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Large-model-space calculation of the nuclear level density parameter at finite temperature
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We calculate the nuclear level density parametdéor a broad range of temperatures (86<6 MeV)
using a microscopic model which includes important ingredients like the thermal and quantal fluctuations of
nuclear shapes, continuum corrections, and Coulomb interaction. Numerical calculations have been performed
for 4%Ca and®Fe in a large model space. We find that at low temperatures, shell effects are larfl@d@nd
effects of quantal fluctuations are larger f§Fe. As temperature increases, these effects tend to disappear and
continuum corrections become important ior3 MeV. [S0556-28188)04511-1

PACS numbegps): 21.10.Ma, 21.66-n

The nuclear level density is the basic ingredient re- 1 2
quired for theoretical studies of nuclear reaction and struc- H=Hy— 7X E (Q#)Z. (2
ture. A simple but useful phenomenological modification of =2
Bethe’s formuldg 1] for p leads to the backshifted formula
Here, H, represents the spherical paQ,=Qp, Q.,

=12(Q,+Q'}) andQ_,=i/\2(Q,— Q') with u=1

o NE AL Y 1 and 2 andQ’s stand for the usual quadrupole moment op-
P =72 al"(E* —A)%* \2mo? 1) erators. The value of the quadrupole interaction strength
x=1200"53%_ MeV 3

in which the pairing effects are mocked up by shifting back
the excitation energf* by A and o? is the spin cutoff (A denotes the mass numbés taken from Ref[15] where
factor. The influence of nuclear shell structure, shapes, etcf, is a core polarization factor. The partition function is then
can be embedded in the the level density paraneetehich  written as
ultimately leavesa dependent on the excitation energy or
temperaturde.g., see Ref§2-7)). a |92

Recently, there have been several attempts to obtain a Z:ch[ﬁfﬂz(m)
realistic dependence o on temperature in various ap-
proache§3-5,8-12. Very recently{13], it has been shown _ 5 ,
that the excitation energy dependenceaofbtained in the Xf ﬁAdﬁJ |sin3y|dye™ *#7*TTi{e " /T]Crpn;
SPA+RPA approach12], which includes the thermal fluc-
tuations through static path approximati¢8PA) and the 4
guantal fluctuations about static paths using the random-
phase approximatiofRPA), for medium heavy mass nuclei Where, the quantity within braces represents the RRA
agrees quite well with the recently available experimentarepresentation of the grand partition function wii
data[14] at low excitation energies. However, the calcula-=(fiwg)?/ x and iwy=41A""% MeV. The single-particle
tions were done for low excitation energies; corrections dudlamiltonian H’ and the RPA correction factafrps are
to continuum are therefore not included. given as

In the present work we adopt the SRRPA approach,
taking into account the effects of the Coulomb interaction H' =Hg— % woB(Qqcosy+ Q. ,siny) (5)
and the continuur3]. We calculate the inverse level density
parameter K=A/a) for *°Ca and °®Fe in a large model and
space over a wide range of temperatures, using SPA as well

as SPA-RPA representation of the grand partition function Np -1
for quadrupole-quadrupole€)- Q) interaction model Hamil- Crpa= H Dedel} , (6)
tonian. Effects of quantal fluctuations as well as continuum m#0
corrections are studied.
Let us start with theQ- Q Hamiltonian respectively, with
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FIG. 1. Variation of the inverse level density parameker FIG. 2. Variation of the inverse level density parameiey;

(=A/a,) with temperature for°Ca. Dotted and dashed curves as (=A/a.g with E*/A for “°Ca. The curves labeled SPA, SPACC,
labeled by SPA and SPACC correspond to the SPA results withouRPA, and RPACC have a similar meaning to those in Fig. 1.
and with continuum corrections, respectively. Dash-dot and full
lines represent RPA results without and with continuum correc- E*=a,T? (13
tions, respectively.
QIR el 0
Q111 1Q,li
CM = 8,4 D ot fidi. (@ 2= 42, E*
uv— uv - Ai2j+(27rm'l')2 ij2ij S =4a.E*. (15
_ _ . . . Since in general the level density parameter depends on tem-
:;e:%fié._fif_fit?ndAi(ik_ €i _thej with f; tl)elngHtPeIF?rr]ml perature, its values obtained using E¢t3) and (14) are
IStribution function anck; 1s the eigeénvaiue oF . In e yitrerant  However, the parameter,=a2/a, [Eq. (15)]

