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Statistical properties of atomic nuclei are studied as tioncof the number of neutrons. The
experimental method is based on partiglesincidences measured in light-ion reactions with one
charged ejectile. From particheeoincidences, level densities and radiative strengthtfons can

be simultaneously extracted from one and the same data sdtshéll nuclei show significant
odd-even entropy differences interpreted as the singteefmentropy of the valence nucleon.
However, these properties change when approaching cltsid.sA model within the frame-
work of the microcanonical ensemble is presented and cadpeith data from the molybdenum
isotopes. The odd-even entropy difference disappearsinitinity of theN = 50 shell, and an
overshoot of positive parity states is predicted.
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Figure 1: Experimental data based on tRelg,a) reaction ont’1172173yp targets. Left panel: experimental
total level density (filled circles) and constant tempematextrapolation (dashed line) to the level density
based on neutron resonance data at the neutron bindingyeBgrgrhe jagged line is based on counting
known discrete levels. Right panel: entropies deduced’fdr>172yb.

1. Introduction

Atomic nuclei at low excitation energy are characterizedh®/motion of pairs of nucleons,
known as Cooper pairs, moving in time reversed orbitals.hWitreasing excitation energy, the
description becomes more complicated as Cooper pairs ekeby collective (Coriolis force) or
intrinsic (temperature) excitations.

In order to investigate the breaking of Cooper pairs, expenits were conducted at the Oslo
Cyclotron Laboratory (OCL) using a 38 to 45 Mé¥e beam on self-supporting targets. Partigle-
coincidences were detected with an array of 28 collimatdd/Nay detectors and eight Si particle
telescopes placed at 4@ith respect to the beam. The investigated reactions’ate, éHe'y) and
(®He, ay) from the 0-n channel. By applying the Brink-Axel hypotrgshe level density can
be extracted from the primanyray spectra, which are measured at all initial excitatinargies
up to the neutron binding energy. Details on the experinhesgtiaup and data analysis are given
elsewhere [1].

Figure 1 shows typical level densitigsfor well deformed rare-earth nuclei as function of
excitation energye. The left panel also shows data based on counting knownslewvel neutron
resonance spacing data. In the right panel the level deissitgnsformed into entropy b§(E) =
Inp(E)/p, Wherep, = 2.2 MeV-1. Itis striking that theScurves are almost identical f6f172yb.
The odd!’YYb system reveals an increase&= 1.5 — 2.0, which is interpreted as the entropy
carried by the valence particle (or hole) outside the heated-even core [2].

This simple picture of spectators becomes less valid whamgo lighter nuclei, where few
single-particle orbitals are available for the valenceleois. The strongest effect appears when a
shell is closed. Here, more configurations can only be predily crossing the shell gap. The
most dramatic reduction is found for the double madf®b nucleus, which has about 100 times
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fewer levels than the lightéf?Hg.

Recently [3, 4], a unique set of level densities and radéasgivength functions in the&- %Mo
isotopes was reported. The data clearly show the evolufieevel density when going from one
neutron #3Mo) to six neutrons¥Mo) outside theN = 50 shell gap. The aim of the present work
is to describe this deformation dependence within a traespanodel of quasiparticles.

2. Modd

The model is described within the microcanonical ensemblere the excitation enerdy
is well defined. The single-particle energigg are taken from the Nilsson model for an axially
deformed core described by the quadrupole deformatiompsteae,. Furthermore, the model
depends on the spin-orbit and centrifugal parametessd u and the oscillator quantum energy
haw, between the harmonic oscillator shells. Each single-glartirbital is characterized by the spin
projectionQ on the symmetry axis.

Within the BCS model, the single-quasiparticle energiesi@fined by

&(Q)qp =/ [E(Q)sp— A]2+42, 2.1)

where the Fermi surfack is adjusted to reproduce the number of particles in the syatedA is
the pairing gap parameter. The quasiparticle energy duestom (17) and neutrony) excitations
is given by

Eqp(Qm Qv) = Y [eqp(Q) +€qp(Q)) +V (Qr, Q)] - (2.2)

{QRQ}

A residual interactiorV is defined between the aligné@,+ Q,| and anti-alignedQ, — Q, |
configurations as a Gaussian distribution centered at renge with a width of 50 keV. Collective
energy terms are schematically added by

E = Eqp(Qm Q) + AoRR+1) + i, V. 23)

whereA,; is the rotational parameter aftl= 0,2,4,. .. is the rotational quantum number. The
vibrational motion is described by the phonon numbert 0,1,2. ... and the oscillator quantum
energynw, ;.

