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We investigatefp shell s44−58Fed nuclei in highly excited states. Effects of the thermal and rotational
excitations on the separation energy are studied and it is found that these excitations affect the particle stability
and alter the boundary of the proton drip line. The shell effects near the proton drip line are seen through the
level density parameterae. Changes in the occupation probability as a function of temperature and spin are
studied.
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I. INTRODUCTION

The advent of Radioactive Ion Beam facilities and recent
experiments on proton radioactivity[1–4] near proton drip
line have made it possible to look closely into the structure
and properties of the proton rich nuclei which are important
both for nuclear physics and astrophysics. Study of proton
rich nuclei, in particular those lying infp shell region, is
essential for understanding the interesting nuclear structure
found in this region and certain astrophysical processes of
nucleosynthesis by rapid proton capture. The path and the
extent of the astrophysical processes can be determined by
measuring the half lives, level density parameter, binding
energies, separation energies, and mapping the precise loca-
tion of proton drip line of proton richfp shell nuclei.

Over the last decade, many attempts have been made for
mapping the proton drip line experimentally[3,5] as well as
theoretically[6–9], but only a few calculations have included
the effects of excitation on the proton and neutron separation
energies[10–12] and drip lines[13,14]. Incorporating the
effects of excitations on the separation energy and drip line
studies is necessary as these nuclei are formed usually in
heavy ion collisions and are in highly excited state and their
decay is greatly influenced by thermal and collective excita-
tions. Therefore, we treat these nuclei in the framework of
the statistical theory of hot rotating nuclei[15,16].

In the present work, we have chosen all the Fe isotopes
from 44Fe, a drip line nucleus to the most abundant stable
isotope,56Fe, which provides one of the simplest systems
expected to have a rotational structure[17]. The Fe isotopes
have attracted the attention of several physicists[17,18] as
Fe isotopes, being close to the spherical region of Ni iso-
topes, could be candidates for shape coexistence or shape
transitions which are known in various other soft or transi-
tional nuclei. Thesefp shell nuclei, lying between spherical
magic gapsNsor Zd=20 to Nsor Zd=28 play a very impor-
tant role in our understanding of nuclear structure. Spin orbit
splitting gives rise to a sizable energy gap in thefp shell
between f7/2 orbit and other orbitssp3/2,p1/2, f5/2d making
Nsor Zd=28 a magic number, too. However, excitations
across the gap are important for ground and excited state
properties of manyfp shell nuclei.

The locus of the neutron number for which the proton
separation energySP→0 is the proton drip line. One proton
separation energy is the energy required to knock out a pro-
ton from the last filled orbit which in this case is the closed
shell orbit f7/2 with two proton holes. To obtain the ground
state one proton separation energysSPd, we use the
macroscopic-microscopic approach where we incorporate
Strutinsky’s shell correction to liquid drop model(LDM )
mass formula[19] and obtain the corrected proton separation
energy as in our earlier work[13]. In view of the high exci-
tations possible in the nucleus formed in collisions, we intro-
duce temperature and spin and find that the separation energy
reduces as the thermal excitation energy increases, and as a
result the drip line is pushed to higher neutron number. The
level density parameter which carries deformation dependent
shell effects in a natural way is investigated for various tem-
peratures. Changes in the occupation probability with tem-
perature and spin give a very clear picture about the changes
taking place in the occupation of particles near the Fermi
level.

II. Statistical theory of hot rotating nucleus

We start the statistical theory of hot rotating nucleus
[15,16] with the grand canonical partition function of the
superfluid system in terms of the single particle eigenvalues
ei and thez component of the spin projection,mi, of the
deformed oscillator potential of the Nilsson Hamiltonian

QsaZ,aN,b,gd = o exps− bEi + aZZi + aNNi + gMid.

s1d

The basic ingredient in the statistical theory is that a suit-
able shell model level scheme for various deformations is
generated by assuming the nucleons to move in a deformed
oscillator potential of the Nilsson Hamiltonian, diagonalized
with cylindrical basis states[20,21] with the Hill-Wheeler
[22] deformation parameter. The levels up toN=11 shells of
the Nilsson model with Seegar parameters[23] are used. The
single particle level schemes are different for protons and
neutrons. The value of the angular deformation parameteru
ranges from −180°(oblate with symmetry axis parallel to the
rotation axis) to −120° (prolate with symmetry axis perpen-*Email address: drmamta@nsc.ernet.in
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dicular to rotation axis). The axial deformation parameterd
ranges from 0 to 0.6.

