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Level densities for nuclei with 20ÏAÏ41
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Some commonly used level density compilations are compared with one another and with data in the mass
range 20<A<41. A new formula is proposed which appears to be consistent with both low energy (U
,5 MeV) and high energy (U>20 MeV) data. This new compilation is used as a benchmark for testing
theoretical calculations of level densities utilizing the two-body interaction with moment methods.

PACS number~s!: 21.10.Hw, 21.60.Cs, 27.30.1t
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I. INTRODUCTION

Level densities are important in nuclear physics for
number of reasons. From a basic standpoint, our ability
predict the energy distribution of all of the excited levels
a nucleus provides a severe challenge to our theoretica
derstanding, given the size of the basis and the depend
on all facets of the interaction. A number of related areas
physics and technology are also dependent on our studie
the level density. These include nucleosynthesis studie
astrophysics, medical applications of nuclear physics,
fission and fusion reactor design.

The largest body of level density data is the set based
counting neutron resonances at low bombarding ene
Such studies yield a level density at an energy slightly ab
the neutron binding energy in the compound nucleus. Th
are some difficulties with this technique. For light nuclei, t
level density is not large at this energy, if we assume that
levels observed are reached throughl 50 absorption. At low
energies this is expected to be the case, which means t
total level density can be inferred only if the parity rat
~fraction of levels with a specific parity! and the spin cutoff
parameter are known. The combination of problems cau
by the small number of levels of the appropriate spin a
parity in the energy ‘‘window’’ at the binding energy, pos
sible missing levels, and the need to know both the pa
ratio and the spin cutoff parameter causes difficulty w
compilations based solely on resonance parameters. Mo
the sets@1–8# of level density parameters have been ba
on resonance counting at the binding energy.

To carry out a fit to these data, it has often been neces
to make an assumption to eliminate one of the two para
eters of the Fermi gas model. Most often, it has been
sumed that the energy shiftd in the Fermi gas formula wa
simply that due to pairing. This implicitly puts all of the she
effects in the level density parametera. At high energies, one
expects shell effects to anneal out of the level density,
this does not happen if there are shell effects ina. The Fermi
gas level density form has

r~U !5
1

12A2

1

sa1/4

exp@2Aa~U2d!#

~U2d!5/4 . ~1!

*Present address: 94-2 Rao-an Road, Yung-an Hsiang, Kaohs
County, Taiwan, ROC.
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The parameters is the spin cutoff parameter and
^Jz

2&1/2 for levels at that energy. The density of levels wi
spin J at the energyU is then

r~U,J!5
~2J11!

2s2 expF2S J1
1

2D 2

2s2
G r~U !. ~2!

In general,s will be energy dependent. For changes ina or
d, we obtain

dr

r
5A~U2d!

a
da2A a

~U2d!
dd1

3

2~U2d!
dd. ~3!

Equation~3! follows from Eq. ~1! if we adopt the usualU
dependence fors(}U1/4). At high energies, dr/r is
@Aa/(U2d)#dd for shifts in energy but is@A(U2d)/a#da
for changes ina. Thus, level densities at high energies a
very sensitive toa and are not so sensitive tod, while the
reverse is true at low energies.

To obtain the level density for levels of specifiedJ and
parity p ~5 11 or 21), the parity ratio is introduced:

P~U !5
r1~U !

r1~U !1r2~U !
. ~4!

To deduce level densities from resonance counting at
binding energy, it has been necessary to make assump
about P(U) and s(U). Ericson @9# has shown that unde
very general assumptions the total number of levels of p
tive parity is nearly equal to the number of negative par
levels, but data and shell model calculations agree in indi
ing that at low energies there is a tendency for levels of o
parity to dominate. For even-even nuclei, the positive pa
density is usually larger, while for oddA nuclei either even
or odd parity levels dominate depending on the parity of
single particle orbital nearest the Fermi level. The ma
range of the present study (20<A<41) is predominately in
the sd shell region; for all nuclei with oddA except forA
541 it is expected that positive parity levels will dominat
Relatively little effort has been invested in determining t
excitation energy at which the two parity level densities a
equal, although it is expected that this point is reached
lower energy asA is increased.
ng
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There are two commonly used paths to obtaining s
cutoff parameters. Ericson@9# has shown that the spin cuto
parameter should be

s25gt^m2&,

whereg is the density of single particle states,t is the tem-
perature, and̂m2& is the average of the square of the sp
projection on theZ axis for single particle states near th
Fermi level.g is connected to the level density parametea
through the equation

a5
p2

6
g.

