron pair is much higher
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Determination of the dissipated energy
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Influence of the excitation energy at saddle

No pair breaking at saddle -> estimation of E . .= 6 MeV

E_D 1 0.2 L.:Sq
At scission the survival
1 probability is constant
for 2A and decreases
= bl sharply to reach the
Uy [MeV] regular slope

Brehmstrahlung experiments = large uncertainty in the energy determination

Fanny Rejmund ILL, May 3rd 2004



Local even-odd effect in the frame of the statistical model

Even-odd effect increases
with asymmetry
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Local even-odd effect in the frame of the statistical model

Level density in the fission fragment :
p(2)=9(2) 9(Z)a”Z

The relative statistical weight of 1 nucleon in fragment (Z) is :
p(Z2)=(Z/Z.,)

0, = (1-p(2))r 0,= (1-Z/Z,)
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Conclusions

*A model based on the statistical properties of the nucleus is able to
describe many features of experimental data relative to the even-odd
effect in fission :

*Amplitude in neutron and proton number
Decrease with the excitation energy
*Increase with the mass asymmetry of the fission
‘No fitted parameter has been used to reproduce the data
* The success of the predictions revitalizes the discussion between

dynamical and statistical interpretation of the fission process.
‘New experimental data to sign the dynamical features are requested.
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