PHYSICAL REVIEW C 69, 034602(2004)

Hot rotating fp shell nuclei near proton drip
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We investigatefp shell (**"5%¢) 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 parameteaa,. Changes in the occupation probability as a function of temperature and spin are
studied.
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I. INTRODUCTION The locus of the neutron number for which the proton

The advent of Radioactive lon Beam facilities and recen€Paration energ.— 0 is the proton drip line. One proton
experiments on proton radioactivifil—4] near proton drip Separation energy is the energy required to knock out a pro-
|ine have made |t possib'e to |00k C|ose|y into the Structuréon from the last filled orbit which in this case is the closed
and properties of the proton rich nuclei which are importantshell orbitf;, with two proton holes. To obtain the ground
both for nuclear physics and astrophysics. Study of protoritate one proton separation enerd$.), we use the
rich nuclei, in particular those lying ifip shell region, is macroscopic-microscopic approach where we incorporate
essential for understanding the interesting nuclear structur8trutinsky’s shell correction to liquid drop modéLDM)
found in this region and certain astrophysical processes ahass formuld19] and obtain the corrected proton separation
nucleosynthesis by rapid proton capture. The path and thenergy as in our earlier work3]. In view of the high exci-
extent of the astrophysical processes can be determined Igytions possible in the nucleus formed in collisions, we intro-
measuring the half lives, level density parameter, bindingjuce temperature and spin and find that the separation energy
energies, separation energies, and mapping the precise loGaguces as the thermal excitation energy increases, and as a
tion of proton drip line of proton rictip shell nuclei. result the drip line is pushed to higher neutron number. The

Over the last decade, many attempts have been made fgyq| density parameter which carries deformation dependent
mapping the proton drip line experimentally,5] as well as  gpe| effects in a natural way is investigated for various tem-
theoretlcally[6—9],. bqt only a few calculations have mcludeq peratures. Changes in the occupation probability with tem-
the effects of excitation on the proton and neutron Separat'OBerature and spin give a very clear picture about the changes

energies[10-12 and drip lines[13,14. Incorporating the taking place in the occupation of particles near the Fermi
effects of excitations on the separation energy and drip ling, g’

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- II. Statistical theory of hot rotating nucleus
tions. Therefore, we treat these nuclei in the framework of
the statistical theory of hot rotating nuclgi5,1§. We start the statistical theory of hot rotating nucleus

In the present work, we have chosen all the Fe isotopeBl5,16 with the grand canonical partition function of the
from **Fe, a drip line nucleus to the most abundant stableuperfluid system in terms of the single particle eigenvalues
isotope, °Fe, which provides one of the simplest systemse; and thez component of the spin projectiomy, of the
expected to have a rotational struct(it&]. The Fe isotopes deformed oscillator potential of the Nilsson Hamiltonian
have attracted the attention of several physici$s18 as
Fe isotopes, being close to the spherical region of Ni iSO-  Q(ay,,ay,8,7) = 2 exp(— BE; + ayZ, + ayN; + yM,).
topes, could be candidates for shape coexistence or shape
transitions which are known in various other soft or transi- D

tional nuclei. Thesép shell nuclei, lying between spherical  The pasic ingredient in the statistical theory is that a suit-
magic gapsN(or Z)=20 to N(or Z)=28 play a very impor- gpje shell model level scheme for various deformations is
tant role in our understanding of nuclear structure. Spin Orbibenerated by assuming the nucleons to move in a deformed
splitting gives rise to a sizable energy gap in theshell  ggillator potential of the Nilsson Hamiltonian, diagonalized
betweenfy, orbit and other orbits(ps/2, P12, fs2) Making  ith cylindrical basis state§20,21 with the Hill-Wheeler
N(or 2)=28 a magic number, too. However, excitations 22] deformation parameter. The levels upNe 11 shells of
across the gap are important for ground and excited statge Nilsson model with Seegar paramet@3] are used. The
properties of manyp shell nuclei. single particle level schemes are different for protons and
neutrons. The value of the angular deformation parameter
ranges from —180¢oblate with symmetry axis parallel to the
*Email address: drmamta@nsc.ernet.in rotation axig to —120°(prolate with symmetry axis perpen-
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dicular to rotation axis The axial deformation parametér UM, T) = UgidT) + Eoi(M). (15)

ranges from 0 to 0.6. ) )
The Lagrangian multipliers, 8, and y conserve the par- To evaluate the separation energy as a function of tempera-

ticle number, total energy, and angular momentum of thdure and spin, we first calculate the binding energy and the

system and are fixed by the following saddle point equationsground state separation energy which is obtained using the
macroscopic-microscopic approach as done edrig}.