An early estimate of̂m2& was @10#

^m2&50.146A2/3, ~5!

but it was later realized@11# that this estimate was unrealist
because it included all levels and not just those at the Fe
level. The earlier estimate was utilized in one of the m
frequently used tabulations@1#, however. It has been pro
posed@5# that the expression

^m2&50.24A2/3 ~6!

is a better representation of the average over levels at
Fermi energy.

The difference between expressions~5! and ~6! is about
50%, which would translate into a similar discrepancy
level densities derived from resonance counting.

An alternative method of determinings2 is to assume tha
the nucleus is a rigid sphere. In this case, an assumed v
for the radius ofR(A)51.25A1/3 fm yields a value fors2 of

s250.0145A5/3t, ~7!

where the temperature is given by

t5AU2d

a
, ~8!

so the forms fors2 become

s25
6

p2 aAU2d

a
0.146A2/350.0888Aa~U2d!A2/3,

~9!

s250.1461Aa~U2d!A2/3, ~10!

s250.0145A5/3AU2d

a
. ~11!

Equation~10! results if Eq.~6! is used instead of Eq.~5!,
while Eq. ~11! is based on the use of Eq.~7!.

For values ofa andd typically used in this mass region
the s2 values estimated from Eq.~11! are between those
predicted by Eqs.~9! and ~10!, but are closer to the latter.

Other databases have also been used to determine
density parameters. One analysis@12# has been based on th
02400
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use of evaporation spectra to derive level density parame
for a wide range of nuclei, and other studies@13–17# have
used this technique to determine parameters for a more
ited set of nuclei. A good source of information about lev
densities at high energies is Ericson fluctuations; one com
lation @18# has been based entirely on this type of inform
tion. Others@19,20# have derived sets of parameters in th
mass region which incorporate information from three diffe
ent types of data and similar analyses@21,22# have been
prepared for specific nuclei. A recent compilation by Iljino
et al. @23# has utilized a very extensive body of data ove
wide range inA to derive a set of level density parameters.
general, despite many years’ work, the consistency of th
compiled values is not as good as would be desired
many of them do not extrapolate correctly to the level de
sity at low energy.

II. COMPILATION OF LEVEL DENSITY PARAMETERS

In general the compilations in widest use do not inclu
information about the level density at more than one ener
It was decided to formulate a new set of parameters wh
would include more information in the fit. The fit of Braga
Marcazzan and Milazzo-Colli@18# ~BMMC! and that of
Rohr @4# were taken as starting points. The former is one
the few which is based on information from Ericson fluctu
tions and hence should be reliable at 20 MeV. BMMC rep
a values deduced individually for a number of nuclei bas
on the assumption that the Gilbert-Cameron@1# pairing en-
ergies could be used as the energy shift.

The Rohr compilation is based on resonance counting
so should be reliable at 7 MeV. In this case the energy sh
were also taken to be those of the Gilbert-Cameron com
lation but thea values were fit with the functiona5aA
1C, where A is the mass number,a is the level density
parameter, anda and C are fitting constants. The use of
smooth form reduces the effect of level statistics in evalu
ing the level density for a particular nucleus and preve
local shell effects from appearing ina.

We have used a similar fitting function to represent t
individual a values compiled by BMMC. The constants d
rived are slightly different from those of Rohr. While Roh
based his fit on data from more nuclei, the BMMC resu
because they are at higher energy, are less likely to be bi
by the choice of energy shift, since the effects of chang
the energy shift vanish asymptotically as the energy
creases.

It was found that using the Rohr or BMMCa values pro-
duced poor fits to the level density at low energies@24# based
on comparisons with known levels for excitations below
MeV. This is perhaps not surprising, since the role ofd at
low energies according to Eq.~3! is magnified relative to tha
of a.

Figures 1–3 show typical results for the Rohr and BMM
parameters compared with level counting at low ener
Note that the consistent tendency is for the predictions
underestimate the data.

The a values were, therefore, fixed at the BMMC magn
tudes and a least squares fit was conducted for thed value
2-2
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LEVEL DENSITIES FOR NUCLEI WITH 20<A<41 PHYSICAL REVIEW C 62 024002
needed to optimize the fit to the known levels at low ener
In all cases, reasonable fits could be achieved by modify
only thed parameter. An effort to improve the agreement
fixing the d values at their original magnitude and varyin
thea values was less successful, with numerous fits show
inappropriate slopes.

