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Level density parameter study using a microscopic model
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Nuclear level density parametarhas been calculated over a large range of nuclear mass and energy, using
the microscopic model with the inclusion of nuclear pairing interaction. The valuesantl the energy shift
parameters, appearing in the Bethe formula, are obtained by fitting the entropy as a function of excitation
energy. Although the general behavior af obtained with nuclear entropy is very similar to that of the
conventional Fermi gas model, it shows deviations in the vicinity of major nuclear shells. The dependence of
the level density parameter on energy has also been investigated and it is shown that the vaadtdoveér
energy is significant and has an asymptotic approach to a comrstdritigher energies. The dependenceof
on pairing force and deformation is illustrated.
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[. INTRODUCTION mations [7—12]. At sufficiently high excitation energies
where the shell effects disappear, a simple linear mass de-
Nuclear level density is an important quantity in the pendence oé has been reportgd3]. Most recently, a func-
nuclear reaction theory. For years the Fermi gas model ha#nal form ofa as a function of energy and mass number has
been used to interpret experimental observations of levedlso been suggestégdi4].
densities. To explain some of the gross deviations from the In this study, we have used a microscopic model to de-
simple model, modifications have been introduced into théluce the level density parameter and examine its dependence
theory to include pairing and shell effects. In order to obtainon energy and mass number in more detail. The primary goal
agreement between theory and experiment, some of the levidl to find more realistic values for the level density param-
density data need an arbitrary adjustment of energy indepei@ter, which is often employed in equilibrium decay calcula-
dent parameters in the theory. In particular, the back-shifte@ions. In addition, we have studied the general behavia of

Fermi gas model has been introduced to obtain a simultafor & wide range of mass and temperature using the model
neous fit of observed level densities at low, medium and:a|CU|ati0nS. The methods of calculations are illustrated in

higher energie§1—4]. In this model, the quantity is an  Sec. Il and results of the calculations are discussed and out-

adjustable parameter used to account for pairing and sheined in Sec. IIl.
corrections. It also defines the energy of a fictitious ground
state with respect to the actual ground state. This model isll. STATISTICAL CALCULATIONS OF LEVEL DENSITY
reasonably successful in reproducing level densities of nuclei PARAMETER
away from major shells. It has been known for some time . . ) ) . )
that the experimental level density parameteieviates con- This section is a brief review of the microscopic model
siderably from the magnitude and constancy predicted by thS€d to calculate the state density and level density param-
Fermi gas model in the vicinity of major shells. Thus, the eters. The calcul_atlon procedure for the state density is out-
theory with energy independent parameters is not valid in alf"®d in our previous paper&efs.[15,16).
mass regions, and the theoretical parameters cannot be cal- N the framework of statistical mechanics, the state den-
culated directly. sity is defined as
In our previous publicationfs,6] we have studied 75 nu-
clei, between?°F and 2°°Cf, and determined the parameters (N,E)= 1)
appearing in the Bethe level density formula. We have shown ’ 277|D|1’2'
that a does not have a smooth mass dependence; it rather
varies with the mass number, especially for nuclei near majob is the determinant of the second derivatives of the grand
nuclear shells. partition function taken at the saddle point. At this stationary
A systematic study of the behavior of the nuclear levelpoint the entropySis given by
density parameter across a large mass region and energy has .
been a topic of interest from both theoretical and experimen- k
tal viewpoints. Recently, there have been several attempts to S_ZEk: In[1+exp(—,8Ek)]+2,8§k: 1+exp—BEy)’
obtain the temperature dependenceadh various approxi- 2)

where B is the inverse nuclear temperature ands related
*On leave from Shiraz University, Shiraz, Iran. to chemical potentialE,=[(e,—\)2+A%]¥? is the quasi-
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particle energy, where, is the energy of a single particke ~ humber using Eq(3). If the conditions are not met, the val-
and A is the gap parameter that is a measure of nucleav®S ofA andA are adjusted and the procedure is repeated
pairing. until the saddle point conditions are satisfied. Once the
The saddle point conditions that must be satisfied are ~Proper sets o, values are computed, the entrofy is
calculated using Eq2). The energyE, is calculated by ap-
plying Eqg. (4) at a particular temperature The excitation
Ek n=N, ©) energyU, is then determined by subtracting the energy at
T=0. The quantitieSTﬁ, o(N,E) are calculated using Egs.
(1) and(10). A similar set of calculations is used to calculate
> nye=E. (4 U, andS, for proton elements. Total entropy S, at excitation
: energyU=U,+U,, is then determined from E7) and the
total level density is calculated using E®).
The square of the entropy is then plotted as a function of
e— N  BE excitation energy. Straight line fit to the quanti®f as a
n=1- E tanhT. (5)  function ofU is performed at high energy regions, where the
k shell correction is rather constant. The value of the level
For a system oN neutrons and protons, the total energy is density parametea is determined from the slope using Eq.
given by (12). The extrapolation of this straight line fit results in an
intercept value of the energy shift paramet&r,

