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Level densities for nuclei with 26=sA<<41
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Some commonly used level density compilations are compared with one another and with data in the mass
range 26A<41. A new formula is proposed which appears to be consistent with both low energy (
<5 MeV) and high energyly=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 numbd(s): 21.10.Hw, 21.60.Cs, 27.36t

I. INTRODUCTION The parameteros is the spin cutoff parameter and is
(352 for levels at that energy. The density of levels with
Level densities are important in nuclear physics for aspinJ at the energy is then
number of reasons. From a basic standpoint, our ability to

predict the energy distribution of all of the excited levels of 1\2

a nucleus provides a severe challenge to our theoretical un- (23+1) —|J+ 5)

derstanding, given the size of the basis and the dependence p(U,J)= 557 ex o p(U). )
g g

on all facets of the interaction. A number of related areas of
physics and technology are also dependent on our studies of
the level density. These include nucleosynthesis studies it general,c will be energy dependent. For changesaior
astrophysics, medical applications of nuclear physics, and, we obtain
fission and fusion reactor design.

The largest body of level density data is the set based on  dp (U=19) a 3
counting neutron resonances at low bombarding energy. =\ da—/ U= 5)d5+ 200=95) dé. (3)
Such studies yield a level density at an energy slightly above

the neutron binding energy in the compound nucleus. Ther%quation(S) follows from Eq. (1) if we adopt the usual
are some difficulties with this technique. For light nuclei, thedependence foro(«UY). At high energies,dp/p is

level density is not large at this energy, if we assume that thF al(U— 5)]ds for shifts in energy but i§\(U— 8)/alda
Ievels_obse_rve_d are reached througt0 absorp_non. Atlow far changes ima. Thus, level densities at high energies are
energies this is expected to be the case, which means that a

total level density can be inferred only if the parity ratio very sensitive toa ey not so sensitive @ while the
. X o ; reverse is true at low energies.

(fraction of levels with a specific parityand the spin cutoff btain the level densitv for levels of specifiddand
parameter are known. The combination of problems caused 'I_'o 0 fm Y Vels of sp .
by the small number of levels of the appropriate spin anaDarlty p (= +1or—1), the parity ratio is introduced:
parity in the energy “window” at the binding energy, pos- "
sible missing levels, and the need to know both the parity m(u)= LU)_. (4)
ratio and the spin cutoff parameter causes difficulty with p (U)+p (V)
compilations based solely on resonance parameters. Most of
the setq1-8] of level density parameters have been based To deduce level densities from resonance counting at the
on resonance counting at the binding energy. binding energy, it has been necessary to make assumptions

To carry out a fit to these data, it has often been necessagboutII(U) and o(U). Ericson[9] has shown that under
to make an assumption to eliminate one of the two paramvery general assumptions the total number of levels of posi-
eters of the Fermi gas model. Most often, it has been agive parity is nearly equal to the number of negative parity
sumed that the energy shiftin the Fermi gas formula was levels, but data and shell model calculations agree in indicat-
simply that due to pairing. This implicitly puts all of the shell ing that at low energies there is a tendency for levels of one
effects in the level density parameterAt high energies, one parity to dominate. For even-even nuclei, the positive parity
expects shell effects to anneal out of the level density, butlensity is usually larger, while for odd nuclei either even
this does not happen if there are shell effecta.ithe Fermi  or odd parity levels dominate depending on the parity of the

gas level density form has single particle orbital nearest the Fermi level. The mass
range of the present study (A<41) is predominately in
p(U)= 1 1 exgzya(U—9)] 1) the sd shell region; for all nuclei with odd\ except forA
122 ga¥®  (U-6)"* =41 it is expected that positive parity levels will dominate.

Relatively little effort has been invested in determining the

excitation energy at which the two parity level densities are

*Present address: 94-2 Rao-an Road, Yung-an Hsiang, Kaohsiugfjual, although it is expected that this point is reached at
County, Taiwan, ROC. lower energy ad\ is increased.
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There are two commonly used paths to obtaining spiruse of evaporation spectra to derive level density parameters
cutoff parameters. Ericsd®] has shown that the spin cutoff for a wide range of nuclei, and other stud{gd$8-17 have
parameter should be used this technique to determine parameters for a more lim-
ited set of nuclei. A good source of information about level
densities at high energies is Ericson fluctuations; one compi-
lation [18] has been based entirely on this type of informa-
tion. Others[19,20 have derived sets of parameters in this
mass region which incorporate information from three differ-
ent types of data and similar analysgxl,22 have been

o?=gt(m?),

whereg is the density of single particle statdss the tem-
perature, andm?) is the average of the square of the spin
projection on theZ axis for single particle states near the
Fermi level.g is connected to the level density parameter

through the equation

An early estimate ofm?) was[10]

(m?)=0.14602"3, 5

but it was later realizefiL 1] that this estimate was unrealistic

prepared for specific nuclei. A recent compilation by lljinov
et al. [23] has utilized a very extensive body of data over a
wide range iPA to derive a set of level density parameters. In
general, despite many years’ work, the consistency of these
compiled values is not as good as would be desired and
many of them do not extrapolate correctly to the level den-
sity at low energy.