In retrospect, this result is not surprising. If, as indicat
by Eq. ~1!, level densities at high energies have less se
tivity to d than toa, an assumed value ford would not have
biased thea value significantly if the fitted point were at 2
MeV. The corrections to the values at 20 MeV caused
adjusting thed values were about 30%, which is just with
the estimated 30% error of the Ericson analysis. The bes
values ford are listed in Table I. Also shown are the origin

FIG. 1. Level densities for24Na, 24Mg, 25Mg, and 25Al. In each
panel, the1 symbols denote the level density based on count
resolved levels of known spin and parity, thes symbols denote the
level density based on counting all known levels, the solid l
indicates the level density predicted by Rohr, and the dashed lin
the prediction based on the systematics of Braga-Marcazzan
Milazzo-Colli.

FIG. 2. Same as Fig. 1, except that the nuclei are28Al, 28Si,
29Si, and 29P.
02400
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pairing shift values used by Rohr and BMMC; these were
pairing shifts proposed by Gilbert and Cameron and are
beled GC.

To make the formula fora useful in predicting level den-
sities, it is necessary to find a formula for predictingd as
well. Two approaches were tried. The first is based on
use of the semiempirical mass formula. If the terms cor
sponding to pairing and shell corrections are dropped,
expression for the nuclear binding energy is

B~N,Z!5avA2asA
2/32ac

Z2

A1/3
2aa

~N2Z!2

A
, ~12!

whereN, Z, andA are the neutron number, proton numbe
and mass number of the nucleus, respectively.av , as , ac ,
and aa are fitting constants. If the actual binding energy
the nucleus is compared with the value predicted by t
formula, the difference should be the shift in the ground st
energy caused by pairing and shell effects. Reason
agreement was found between the predictions ford using
this formula with the parameters of Myers and Swiate
@25#. Somewhat better results were obtained with the para
eters deduced by Grimes@26#, which are also listed in Table
II. The latter parameters were deduced by fitting the para
eters of this equation to nuclear massesonly in the region
20<A<42.

The energy shifts in Table I under ‘‘Myers-Swiatecki
and ‘‘Grimes’’ should be compared with those under ‘‘Be
fit’’; the deviations are slightly smaller for the parameters
Grimes than for Myers and Swiatecki.

An alternative approach is based not on experimen
mass values but on the systematics of the two-body inte
tion. The normal assumption used in pairing models is t
the only interaction is between identical nucleons in state
which they couple to 01. This would yield a value of 0 for
the energy shift of an odd-odd nucleus. The fits gave res
which were normally not close to zero for odd-odd nucl
This phenomenon has been observed previously and is

g

is
nd

FIG. 3. Same as Fig. 1, except that the nuclei are36Cl, 36Ar,
37Ar, and 37K.
2-3
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basis for the ‘‘backshifted’’ Fermi gas model@3,7,19#. This
model includes an additional energy shift~beyond conven-
tional pairing! which produces an enhancement in the le
density. This change has been based on empirical syste
ics but is probably best justified by noting that an ene
shift of this magnitude and sign is possibly serving to p
duce the level density enhancement that collective states
duce.

TABLE I. Level density energy shifts.