The occupational probability of levédis

E=E,+E, (6)

and the total entropy is given by lll. SUMMARY AND RESULTS

Systematic studies of the behavior of the nuclear level
density parameter in nuclei from°F to 2°°Cf were per-
formed. The investigation included a balanced numbeg of
e, o, o-e, light, medium, heavy, spherical, and deformed
nuclei.
w(N,Z,U) We have computed the state density and entropy for all

(8) nuclei listed in Table | as outlined in Sec. Il. The single
particle levels of Nilssomt al.[18] for deformed nuclei, and
Seeger and Howarld 9] in the case of spherical nuclei were
used in the calculations. The initial values of the ground state
gap parameterd, and A, used to fix the pairing strength
were taken from Nixet al. [20,21].
with For the odd particle system, relevant statistical functions

were calculated for the adjacent doubly even nucleus and
, 1 ) then the energy scale was shifted by an energy equivalent to
on=3 ; misint?( 1/2BE,), (100 that required to produce one quasiparticle.

In performing calculations of the level density for lan-
P ; 2 thanide and actinide nuclei, however, single particle energies
an?'r?es;?elgsrurreelagf re]>f|g(r)rrr1’éntial growth of the level densityan.d spins were first calc_ulated for a specified deforr_nation
due to the shifted Bethe formufd7] is using the Nilsson potential, and then the state density and

entropy as a function of excitation energy were evaluated.

S=S,+S;. (7)
The total level density for a system &f neutrons andz
protons at an excitation energy of=U,+U,, is

p(N,Z,U)=

(2,”_0_2)1/2

whereo? is the spin cutoff factor defined as

_ 2, 2
0'2—0'p+ on 9

e2\a(U=9) S The total entropy for each nuclear system was calculated
p(E)= ————— o —, (12) as c_)utl_lned in Sec. Il. The square of en_tropy asa fun_ctlon of
Jagau-s) D excitation energy for théPb nucleus is shown in Fig. 1.
Similar curves plotted for the?*Bi and 2*%U nuclei are
wherea is approximately defined by shown in Fig. 2. At higher energies, the vanishing of the shell
effect is apparent, as the slope remains almost constant. It
_ s should be emphasized that whenever statistical properties of
a= 4(U-96)’ (12) nuclei play a decisive role in nuclear reactions, the men-
tioned phenomena has an important consequence.
U designates the excitation energy, ahds an energy shift Figure 3 shows entropy curves for tHé%U nucleus at
parameter. four different deformations. These curves have nearly the

The steps necessary to calcul&gare as follows: For a same slope in th€40—-80-MeV energy range. However,
set of single particle levels and a particular choice of tem-they show structures at lower excitation energies due to pair-
peratureT, the parameters andA are estimated and a set of ing interaction. The effect of pairing force decreases with
occupational probabilities is calculated using E8). Next, increasing deformation and it becomes much smaller at
the saddle point conditions are checked for a given nucleofarger deformations. The dependence of calculations on de-
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TABLE |. Level density parameters of the Bethe and BCS TABLE I. (Continued.
model with their energy-shift values.

Nuclei a(MeV)™'2 E;(MeV) a(MeV) P §(MeV)

Nuclei a(MeV)™*2 E;(MeV) a(MeV) ' & (MeV)