The Lagrangian multipliersa, b, andg conserve the par-
ticle number, total energy, and angular momentum of the
system and are fixed by the following saddle point equations:

− ] lnQ/] b = kEl, s2d

] lnQ/] aZ = kZl, s3d

] lnQ/] aN = kNl, s4d

] lnQ/] g = kMl. s5d

The corresponding equations in terms of single-particle
levels for the protonsei

Z with spin projectionmi
Z and neu-

tronsei
N with spin projectionmi

N [24] are

kZl = o ni
Z = o f1 + exps− aZ + bei − gmi

Zdg−1, s6d

kNl = o ni
N = o f1 + exps− aN + bei − gmi

Ndg−1, s7d

kEsM,Tdl = o ni
Zei

Z + o ni
Nei

N, s8d

kMl = o ni
Zmi

Z + o ni
Nmi

N. s9d

When M =0, the thermal excitation energyUsTd of the sys-
tem is given by

UsTd = Es0,Td − Es0,0d, s10d

whereEs0,0d is the ground state energy of the nucleus given
by

Es0,0d = o ei
Z + o ei

N. s11d

The rotational energyErot is calculated using Eq.s8d:

ErotsMd = EsM,Td − Es0,Td. s12d

As T→0,Erot corresponds to the yrast energy. We define
an effective excitation energy

UeffsTd = UsTd − dEshell, s13d

where part of the excitation energy is used to overcome the
shell forces which are deformation dependent. The quantity
dEshell is the ground state shell correction obtained using
Strutinsky’s prescriptionf25g

dEshell= o
i=1

A

ei − Ẽ, s14d

the first term being the shell model energy in the ground
state and the second term is the smoothed energy with the
smearing width 1.2"v.

The total excitation energy is obtained as

UsM,Td = UeffsTd + ErotsMd. s15d

To evaluate the separation energy as a function of tempera-
ture and spin, we first calculate the binding energy and the
ground state separation energy which is obtained using the
macroscopic-microscopic approach as done earlierf13g:

BEcorsZ,N,u,dd = BELDMsZ,Nd − EdefsZ,N,u,dd

− dEshellsZ,N,u,dd. s16d

Here the total binding energy BEcor has been obtained by
incorporating the microscopic effects through Strutinsky’s
shell correction along with the deformation energy to the
macroscopic binding energy obtained from the LDM mass
formula. Then it is maximized with respect to the defor-
mation parameterssu ,dd. The difference between BEcor of
parent and daughter nuclei gives the corrected proton
separation energy

SP
cor = BEcorsZ,N,u,dd − BEcorsZ − 1,N,u,dd. s17d

A zero or negative separation energy indicates the insta-
bility of the nucleus against proton radioactivity.

In the case of excited nuclear systems we include the total
excitation energy from Eq.(15) along with the deformation
energyEdef to the total corrected binding energy and maxi-
mize it with respect to the deformation parametersu andd:

BEsZ,N,T,M,u,dd = BEsZ,Nd − Edefsu,dd − UeffsT,u,dd

− ErotsM,u,dd. s18d

One proton separation energy as a function of the thermal
and rotational excitation is then obtained using

SPsZ,N,T,M,u,dd = BEsZ,N,T,M,u,dd

− BEsZ − 1,N,T,M,u,dd. s19d

The single particle level density parameteraesM ,Td
[26,27] as a function of angular momentumM and tempera-
ture T is found using

aesM,Td = UsM,Td/T2. s20d

III. RESULTS AND DISCUSSION

Figure 1 shows the variation of one proton separation en-
ergy [from Eq. (17)] of 44–58Fe as a function of the mass
numberA. Values of ground stateSP

cor (solid line) agree very
well with the experimental[28] values and very recent the-
oretical predictions[9]. All the isotopes of Fe considered for
this work are not very proton rich, nevertheless they are use-
ful for a comparison of the model calculation with experi-
mental data.44,45Fe are found unstable against proton decay
with SP

cor,0. 46Fe is found to be the most proton rich stable
nucleus(in agreement with theoretical prediction of RMF
theory [8]) weakly bound withSP

cor=1.235 MeV.
But, as thermal excitation is incorporated, the separation

energy calculated using Eq.(19) (at M =0) decreases, and at
certain excitation energies the separation energy reduces to 0
and the nuclei which were stable in the ground state become
unstable against proton decay. In ground state46Fe was the
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most proton rich stable isotope of Fe but atT=2 MeV its
SP=0. At T=2.8 MeV, the separation energy of47Fe also
reduces to 0 though it was bound withSP=1.651 MeV in the
ground state and 0.3 MeV atT=2 MeV. Thus with the ther-
mal excitation, the exact location of the proton drip line has
shifted to higher neutron number. Also, we come to know the
exact excitation energy at which a particular stable nucleus
will become unstable against proton emission.

Figure 2 shows deformation of some Fe isotopes vsA.
Deformation and shape are determined by maximizing the
total binding energy with respect to deformation parameters
u andd [Eq. (18)]. At T=1 MeV, the shell effects are washed
out and the equilibrium shape is spherical. Ground state de-
formations predicted here are quite close to the recent RMF
theory predictions[29].