Myers-Swiatecki Grimes GC Best fit AIM

20F 24.39 23.04 0.00 22.43 22.44
20Ne 2.07 2.44 4.87 3.80 2.44
21Ne 21.84 21.07 2.10 20.10 20.70
21Na 20.86 20.96 2.77 20.93 20.92
22Na 22.80 22.57 0.00 21.95 22.57
22Ne 20.17 1.04 4.77 1.80 2.39
23Na 21.30 20.68 2.67 20.10 20.89
23Mg 20.50 20.75 2.46 20.70 20.82
24Na 23.44 22.39 0.00 22.48 22.57
24Mg 2.97 3.06 5.13 3.60 2.57
25Mg 20.84 20.37 2.46 20.30 20.82
25Al 0.06 20.33 2.67 20.89 20.89
26Mg 0.80 1.70 4.26 1.70 2.13
26Al 21.69 21.74 0.00 21.50 21.95
27Al 0.02 0.36 1.80 0.50 20.60
27Si 0.70 0.19 2.09 0.00 20.70
28Al 22.01 21.26 0.00 21.94 21.95
28Si 4.72 4.54 3.89 3.85 1.95
29Si 1.67 1.87 2.09 0.80 20.70
29P 2.52 1.88 1.80 0.70 20.60
30P 0.63 0.32 0.00 20.50 21.65
30Si 2.24 2.85 3.76 1.88 1.88
31P 1.26 1.32 1.67 0.65 20.56
31S 1.96 1.18 1.62 0.50 20.54
32P 21.10 20.62 0.00 21.35 21.65
32S 3.73 3.29 3.29 2.30 1.65
33S 0.54 0.48 1.62 0.10 20.54
33Cl 1.34 0.46 1.67 0.00 20.56
34S 1.44 1.79 3.48 1.40 1.74
34Cl 20.62 21.02 0.00 21.25 21.74
35Cl 0.21 0.04 1.86 20.10 20.62
35Ar 0.92 20.08 1.62 20.54 20.54
36Cl 21.93 21.70 0.00 21.74 21.74
36Ar 2.80 2.14 3.48 1.70 1.74
37Ar 20.50 20.79 1.62 20.30 20.54
37K 0.30 20.79 1.86 20.35 20.62
38Ar 0.43 0.55 3.66 1.40 1.83
38K 21.05 21.80 0.00 21.20 21.94
39K 20.18 20.56 2.04 0.30 20.68
39Ca 0.52 20.66 1.83 20.20 20.61
40K 23.46 23.44 0.00 21.80 21.94
40Ca 2.69 1.85 3.87 2.20 1.9
41Ca 21.26 21.73 1.83 22.20 20.77
41Sc 20.25 21.52 2.04 20.30 20.68
02400
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It should be noted that the conventional pairing sh
which is 0 for odd-odd nuclei,Dp(Dn) for odd-A nuclei with
evenZ(N) andDp1Dn for even-even nuclei, is also ‘‘back
shifted.’’ The BCS formulation@12# has a condensation en
ergy term in the solution; if this term is ignored, it essentia
represents a ‘‘backshift’’ for the conventional pairing sh
model and an additional ‘‘backshift’’ for the convention
backshifted model.

Comparison of the observed ‘‘best-fit’’ energy shifts wi
the predictions of the simple pairing model suggested
alternative to the semiempirical mass formula for obtain
the correct energy shift. Since the shifts would be such a
make the correction for even-even and odd-odd nuclei ab
equal in magnitude and opposite in sign, the two cases w
shifted in size by half of the traditional correction. Instead
using Dp1Dn for even-even nuclei and 0 for odd-odd, th
shifts were set to1

2 (Dp1Dn) and 2 1
2 (Dp1Dn), respec-

tively, whereDp andDn were taken from Gilbert and Cam
eron. To be consistent with the simple pairing model,
energy shift for evenZ-odd N and oddZ-even N nuclei
should be set to12 (Dp2Dn) and 1

2 (Dn2Dp), respectively. It
is found that better agreement with the observed shifts oc
if this shift is set to2 1

3 Dp and2 1
3 Dn , respectively. These

values are also tabulated in Table I. Note that this aver
interaction method~AIM ! gives results which are roughly a
good as those obtained with the semiempirical mass eq
tion.

The results of the fits with modifiedd values are shown in
Figs. 4 –6 for typical nuclei. Note the considerably better
shown in Figs. 4–6 compared to those in Figs. 1–3.

In order to test the effect of the modifiedd values on the
level densities at 20 MeV, a second set of level density
rameters, denoted set B, was also deduced. For set B
parameters of set A were adjusted so as to preserve the
density value at 5 MeV while restoring the value at 20 Me
to that of the Braga-Marcazzan parameters before the en
shift was changed. This fit has consistently lowera values
and slightly lower ~more negative! energy shifts as well.
Table II lists the parameters of set B as well as those of
A.

III. COMPARISON WITH THEORY

The compilations are based on the macroscopic Fermi
model. This model was introduced by Bethe and utilized

TABLE II. Parameters for level density fit. Set A:a50.086A
11.18. d 5 binding energy 2avA1asA

2/31acz
2/A1/31aa(N

2Z)2/A Set B: a50.086A10.23. d5 binding energy 2avA
1asA

2/31acZ
2/A1/31aa(N2Z)2/A22.710.025A.

Myers-Swiatecki Grimes
~MeV! ~MeV!

av 15.56 15.598
as 17.23 17.97
ac 0.697 (0.8176–0.6457)A21/3

aa 23.285 24.1
2-4
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LEVEL DENSITIES FOR NUCLEI WITH 20<A<41 PHYSICAL REVIEW C 62 024002
assumption that the single-particle state density is cons
with energy.