172yp 17.68 0.418) 21.71 -9.91
2F 2.46 1.611) 4.00 301  14yp 17.44 0.6816) 20.84 —-10.83
22Na 1.80 —5.3(77) 2.90 2.04  17%4f 18.26 0.369) 20.50 -3.24
Na 2.60 —3.0(16) 3.05 3.18  %f 18.26 —0.25(9) 21.92 —3.80
Mg 4.20 5.519) 3.12 2,70 19%0g 18.72 0.4612) 22.29 2.13
Mg 2.30 —1.8(19) 3.12 276  19%p¢ 17.67 0.6614) 22.31 3.16
*Mg 3.00 1.311) 3.09 3.44 198y 15.24 —1.27(14) 22.27 2.46
28 3.00 —1.9(13) 3.44 3.96  200Hg 13.28 0.0217) 22.37 2.18
8gj 2.60 2.95) 3.45 490 2% 9.6 1.2844) 20.18 2.95
2gj 4.80 3.57) 3.61 3.25 2108j 9.8 —0.76(34) 22.26 3.15
si 2.50 0.325) 3.80 347  2307h 23.40 0.1810) 23.78 —4.39
3 3.40 —0.3(9) 4.23 351  ZTh 26.10 —0.24(8) 21.05 —10.65
s 3.50 1.38) 4.43 1.83 234y 24.02 0.406) 22.34 —-6.78
3EC| 3.70 —1.0(9) 4.68 1.03 =y 24.10 —0.32(10) 23.18 —7.98
40K 4.60 —1.2(6) 5.29 2.70 23y 25.20 0.227) 21.58 —-8.90
4K 5.39 —0.4(3) 5.32 1.73 27y 25.80 —0.20(13) 19.88 —13.92
40ca 3.60 2.27) 5.24 1.93 By 24.02 —0.14(8) 22.34 —-6.78
“ICa 4.85 0.55) 5.43 238  24py 23.10 0.26) 22.34 -6.78
485¢ 5.64 —2.1(4) 5.59 1.59 244Am 26.60 —0.65(6) 29.81 -11.91
S5Fe 5.30 —0.05(59) 6.89 287 Bt 22.90 0.389) 19.69 -11.97
89%co 6.77 —1.24(25) 7.56 2.12
NG 6.10 —0.7(4) 7.70 4.60 3alues deduped from the Bethe formula.
6771 785 ~0.62(31) 6.65 230 BValues obtained from the BCS model.
®se 9.75 —1.09(24) 9.74 0.98
Se 9.52 —1.05(31) 10.07 2.31 formation is shown in Fig. 4, where the logarithm of the state
875y 9.92 0.9(27) 10.17 1.79  density is plotted as a function of energy for tR&Am
%Mo 9.82 —0.29(29) 12.23 2.04 nucleus at various deformations. Figure 5 shows the depen-
%Mo 10.19 0.7127) 12.02 2.04 dence of nuclear temperature on energy at these deforma-
102Ry 12.77 0.8123) 13.04 1.39 tions for the?**Am nucleus. The effect of pairing interaction
10%pg 13.09 0.84L5) 13.53 1.06  and phase transition is also apparent at lower excitation en-
109 13.60 —1.01(20) 13.99 1.97 ergies. The points for zero deformaties=0 lie above the
2cq 13.45 0.8820) 14.22 1.90 points with nonzero deformations. This is expected within
4cd 14.48 1.2012) 14.41 2.26 the Nilsson model as a result of the decreased single particle
18n 15.07 —0.68(15) 14.65 2.73  level density with increasing deformation.
1225p 14.51 —0.95(15) 15.30 3.49 The values extracted from the slopend the intercepd
1245 13.64 —1.09(16) 15.45 455  for all nuclei under investigation are listed in Table I. The
128 13.63 —1.43(15) 15.84 2.01
134Ccs 12.75 —1.40(13) 16.50 3.96 8000 [
1515, 1893  —0.66(15) 18.89 0.60 | ! ]
1525m 18.57 0.372 18.61 2.09 5000 — ®"ppb 1
1535m 1711 —0.89(12) 18.64 -2.71 E & =2160 (MeVT) 1
1555 m, 1629  —0.59(15) 18.77 1.99 4000 - aban=0-5% (MeV) =
1528y 19.25 —1.48(9) 15.45 4.55 B ]
159 1815  —0.54(14) 15.45 455  n 8000 3
%4y 18.63 —1.31(7) 19.20 -1.01 c ]
155:¢ 18.84 —0.85(11) 18.86 3.20 2000 £ Ik
1%5Gd 19.34 —0.46(13) 19.36 1.41 1000 - ]
156Gd 18.00 0.5011) 18.74 —0.69 S ]
158G 17.41 0.48) 19.33 5.86 o L C')J o yT— 610 —
161Dy 17.47 —0.66(13) 19.91 —-6.51 B (MeV)
168y 16.93 0.407) 20.48 —9.89
169y 16.66 —0.52(11) 20.40 —10.09 FIG. 1. Plot of the entropy squared versus excitation energy for
169y, 15.90 ~0.67(12) 21.07 —4.05 207Pb.with zero deformation. Note the straight line fit at higher

energles.