Figure 3 plots the level density parameterae calculated
using Eq. (20) vs A. At low excitations, shell effects are
predominant forfp shell proton rich Fe isotopes. For closed
shell proton rich46Fe and54Fe nucleiae has much smaller

magnitude than other neighboring nuclei which are not
closed shells. Figure 4 showsKe=A/ae vs T for even-even
46–56Fe isotopes and we see that forT,1.5 MeV,Ke is very
large and decreases very rapidly withT. With increasing ex-
citation shell effects disappear andKe attains almost a con-
stant value. We have done calculations only for
0.6 MeV,T,2.8 MeV. Continuum corrections become im-
portant only afterT.3 MeV as illustrated in Ref.[26], and
are therefore not included here. However at low tempera-
tures, our values ofKe=A/ae for 56Fe are in close agreement
with Kse of Ref. [26]. Here we also note that for a few Fe
isotopesKe is very small initially. This is due to deformation
in those nuclei at lowT. With increasingT, deformation
decreases andKe increases. At still higherT, these nuclei
suffer a shape transition to spherical shape and then the
variation ofKe with T follows the same pattern as for other
nuclei as seen in the figure.

The rotational spectrum(in Fig. 5) of 46,50,54,58Fe for spins
up to 60" shows the kinks in the curves due to the change in
deformation and shape. As spin increases, the Fe isotopes
considered here suffer a shape transition from spherical to
oblate at around M =20" with small deformation d
=0.1–0.2. AboveM =40", the deformation rises up tod
=0.6 with oblate shapesu=−180°d.

FIG. 1. Proton separation energy of44–60Fe in ground state(g.s.)
and in excited states for various temperatures.

FIG. 2. Equilibrium deformation of50–58Fe in ground state and
excited state vs mass numberA.

FIG. 3. Level density parameterae vs mass numberA at differ-
ent temperatures.

FIG. 4. Variation ofKe with temperatureT for 46–56Fe.
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Figure 6 shows the proton separation energySpsM ,Td
[Eq. (19)] vs spin atT=0.5 MeV. The proton separation en-
ergy of 45Fe, which was negative in the ground state, in-
creases to a positive value 0.3 MeV atM =22.5" and goes
up to 1.8 MeV atM =60.5". Therefore it is possible to get
this nucleus stable with positive separation energy at the
above mentioned excitations though it was unstable against
proton decay in the ground state. From the figure we also
note that46Fe hasSP,0 for certain spin values even atT
=0.5 MeV.

The occupation probabilitiessnid [see Eqs.(6) and(7)] of
46Fe are displayed in Fig. 7 as a function of single particle
energyei for different temperatures and spins. AtT=0, the
occupation probability is unity up to the Fermi level and zero

beyond it. As the temperature increases, the occupation prob-
ability for levels below the Fermi level decreases from unity
and for levels above the Fermi level increase from zero. This
happens only for a few levels around the Fermi energy at
lower temperatures but at higher excitations this happens for
a large number of levels on both sides of the Fermi level.
Particles from much lower levels get excited and occupation
in much higher levels lying well above the Fermi level be-
comes possible. As the nucleons near the Fermi level are
occupying much higher levels at high excitation, it becomes
more likely that the outermost nucleon, which is very weakly
bound with a very low separation energy, is thrown out of the
nucleus. We also note that the fluctuations due to rotation are
large at lowT but only for a few levels around the Fermi
level. AsT increases fluctuations are smaller but extend to a
larger area, i.e., farther away from the Fermi level below it
and above it.

Figure 8 shows the occupation probabilities for53Fe and
its residual nucleus52Mn and 46Fe and45Mn after a proton
emission. Theni curve is almost the same around the Fermi
level if there is no change in deformation and shape after the
emission has taken place as in Fig. 8(b). Shape transition

FIG. 5. Rotational spectrum of different Fe isotopes for spins
from 0 to 60".

FIG. 6. One proton separation energySPsZ,N,u ,d ,M ,Td of
45–58Fe as a function of spin and temperature withM =0 to 60",
T=0.5 MeV. Numbers on the curves correspond to the mass num-
ber A.

FIG. 7. Occupation probabilityni plotted for46Fe vs single par-
ticle energiesei for protons at various temperatures for spinsM
=0 andM =18".

FIG. 8. ni vs ei for protons for nuclei53,46Fe and their residual
nuclei after one proton emission. Only few levels around Fermi
level are shown in the figure.
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occurs from triaxialsd=0.1,u=−140°d for 53Fe to prolate
sd=0.1,u=−120°d for 52Mn.

IV. CONCLUSION

An elaborate study of the statistical properties of thefp
shell Fe isotopes is done. They exhibit shell effects at the
proton drip line. The magnitude of the level density param-
eter ae is minimum at magic number drip line nucleus
46Fe sN=20d and at stable nucleus54Fe sN=28d. With in-
creasing excitation, shell effects are washed out. The occu-
pation probability and the separation energy of these nuclei
vary with temperature and spin. Thermal and rotational ex-
citation change the separation energy and alter the drip line.

45Fe is a drip line nucleus in ground state but is found to be
stable with positive separation energy at low temperature
with M .22". 46,47Fe are stable nuclei in ground state but
decay by proton emission at thermal excitation correspond-
ing to T.2 MeV.
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