This assumption can be relaxed and the partition func
evaluated for a ‘‘realistic’’ set of single-particle levels. Th
model is called the microscopic Fermi-gas model. It has
virtue that shell effects should automatically be included
the calculation. Further, by using the BCS@27# formalism,
the effects of pairing can also be included.

Single-particle energy sets proposed by Nilsson@28#, See-
ger and Perisho@29#, and Seeger and Howard@30# were used
in these calculations. The level density values predicted
the model with the single-particle energies of Nilsson w
too high for all of the nuclei studied. For nuclei withA below
28, the level scheme of Seeger-Perisho gave the best re
Near this value forA, both Seeger-Perisho and Seeg

FIG. 4. Level densities of24Na, 24Mg, 25Mg, and 25Al. The 1
symbols ands symbols are as explained in Fig. 1. The solid line
the best-fit value ofd used with thea value systematics of Table II
while the short dashed and long dashed curves use the samea value
but are based on the systematics of Grimes and the AIM met
respectively.

FIG. 5. Level densities of28Al, 28Si, 29Si, and29P. The signifi-
cance of the curves and symbols is as indicated in the captio
Fig. 4.
02400
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Howard levels provided a good representation of the d
BeyondA530, the predictions of the model with the leve
of Seeger and Howard were superior to those of Seeger
Perisho. Comparisons are shown in Figs. 7–12.

These single-particle schemes also provide reason
representations of the spin-cutoff parameter. As has alre
been indicated, this quantity is especially important. It
used in Hauser-Feshbach calculations and is also nece
in interpreting the level density information provided by ne
tron resonance counting. A conclusive test of the spin-cu
parameter predictions is difficult because the database
this parameter is somewhat sparse.

One additional parameter is also of interest. The pa
ratio represents the fraction of the levels at a given excita
energy which have positive parity. This parameter is e
pected to be 0.5 at high energy but approaches 0 or 1~de-
pending on the orbital parity of the level closest to the Fer
level and whether the nucleus is even or odd! at low energy.
As is the case for the spin-cutoff parameter, knowledge
this parameter is important in extracting information abo
level densities from neutron resonance counting. It has b
pointed out @31# that the statistical mechanical approac
though reliable for level densities and spin-cutoff para
eters, is not accurate in calculating parity ratios. This is
cause the formalism in evaluating the partition function p
duces the correct averageN and Z but does have some
dispersion in these quantities. Thus, the level density is
average of the level density for the nucleus with (N,Z) and
small fractions of the corresponding densities for (N21,Z
11) and (N11,Z21). Since the level densities are simila
it is possible to obtain@31# accurate values for the leve
density despite this averaging. The consequences of the
eraging@31# are much more dramatic for the parity ratio an
result in an energy dependence for the parity ratio that c
not overshoot 0.5, in contrast to more realistic calculation

The two primary drawbacks to the Fermi-gas model
that no interactions~other than pairing! are included and tha
parity ratios are not reliable. This latter parameter is of p

d,

of

FIG. 6. Level densities of36Cl, 36Ar, 37Ar, and 37K. The sig-
nificance of the curves and symbols is as indicated in the captio
Fig. 4.
2-5
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PO-LIN HUANG, S. M. GRIMES, AND T. N. MASSEY PHYSICAL REVIEW C62 024002
ticular interest for light nuclei, since there is considera
evidence that it has not reached its asymptotic value of 0.
energies at which neutron resonance counts are made.

A formalism has been developed which allows full incl
sion of the two-body force in such calculations. The fi
such calculations included the expectation values of^H& and
^H2& in an expansion of the level density@32–36#, but more
recent work has also included moments as high as^H4& @37–
39#. These calculations utilize the result of unitarity to allo
calculation of moments of the Hamiltonian in the nondiag
nal shell model basis. With values for these moments,
expansion for the level density itself can be calculated.

One approach to making such calculations is to use H
mite polynomial expansions. These allow a quick and e
cient calculation of expansion coefficients and are consis
with asymptotic Gaussian behavior. Unfortunately, they a
produce distributions which are not positive definite. Ofte
the negative excursions come in the low-excitation-ene
region, making it impossible to use the calculations in
region of most physical interest.

FIG. 7. Level density, parity ratio, and spin-cutoff parameter
24Na and24Mg. The long-dashed curve is the calculation based
levels proposed by Nilsson, the short-dashed curve is based on
els proposed by Seeger and Perisho, and the dot-dashed line
result based on levels proposed by Seeger and Howard.
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One possible solution to this problem is to expand
moment information in the form of delta functions@40–42#.
These obviously do not have negative excursions but h
the drawback of being discrete instead of continuous. No
theless, the use of many Slater determinants to make
expansion produces a quasicontinuous distribution. The
sulting distribution is, however, somewhat too narrow in t
tail region.