The set of proton and neutron orbitdl®/,Q},} is picked out by using a random generator.
Technically, we repeat this process until all possible giesEqp(Q 7, Q) are visited. The advan-
tage of the present model is a fast algorithm that may inckederal protons and neutrons in a
large space of single-particle states.

3. Discussion

The experimental [3] level densities 87 °8Mo are shown in the left panel of Fig. 2. The
9394Mo nuclei display very similar level densities, indicatithgt the odd-even entropy difference
has vanished, in contradiction to the case of ytterbium Bgel). The scattered neutrons are
presumably filling mainly the orbitat}x‘s/2 andg7/2 above the\ = 50 shell gap, which should limit
the available single-particle orbitals. Indeed, #i®lo isotope has about ten times fewer levels
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Figure 2: Experimental and simulated level densities for molybdemotopes (left panel). The next two
panels show the simulated number of broken Cooper pairs anity psymmetryo.

than predicted from global level-density formulas. Thetpns are not expected to be responsible
for the reduced level density, since there are no signifieaatgy gaps between orbitals below or
above the proton Fermi surface.

In the calculation we have adopted standard Nilsson passret= 0.06 andu = 0.32 with
oscillator quantum energy dfw, = 41A-% MeV. The deformation parametes, is taken from
knownB(E2)-values [5]. The rotational and vibrational terms conttéanly significantly to the
total level density in the lower excitation region. TherefoA; andhw,;, are determined from
the first and second excited states in the even-even molybaenrespectively. For the odd-mass
nuclei, these values are interpolated in order to obtaisomable values. The adopted pairing gap
parameterd; andA, are taken from the five-mass formula of Ref. [6].

The experimental [3] and calculated level densities arevgha the left panel of Fig. 2. In
view of the fact that no parameters have been tuned to ob&shdgreement, the comparison
is very satisfactory. The odd-even staggering and the dserin density when approaching the
N = 50 shell gap are well reproduced. We see that the adopteds/give nice agreements for the
breaking of the first Cooper pairs in even-even nuclei as asHeproducing the log slope of the
level densities for all isotopes.

The middle panel of Fig. 2 shows the theoretical number ofpg@opairs broken as function
of excitation energy. The first pair breaks upEat- 2 MeV for all molybdenums. Which of the
proton or neutron pairs that break at the lowest energy, riépen the pairing parameters and
details of the single-particle schemes around the reselegrmi surfaces. The four quasiparticle
regime starts around-45 MeV and is most clearly seen f8iMo; it may also be present ftMo.
The pronounced plateau of one broken pair between 2.2 ane\sof excitation energy ifMo
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could be responsible for the underestimate of the levelitlealkove 3 MeV. However, the higher
experimental level density could also be due to coexisteclear shapes of this nucleus, signalized
by a very low-lying second®state at 0.735 MeV. Such a second potential minimum could ver
well produce twice the number of levels and is not includedlincalculations.

The present model also provides information on the parigynasetry parameter given by [7]

Pr =P 3.1)

pitp
Here,a gives—1 and+1 for pure negative and positive parity regions, respelstiand 0 when
both parities are equally represented. The asymmetry paeaiis easily transformed to the fraction
of positive and negative parity states by= (1+a)/2.

For molybdenumZ = 42), the proton Fermi surface is situated in betweer‘gg)g particle
and P12 f5/2 and Ps/2 hole states, producing about the same number of positiveegmtive parity
states. However, the neutrons favor positive paritiesesthey occupy thei, /2 andg, /2 particle
and 9,2 hole states. In the right panel of Fig. 2 is shown the parityranetry a as function of
excitation energy. All six isotopes show that the positia€fy states dominate. Typically, around
2 MeV of excitation energy we find almost only positive pastgates witha ~ 1. The asymmetry
then drops with excitation energy, givimg= 0.2— 0.4 at 8 MeV.

4. Conclusion

We have demonstrated that the concept of single-partittegnworks nicely for mid-shell
nuclei. When approaching closed shells, the valence naosle@y have no single-particle orbitals
available to create entropy. This fact reduces the ovenaitbpy as well as the odd-even entropy
difference. In addition, as shown for the molybdenums, &ypasymmetry occurs, which is ex-
pected to modify the relative intensities flall. andM1 radiation in continuum.
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