above i) represents an eigenstatetéf. The grand canoni- should only be used in the Bethe level density formula

cal trace in Eq(4) can be performed using [5,6,13
The basis states are taken to be the eigenstatdd,of
Tre A'H = H [1+eﬁ’ei+ap])(ﬂ [1+e A'atan] ] having the form
i ]
(8) p?
H0:%+V0f(r)+V|Sg(r)+ nV¢, (16)

where, 8'=1/T and ap(ay,) is the Lagrange multiplier re-
quired to adjust the protofneutron numbers. . where, p and m represent the momentum and mass of the
The SPA representation of the partition function can b&,cjeon, respectively. Thedependence in the second term
obtained by puttingrpa=1. It is clear from Eqs(6) and(7) is taken to be
that for higher temperaturégppy— 1 (and Z— Zgpp).
The coefficientZ ;! [appearing in Eq(4)] which repre- Vo
sents continuum correctiof8-5] is obtained as Hr)= m for r<Rpax an

z.=(11 [1+e‘ﬁ'fic+“"])<ﬂ [1+e B'Sta]|, (9) e for r>Rmax,
' . whereR=r,A? is the nuclear radiugj the diffuseness pa-
where, €} and €¢ are the single-particle energies in the con-fameter, antRp,=R+2md as is considered in Refi3]. We

tinuum for protons and neutrons, respectively, as discussedfopt the Thomas form factor

in the next section. Once the partition function is known, the 2 g
average number of particledlf, energy(E), and entropyS) 0 —f(r) for r<Rpa
at a fixed temperature can be obtained using the thermody- g(ry=4 r dr (18
namical relations, 0 for 1> Ruay
dinZ
on= , (10) and the strength
" dapn 1
—(I+1VY for j=1-=
dInz 2
E=——r, (11) Vis= 1 (19
B VA for j=1+5,
S=InZ+B'E—apNy,—ayN,. (12)

where,l andj represent the orbital and total angular momen-

Now using Eqs(10), (11), and(12) we can determine the tum quantum number for the single-particle basis states. In
level density parametex as follows: the last term of Eq(16), »=0 (1) for neutron(proton and
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FIG. 3. Same as Fig. 1 but fofFe. FIG. 4. Same as Fig. 2 but fofFe.

V¢ is the Coulomb potential associated with a uniformly dob) results for*°Fe show a rapid variation df¢(Kcg with

charged sphere of radilg=r A% The value of the poten- T(E*/A) for T<1.0 MeV (E*/A<0.3 MeV). However,
tial parameters used in E€16) are Vo=—53.0 MeV, V) in the SPA, the value oK, increases whereas in the RPA,

—8.5 MeV, d=0.65 fm,r,=1.25 fm, andr,=1.30 fm.  the results show the opposite trend. This difference is caused

The model space spans all the single-particle states witRY the inclusion of the quantal fluctuation effects in the RPA
quantum number €N<6 whereN=2n+1, n being the approach. We would like to mention here that in the case of

principle quantum number. This corresponds to single- Ca(Figs. 1 and 2 the RPA effects seem to be quite a bit
ller compared to that foFe. The reason for this is as

particle states with energies up to around 35 MeV above théMa _ _ _
Fermi energy. Our results for the level density parameter arfollows. Looking at Eqs(6) and (7) and the single-particle

therefore expected to be quite reliable for temperatures aPectrum, we find that the maximum contributiorCg for
high as the limiting temperature{6  MeV). We use these Fe comes from closely Iymg andf states near the Fer.ml
basis states to perform also a mean-field calculation for th&urface. On the other hand, in the case’¥a, the contri-
Q- Q Hamiltonian given by Eq(2) and find that the ground- bution toCrpa comes from the @ and @y states which are
state deformation of°Ca as well as®®Fe agree fairly well  lYing far apart in energy. As temperature increases, the RPA
with the observed ones whépin Eq. (3) is taken to be 0.75.  €ffects become less significant. Fbr-1 MeV, the SPA as
The values ofe® [see Eq.(9)] can be calculated by solving well as the RPA results show slow monqtonlc mcreastgpf
the Schrdinger equation with the nuclear interaction in Eq. as Well asKeswith T (or E*/A). The continuum corrections