A recent paper@43# has suggested an alternative proc
dure. If the Gaussian function is replaced by an exponen
with polynomial argument, the resulting distribution is bo
positive definite and continuous. The present results
based on the use of the exponential with polynomial ar
ment ~EPA! technique.

Input parameters needed for such calculations incl
single-particle energies and two-body matrix elements. Fi
ing suitable two-body matrix elements is somewhat com
cated. In some cases, sets of two-body matrix elements
available which have been derived from fitting shell mod
calculations to low-lying levels. These are not suited to
present calculations because they normally do not hav
procedure for extending the calculation to neighbori
orbits.

r
n
v-
the

FIG. 8. Same as Fig. 7, except that the nuclei are25Mg and
25Al.
2-6
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LEVEL DENSITIES FOR NUCLEI WITH 20<A<41 PHYSICAL REVIEW C 62 024002
A set of matrix elements based on specified parame
for a potential is required. The Petrovich-McManus-Mads
Atkinson ~PMMA! set proposed by Petrovichet al. @44# was
chosen. It was found that they had a high correlation coe

FIG. 9. Same as Fig. 7, except that the nuclei are28Al and 28Si.

FIG. 10. Same as Fig. 7, except that the nuclei are29Si and 29P.
02400
rs
-

-

cient with the empirically derived set of Warburton an
Brown @45#. The PMMA parameters are fit to Yukawa po
tentials in the even states only~the triplet and singlet even
potentials are nonzero; the triplet and singlet odd potent
are set to zero!. The PMMA potential has been used wit
some success in shell model calculations@46#.

There are three particular challenges in finding the app
priate input for these calculations. Single-particle energ
are supposed to include the effects of the interaction w
‘‘core’’ particles and the kinetic energy; for these calcul
tions, the core is much smaller than in conventional sh
model calculations. This would argue for single-particle e
ergies which are not as spread out as those in a convent
calculation. The authors of a similar study@47# to this one
carried out in the mass region nearA560 have found it
necessary to make this kind of adjustment. A second co
plication is in the strength of the two-body force. Since o
basis is much larger than that in a conventional shell mo
calculation, the interaction strength should be somew
weaker. This change is expected because the interaction

FIG. 11. Same as Fig. 7, except that the nuclei are36Cl and
36Ar.

FIG. 12. Same as Fig. 7, except that the nuclei are37Ar and 37K.
2-7
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small space must be renormalized to compensate for mis
orbits. To obtain proper fragmentation of states, the inter
tion needs to be strengthened compared to the approp
strength in a large basis. We must, therefore, undo this re
malization. Finally, most shell model calculations have
cused on calculating levels of one parity. This leaves
some information about the interaction.

Initial calculations with the PMMA force found that th
force was too strong. A reduction factor of 0.7 was found
be appropriate. This reduction still did not resolve all pro
lems in achieving a fit to the data. A simultaneous fit to t
level density and spin cutoff parameter required adjustm
of the single-particle energies as well as the PMMA for
Even these adjustments did not bring the parity ratio i
agreement with data. This parameter was not included in
study of Kar and Majumdar@47#, although the interaction
used by these authors was not the PMMA interaction.

To obtain a simultaneous fit to the level density, sp
cutoff factor, and parity ratio, it was necessary to add a co
ponent of the two-body force in odd states. This magnitu
was set to3

7 of the force strength of the even-state interact
and it was given the opposite sign.

Results of these calculations are shown in Figs. 13–17
generally good representation of the level density, parity
tio, and spin cutoff factor is obtained. Table III lists the inp
parameters.

As has been pointed out in the Introduction, an und
standing of the variation of both the spin-cutoff factor a
parity ratio with energy and withA is central to a level den
sity study based on neutron resonance counting. Both
spectral distribution method and the microscopic Fermi-
formalism seem to give reasonable results for the level d
sity and spin-cutoff factor for these nuclei. Only the spect
distribution method can give reliable predictions for the p
ity ratio. Comparison of the present calculations with t
compiled values discussed in Sec. II shows reasonable ag
ment. The calculated level densities are normally within 3

FIG. 13. Level density, parity ratio, and spin-cutoff factors f
24Mg and 24Na. The calculated values curves are based on use
two-body force with the moment method; experimental points
based on known levels and their spin and parity values.
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of the predicted values over the energy range 3–15 M
when compared with the set A parametrization. The pred
tions of this compiled set are typically above results of t
moment method level density calculation. set B parame
~Table II! give very similar results to those of set A fo
energies below 10 MeV but show a less rapid rise above
energy. They show a slightly better agreement with the m
ment method calculation over the 3–15 MeV range than d
set A.