-dInQld B=(E), (2 BE.o(Z,N, 8,8) = BE_pm(ZN) = EgedZ,N, 6, 5)

aInQld a; =(2), (3) = OEshe(Z,N, 6,0). (16)
Here the total binding energy BE has been obtained by

3INQ/Id apy = (N, (4) incorporating the microscopic effects through Strutinsky’s

shell correction along with the deformation energy to the
macroscopic binding energy obtained from the LDM mass
9InQ/3 y=(M). ®) formula. Then it is maximized with respect to the defor-
The corresponding equations in terms of single-particlenation parameterés, 6). The difference between BE of
levels for the protons? with spin projectionn¥ and neu- parent and daughter nuclei gives the corrected proton
trons € with spin projectionm" [24] are separation energy

S = BE,(Z,N, 6,8) — BE,o(Z- 1.N,6,8).  (17)

A zero or negative separation energy indicates the insta-
B N N bility of the nucleus against proton radioactivity.
(N =22 n=2> [1+exd- ay+ Be—ym)] ™, (7) In the case of excited nuclear systems we include the total
excitation energy from Eq.15) along with the deformation
energyEges to the total corrected binding energy and maxi-

@ =2nf=[1+exg-az+ P&y, (6)

— Z N N
(EM.T) =2 nfe + 2 e, (8) mize it with respect to the deformation parametérmsnd 5.
My=S nZnZ+ S i ©) BE(Z,N,T,M, 6,6) = BE(Z,N) — Egef(6,6) — Ue(T, 6,6)
= i M i M

- ErOt(Mvel 5) (18)

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

WhenM =0, the thermal excitation enerdgy(T) of the sys-
tem is given by

U(T) =E(0,T) - E(0,0), (10) So(Z,N,T,M, 6,5) = BE(Z,N, T,M, 6, 5)
whereE(0, 0) is the ground state energy of the nucleus given -BE(Z-1,N,T,M,6,6). (19
by The single particle level density parametag(M,T)
_ N [26,27 as a function of angular momentulh and tempera-
E0.0=X +X " 1D tyreT is found using
The rotational energ¥, is calculated using Eq8): as(M, T) =U(M, T)/T2. (20)
Eio(M) =E(M,T) - E(0,T). (12

. Ill. RESULTS AND DISCUSSION
As T—0,E,, corresponds to the yrast energy. We define

an effective excitation energy Figure 1 shows the variation of one proton separation en-
ergy [from Eq. (17)] of 5%e as a function of the mass
Uesd(T) = U(T) = 6Eghens (13 numberA. Values of ground stat&" (solid line) agree very

o ) well with the experimental28] values and very recent the-
where part of the excitation energy is used to overcome thgyetical predictiong9]. All the isotopes of Fe considered for

shell forces which are deformation dependent. The quantityhis work are not very proton rich, nevertheless they are use-
%Esnen IS the ground state shell correction obtained usingy| for a comparison of the model calculation with experi-

Strutinsky's prescriptiori25] mental data®**¥e are found unstable against proton decay
A with S3'< 0. “8Fe is found to be the most proton rich stable
=S € _E (14) nucleus(in agreement with theoretical prediction of RMF
shel ==& = theory [8]) weakly bound withS'=1.235 MeV.

But, as thermal excitation is incorporated, the separation
the first term being the shell model energy in the groundenergy calculated using E¢L9) (at M=0) decreases, and at
state and the second term is the smoothed energy with theertain excitation energies the separation energy reduces to 0
smearing width 1 2. and the nuclei which were stable in the ground state become

The total excitation energy is obtained as unstable against proton decay. In ground stife was the
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FIG. 1. Proton separation energydféFe in ground statég.s) P

and in excited states for various temperatures. magnitude than other neighboring nuclei which are not

closed shells. Figure 4 shows,=A/a, vs T for even-even
most proton rich stable isotope of Fe butTat2 MeV its  46-5¢¢ jsotopes and we see that o 1.5 MeV, K, is very
S-=0. At T=2.8 MeV, the separation energy 6fFe also |arge and decreases very rapidly withWith increasing ex-
reduces to O though it was bound with=1.651 MeV in the  citation shell effects disappear akd attains almost a con-
ground state and 0.3 MeV at=2 MeV. Thus with the ther- stant value. We have done calculations On|y for
mal excitation, the exact location of the proton drip line hasg.g MeV< T< 2.8 MeV. Continuum corrections become im-
shifted to higher neutron number. Also, we come to know theyortant only aftefT>3 MeV as illustrated in Ref[26], and
exact excitation energy at which a particular stable nUC'eUQre therefore not included here. However at low tempera-
will become unstable against proton emission. tures, our values df,=A/a, for *Fe are in close agreement

Figure 2 shows deformation of some Fe isotopesAvs jth K, of Ref. [26]. Here we also note that for a few Fe
Deformation and shape are determined by maximizing thgsotopesK, is very small initially. This is due to deformation
total binding energy with respect to deformation parametersn those nuclei at lowT. With increasingT, deformation
¢ ands [Eqg.(18)]. At T=1 MeV, the shell effects are washed decreases anH, increases. At still highef, these nuclei
out and the equilibrium shape is spherical. Ground state desyffer a shape transition to spherical shape and then the
formations predicted here are quite close to the recent RMariation of K, with T follows the same pattern as for other
theory predictiong29]. nuclei as seen in the figure.