(16) switched off using the boundary condition that the wavet0 the value o, andK, (seen from the label SPACC and
function vanishes beyonBay. RPACQO are insignificant for theT<3 MeV. For T

In Fig. 1 we display the variation oK(=A/a,) as a >3 MeV, howeverK increases faster with the inclusion of

function of temperature obtained fdCa using SPA and continuum corrections. It may be interesting to point out that
SPA+RPA approaches with and without inclusion of the the present results foF>1 MeV depict similar trends as
continuum correctionéCC). In the following discussions we that found in Ref[4] for the A=160 mass region.

shall refer to SPARPA simply by RPA and use CC if con-  In Fig. 5 we compar&, with K for “°Ca (upper panel
tinuum corrections are included. We see that for and °%Fe (lower pane) obtained using RPACC. We see that
<1.5 MeV, the parameteK, is very large and decreases in general, values oK, differ significantly fromKe at a
rapidly with temperature. These large values Kf (or  fixed temperature. It is interesting to note that when the

smallera,) at very low temperature are due to the shell

closure. FoiT>1.5 MeV when shell effects are expected to RO
vanish, values oK, for 4°Ca and®®Fe (see Fig. 3 become 155
closer. Another important point we note is that the effects of
guantal fluctuations are not very significant even at very low 10~
temperatures. FoiT>1.5 MeV, K. increases monotoni- .~ 5
cally. The values ofK, become slightly larger forT c
>3 MeV when continuum corrections are included. 2 OF
In Fig. 2, the variation oK. =A/a.) with E*/A (exci- &  125F
tation energy per nuclegrior “°Ca is shown. The values of 10.0 )
Kes also show large variation at lo#* /A (or temperature TSE LT E
For E*/A>0.35 MeV ( or T>1.5 MeV), K., increases 5.0F E
slowly with E*/A. However, the rate of increase as well as 25 E
the effect of continuum corrections at highef/A is smaller 0-06' = l = 2' = é = “'L' o ';3
for K¢ than in the case oK. T (MeV)
In Figs. 3 and 4, the results fét, and K¢ obtained for
%Fe are displayed. Once again, as seen“fifa, we see FIG. 5. Comparison oK, and K, at fixed temperatures for

from Figs. 3 and 4 that the SP@otted and the RPAdash-  “°Ca and*¢Fe.
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RO———1 1 T T one finds that ifdK./dT=0, then only one would havk,
[ Fe e =Kgg (O 2g=2,9).

=] For a light doubly closed-shell nucleus li&Ca, pairing
is expected to be small. In Refl6], the contribution of
pairing to the level density parameter is reported to be very
significant for *°Ca; however, their calculated level density
parameter with inclusion of pairing overestimates the experi-
mental value. On the other hand, for the nucléfise Na-
kada and Alhassifil7] find that the effect of pairing on level

—_
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—T

logyo(p)
o
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------------- SHIFTED RPACC

r o EXPT 1
ol ] density can be simulated through a backshift in the excitation
0 20 40 60 80 100 energy which isA=1.38 MeV. We have also followed this
E*(MeV) prescription. In Fig. 6, the variation of the total level density

p(E*) as a function ofE* for 5°Fe is shown. We calculate
FIG. 6. Variation of the total level density as a functionEf p(E*) by using in Eq.(1) the values of the level density
for 8Fe. The dashed and full curves are obtained using SPACC andarameter obtained using SPACC and RPACC. The dashed
dash-dot curve represents RPACC results obtained usging dash-dot is obtained with=1.38 MeV in Eq.(1). The ex-
=1.38 MeV. . . ) S
€ perimental datg14] available for 16<E* <20 MeV are
o : . . also shown as squares. One finds that the RPACC results
variation ofK. with temperature is large, the difference be- show reasonablec; reement with the observed ones, whereas
tween K, and K is also large. Exploiting the thermody- the SPACC | 9 . h : o | '
namic relation e results overestimate the valuep@*) as al-
ready seen in Refl3].
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