IV. COMPARISON WITH OTHER COMPILATIONS

As discussed in Sec. I, the most extensively used com
lations do not always predict level densities which are c
sistent for particular nuclei. Two of the leading compilation
Gilbert and Cameron@1# and Rohr@4#, made different as-
sumptions about theA dependence ofs, while both assumed
that the value ofP(U) was 0.5 at the binding energy. To se
how these assumptions affected their analysis, a correc

f a
e

FIG. 14. Same as Fig. 13, except that the nuclei are25Mg and
25Al.

FIG. 15. Same as Fig. 13, except that the nuclei are28Al and
28Si.
2-8
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LEVEL DENSITIES FOR NUCLEI WITH 20<A<41 PHYSICAL REVIEW C 62 024002
factor was calculated based on the calculateds andP at the
binding energy based on the moment method results. Th
factors are tabulated in Table IV and indicate that the p
dictions of Gilbert and Cameron should be increased
about 30% and those of Rohr decreased by 10% in this m
region. Other differences with compilations based on neut
resonances, including assumptions about energy shifts
poor statistics on level counting, cannot be corrected in
direct a fashion.

In Table V we present a comparison of level densit
predicted by a number of compilations for specific nucl
The column labeled ‘‘present results’’ lists level densiti
~set B!; the other columns give the ratio of the level dens
predicted by that compilation to the present results. Note
in many cases deviations of 50% or more are common.

Examination of the comparison in Table V indicates th
the present results~set B! give a consistently slower increas
of level density with energy than the results of Rohr. This
consistent with the fact that the present results are ‘‘ba

FIG. 17. Same as Fig. 13, except that the nuclei are37Ar
and 37K.

FIG. 16. Same as Fig. 13, except that the nuclei are29Si
and 29P.
02400
se
-
y
ss
n
nd
s

s
.

at

t

s
-

shifted.’’ A correlated observation is that Rohr did not i
clude information about level densities above 10 MeV in
fit. Comparison with Gilbert and Cameron is challengin
since those authors present a set of ‘‘systematic’’ parame
which vary between spherical and deformed nuclei. In ad
tion, they also present specifica andd values for some nu-
clei, which are not consistent with the ‘‘systematics.’’ Th
values indicated as Gilbert-Cameron 1 are from systema
those labeled Gilbert-Cameron 2 are specifically listed
that nucleus. Again, because the Gilbert-Cameron values
not ‘‘backshifted,’’ they predict level densities which ris
more rapidly than the present values. The predictions
Beckerman@20# agree better with the present results, perha
because high-energy data were also included in the fit.

Not shown in the table but in better agreement with t
present results are level densities predicted by Gadioli
Zetta @19# and Iljinov et al. @23#. The former is slightly
above the present results at energies above 12 MeV. Ilji
et al. have lower values fora but include a rotational en
hancement. The net effect of these two changes is to prod
level densities which are generally within 20% of the pres
results.

Recent compilations have included specific correct
factors for level density enhancements due to collective
fects@23,48#. Many earlier compilations did not. It may see
surprising that although the enhancement factors are sub
tial, the fits without the factors can also describe the da
Indeed, one of the compilations@23# presents fits both with
and without enhancement factors.

Although the enhancement factors are substantial, t
apparently do not vary rapidly with energy. A study of th
rotational enhancement factor@49# gives a very slow reduc-
tion in magnitude as the energy increases, with the enha
ment vanishing at energies above 40 MeV. The nearly c
stant enhancement can be represented by increasinga or
reducingd, if knowledge of the detailed energy dependen

TABLE III. Single-particle energies.

E(n,L)5
17.4
A1/3 (n11)10.4L224.71

2.82

A1/3

3(2L) for J5L1
1
2

3(1L11) for J5L2
1
2

n52 for p1/2 p3/2 shell
n53 for d5/2 s1/2 d3/2 shell
n54 for f 7/2 p3/2i p1/2 f 5/2 shell

TABLE IV. Correction factors.