Figure 3 plots the level density parametgrcalculated The rotational spectrurin Fig. 5) of 4:50545¢e for spins
using Eq.(20) vs A. At low excitations, shell effects are yp to 66: shows the kinks in the curves due to the change in
predominant forfp shell proton rich Fe isotopes. For closed deformation and shape. As spin increases, the Fe isotopes
shell proton rich**Fe and>‘Fe nucleia, has much smaller considered here suffer a shape transition from spherical to

oblate at aroundM=20a with small deformation §

0.32F — oorvork | ] =0.1-0.2. AboveM=40#, the deformation rises up to
) Fe G0 g.s. deformation 1 =0.6 with oblate shap&g=-1809.
0.28 A g.s. deformation {Ref. 129) ] ] ] ] ] ] ,
i +—e¢ deformation at T=1MeV s . — A=46
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FIG. 2. Equilibrium deformation of®>%e in ground state and
excited state vs mass numbr FIG. 4. Variation ofK with temperaturel for 46-5¢e.
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FIG. 5. Rotational spectrum of different Fe isotopes for spins=0 andM =18.

from O to 60:.

beyond it. As the temperature increases, the occupation prob-
Figure 6 shows the proton separation enefyM,T)  ability for levels below the Fermi level decreases from unity
[Eg. (19)] vs spin atT=0.5 MeV. The proton separation en- and for levels above the Fermi level increase from zero. This
ergy of “*Fe, which was negative in the ground state, in-happens only for a few levels around the Fermi energy at
creases to a positive value 0.3 MeVMt=22.5% and goes  lower temperatures but at higher excitations this happens for
up to 1.8 MeV atM=60.5%. Therefore it is possible to get a large number of levels on both sides of the Fermi level.
this nucleus stable with positive separation energy at th@articles from much lower levels get excited and occupation
above mentioned excitations though it was unstable agains much higher levels lying well above the Fermi level be-
proton decay in the ground state. From the figure we als@omes possible. As the nucleons near the Fermi level are
note that*®Fe hasS,<0 for certain spin values even @&  occupying much higher levels at high excitation, it becomes
=0.5 MeV. more likely that the outermost nucleon, which is very weakly
The occupation probabilitie@y) [see Eqs(6) and(7)] of  bound with a very low separation energy, is thrown out of the
4eFe are displayed in Fig. 7 as a function of single particlenucleus. We also note that the fluctuations due to rotation are
energye for different temperatures and spins. A£0, the large at lowT but only for a few levels around the Fermi
occupation probability is unity up to the Fermi level and zerolevel. 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 féFe and
its residual nucleusMn and “éFe and**Mn after a proton
e e emission. Then; curve is almost the same around the Fermi
e level if there is no change in deformation and shape after the
emission has taken place as in Figh)8 Shape transition

&
L T T T T T T T T T T T T
§ 1 T=05Mev] 1 T=0.5 MeV]
= - I M=0 1
M=0
= 0.8 0.3
-3 L

w

0.6 0.6

N L |
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0.4 04
0.2 0.2
- saFe F = 46Fe
OH—— 5*Mn Of (== *“Mn
32 36 4 44 48 32 36 4 44 48
Mh) Single Particle Energy (7 ) Single Particle Energy (/o)
_ (a) (b)
FIG. 6. One proton separation ener@(Z,N,0,5,M,T) of

45-5%¢ as a function of spin and temperature with=0 to 60%, FIG. 8. n; vs ¢ for protons for nucleP®4%e and their residual
T=0.5 MeV. Numbers on the curves correspond to the mass nummuclei after one proton emission. Only few levels around Fermi
ber A. level are shown in the figure.
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occurs from triaxial(6=0.1,0=-1409 for 5%Fe to prolate “Fe is a drip line nucleus in ground state but is found to be
(6=0.1,6=-1209 for 2Mn. stable with positive separation energy at low temperature
with M >22%. 647Fe are stable nuclei in ground state but

decay by proton emission at thermal excitation correspond-

An elaborate study of the statistical properties of fipe
shell Fe isotopes is done. They exhibit shell effects at the
proton drip line. The magnitude of the level density param- Financial assistance from The Council of Scientific and
eter a, is minimum at magic number drip line nucleus Industrial ResearcCSIR), Government of India, is ac-
“%Fe (N=20) and at stable nucleu¥Fe (N=28). With in-  knowledged. Useful discussions and suggestion from Dr. R.
creasing excitation, shell effects are washed out. The occlk. Bhowmik and Dr. S. K. Dutta of the Nuclear Science
pation probability and the separation energy of these nucleCentre are gratefully acknowledged. | thank Professor P. R.
vary with temperature and spin. Thermal and rotational exSubramanian for correcting the manuscript and giving useful
citation change the separation energy and alter the drip linesuggestions.
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