064307-3



BEHKAMI, KARGAR, AND NASRABADI PHYSICAL REVIEW C 66, 064307 (2002

6000||||||1||1|||I||1|||l|r -]""""“"‘I""_

N

34

=)
v3}
pd

5000

o
o 238y
4000

[3M
ra 3000

2000

log,q Of The State Density

Illll||lli|l||||lll||llll

1000

O | O I S I T | l N D | [ 14 1. )

l||l|lIllIlllllllllllllllLlll

LI

/
)/Illllllillllllll 0 20 40 60 80

0 20 40 60 80 E* (MeV)
E* (MeV)

FIG. 4. Plot of the logarithm of the state density as a function of

FIG. 2. Plot of the entropy squared versus excitation energy fof*citation energy for*%Am at four deformations.
21%Bi and 2% together with straight line fits at high energies.
shells,a values are more than a factor of 2 smaller than those
of nearby nuclei. Such irregularities are associated with the
Fermi gas formulasee our previous publication, ReF]) low s[ngle particle level densmes'nea}r the Fermi energy for
are also listed in Table I. The valuesain MeV~* from two  Nuclei near closed shells. The thick line represents the gen-
different calculations are plotted in Fig. 6 as a function oféral trend of the level density parameter obtained from the

mass number for comparison. Examination of Fig. 6 reveal@croscopic model to be compared with the dashed line. An

that the level density parameter obtained from the microlnteresting regularity emerges from the data listed in Table |

scopic theory increases smoothly with mass numibetow- ~ 2nd plotted in Fig. 6; the values af from the statistical
ever, the corresponding values affrom the Fermi gas entropy calculations increase smoothly in all mass regions,

model show variations from the smoafhdependence. For and are significantly higher than their corresponding values

the nuclei in the vicinity of major nuclear shells this devia- ToM the Fermi gas model for nuclei near major shells.
tion is substantial. The values from the present compilations were compared

The dashed line in Fig. 6 represertsvalues given by with those made by Ignatyuét al. [22] and that of Huang
A/8 MeV !, which is frequently employed in equilibrium

level density parameter and energy shiiftleduced from the

decay calculations. One observes thahcreases withA as S L L L B ]
expected theoretically. However, there are marked deviations L 4
from this smooth trend, especially farvalues near closed T~ N ]
shells. For example, in the vicinity of the=82, N=126 < 2.0 - —
= L ]
G000 e —— g C i
C | l l ] = - u
E 2361 ] ® 15 — —
5000 [— o ¢= Q. ; — 5 - _
- + €= 0. E o o _
B o e= Q. : g - -
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E* (MeV) E* (MeV)
FIG. 3. Plot of the entropy squared f&°U at four deformations FIG. 5. The variation of nuclear temperature in MeV as a func-
with a straight line fit at each deformation. tion of excitation energy fof*Am at various deformations.
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FIG. 6. Values of the level density parameter in MéVas a FIG. 7. Values of the level density parameter as a function of
function of mass numbeA from two different calculations. The energy for?°Pb extracted from Fig. 1. The curve through the cal-
parametrizatiorA/8 MeV ! is also plotted for comparison. culated points is drawn to guide the eye.

et al. [23]. Although, the general trends are in qualitative  |n summary, in this paper we have presented more realis-
agreement with those reported by these authors, they diffafc calculations of the level density parameter for a wide
by about 15% for nuclei between the closed shells. This i$ange of mass region; and show that the parametrization
perhaps not surprising because the level density increasesa/g Mev—?! is an approximation. It is completely inad-
with energy at a slower rate for closed shell nuclei. equate near magic nuclei; instead, significant shell and pair-
To obtain an approximate energy dependentafove fo-  jng effects appear for these nuclei, and these effects manifest

cus on the low energy portion of the entropy square curveghemselves by an associated decrease in the level density
for which theS? dependence on energy is not linear. The f'tdparameter with increasing mass number.

in this region is made by partitioning the energy range an

by using the linear behavior of the square of the entropy with

energy for each energy partition between subenergies. The

slope a {), deduced from the relatior8?=4a(U)[U ACKNOWLEDGMENTS
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