A Gilbert-Cameron Rohr

20 1.3 0.9
24 1.2 0.85
28 1.15 0.8
32 1.3 0.9
36 1.35 0.95
40 1.3 0.9
2-9
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TABLE V. Comparison of level density compilations.

Nucleus Excitation Level Ratio to present results
energy density
~MeV! present Rohr Beckerman Gilbert- Gilbert-

results Cameron 1 Cameron

24Na 5 22 0.4 1.4 1 –
10 140 0.7 1.6 2 –
15 690 1.0 2.0 3.8 –
20 3020 1.4 2.2 6.1 –

24Mg 5 1.5 – 0.8 – –
10 14 0.6 1.2 1.1 0.7
15 94 1.0 1.35 1.9 1.2
20 500 1.3 1.4 3.3 1.8

25Mg 5 10 0.3 1.0 0.3 0.3
10 75 0.5 1.2 1.0 1.0
15 460 0.7 1.3 1.6 1.6
20 2040 1.0 1.6 2.7 3.7

25Al 5 13 0.2 0.8 0.2 –
10 88 0.4 1.0 0.5 –
15 515 0.6 1.1 0.7 –
20 2406 0.8 1.3 1.0 –

30Si 5 4.2 0.4 1.22 0.4 0.3
10 55 0.5 1.0 0.6 0.6
15 420 0.8 1.0 0.8 1.0
20 2530 1.0 1.0 1.1 1.5

30P 5 24 0.6 0.6 0.4 0.5
10 210 0.8 0.6 0.4 0.8
15 1360 1.1 0.8 0.45 1.0
20 7270 1.4 0.9 0.5 1.3

31P 5 10 0.5 0.9 0.5 0.6
10 106 0.8 1.0 0.6 1.2
15 780 1.1 1.1 1.0 1.8
20 4620 1.3 1.4 1.3 2.4

32S 5 4 0.5 0.8 0.5 0.4
10 56 0.7 0.8 0.5 0.5
15 470 1.0 0.9 0.5 0.6
20 3070 1.2 0.8 0.5 0.7
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of the level density is not extensive. Early research on le
densities in this mass region found a need to ‘‘backshift’’ t
level density in order to match both the magnitude of
level density at the binding energy and the slope and ma
tude of the level density at lower energies; a similar res
was found in the present analysis. It is plausible that coll
tive effects are the cause of this shift. In addition to the f
that collective effects enhance the level density, which is
same direction of change caused by the energy shift,
energy shift is correlated with ground state binding energ
One expects the shifts in these numbers to enhance the
density between closed shells relative to that at closed sh
the same behavior is expected for collective effects.

An additional approach has been taken to deal with s
effects. Ignatyuket al. @48# have proposed the use of ana
which varies with energy:
02400
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a5a0S 12
d

E
~12e2gE! D . ~13!

In this expressiona is the ~energy-dependent! level density
parameter,a0 is the asymptotic value of the level densi
parameter at high energies,d is a shell shift, andg is a
convergence parameter (g'0.05). For typical values of the
energy shift (udu<2 MeV), this form yields a value fora
which is reduced~increased! about 10% ford positive~nega-
tive! at low energy. It has moved about halfway to th
asymptotic value atE525 MeV. Thus, this approach yield
a very slowly energy dependenta. As is the case for collec-
tive enhancement, the resulting energy dependence is sim
to that of the conventional Fermi gas.
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V. SUMMARY

An examination of the assumptions of some level den
compilations has led to the development of a new comp
tion. This set of parameters has as its basis level den
values derived from Ericson fluctuation measurements at
ergies above 20 MeV, but parameter adjustments produc
reasonable description of data below 5 MeV as well. T
values for level density parameters from the present com
lation were used in Hauser-Feshbach calculations wh
were compared with data by Batemanet al. @50#; reasonable
agreement was found.

This set of parameters is compared with calculatio
based on BCS quasiparticles and one including the two-b
force. In both cases, additional information helpful in testi
the calculation included spin-cutoff parameters and pa
s.

.
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ratios. Although these parameters are also useful in interp
ing experimental information and in making Hause
Feshbach calculations, the database is not as extensiv
would be desirable.

Reasonable fits to the data were achieved with the t
body force calculations. It was possible to use the comp
son with data to refine the input parameters.

The present results confirm a previous analysis wh
showed that including two-body forces in a large basis
quired a ‘‘compression’’ of the single-particle spectrum. Fu
thermore, comparison of parity ratio predictions with da
gave indication of a need for an odd component to the tw
body force.

More extensive study of this formalism will be needed
order to make it useful ina priori predictions.
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