Il. COMPILATION OF LEVEL DENSITY PARAMETERS

because it included all levels and not just those at the Fermi In general the compilations in widest use do not include

level. The earlier estimate was utilized in one of the mos
frequently used tabulationgl], however. It has been pro-

posed[5] that the expression

(m?)=0.24A%3 (6)

information about the level density at more than one energy.

It was decided to formulate a new set of parameters which
would include more information in the fit. The fit of Braga-
Marcazzan and Milazzo-Collf18] (BMMC) and that of
Rohr[4] were taken as starting points. The former is one of

is a better representation of the average over levels at tH@e few which is based on information from Ericson fluctua-

Fermi energy.
The difference between expressidis and (6) is about

tions and hence should be reliable at 20 MeV. BMMC report
a values deduced individually for a number of nuclei based

50%, which would translate into a similar discrepancy inon the assumption that the Gilbert-Camefa pairing en-

level densities derived from resonance counting.

An alternative method of determiningf is to assume that

ergies could be used as the energy shift.
The Rohr compilation is based on resonance counting and

the nucleus is a rigid sphere. In this case, an assumed val§® should be reliable at 7 MeV. In this case the energy shifts

for the radius oR(A)=1.25A3 fm yields a value fow? of
0?=0.014553, (7)

where the temperature is given by

t= , 8

so the forms fors? become

6

u-s
ol= —a T0.14(5«2"3: 0.0888/a(U— 8)A??
©)

0?=0.1461a(U— 8§)A?", (10)
Uu-o
d?=0.014R7%3/ ——. (11
a

Equation(10) results if Eq.(6) is used instead of E(5),
while Eq.(11) is based on the use of E).

For values ofa and § typically used in this mass region,
the o values estimated from Eq11) are between those

predicted by Eqs(9) and(10), but are closer to the latter.

were also taken to be those of the Gilbert-Cameron compi-
lation but thea values were fit with the functiom= aA
+C, where A is the mass number is the level density
parameter, and and C are fitting constants. The use of a
smooth form reduces the effect of level statistics in evaluat-
ing the level density for a particular nucleus and prevents
local shell effects from appearing &

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

It was found that using the Rohr or BMM&values pro-
duced poor fits to the level density at low enerdi24] based
on comparisons with known levels for excitations below 5
MeV. This is perhaps not surprising, since the rolesoat
low energies according to E(B) is magnified relative to that
of a.

Figures 1-3 show typical results for the Rohr and BMMC
parameters compared with level counting at low energy.
Note that the consistent tendency is for the predictions to
underestimate the data.

Other databases have also been used to determine level The a values were, therefore, fixed at the BMMC magni-
density parameters. One analyki®] has been based on the tudes and a least squares fit was conducted forsthalue
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FIG. 1. Level densities fof*Na, 2“Mg, ?®Mg, and?°Al. In each FIG. 3. Same as Fig. 1, except that the nuclei ¥f@l, 3°Ar,

panel, the+ symbols denote the level density based on counting®Ar, and ¥7K.
resolved levels of known spin and parity, thesymbols denote the

level density based on counting all known levels, the solid linepairing shift values used by Rohr and BMMC; these were the

indicates the level density predicted by Rohr, and the dashed line igairing shifts proposed by Gilbert and Cameron and are la-
the prediction based on the systematics of Braga-Marcazzan argkled GC.

Milazzo-Coll. To make the formula foa useful in predicting level den-

sities, it is necessary to find a formula for predictifgas
needed to optimize the fit to the known levels at low energyyyell. Two approaches were tried. The first is based on the
In all cases, reasonable fits could be achieved by modifyingse of the semiempirical mass formula. If the terms corre-
only the 6 parameter. An effort to improve the agreement bysponding to pairing and shell corrections are dropped, the
fixing the & values at their original magnitude and varying expression for the nuclear binding energy is
thea values was less successful, with numerous fits showing
inappropriate slopes. 72 (N=2)2

In retrospect, this result is not surprising. If, as indicated B(N,Z)=a,A—aA?P-a——a,———, (12
by Eq. (1), level densities at high energies have less sensi- 0 s A
tivity to 6 than toa, an assumed value f@ would not have
biased thea value significantly if the fitted point were at 20 where N, Z, andA are the neutron number, proton number,
MeV. The corrections to the values at 20 MeV caused byand mass number of the nucleus, respectivaly. as, a.,
adjusting thes values were about 30%, which is just within anda, are fitting constants. If the actual binding energy of
the estimated 30% error of the Ericson analysis. The best ffhe nucleus is Compared with the value predicted by this
values foré are listed in Table I. Also shown are the original formula, the difference should be the shift in the ground state
energy caused by pairing and shell effects. Reasonable
agreement was found between the predictions ausing
this formula with the parameters of Myers and Swiatecki
[25]. Somewhat better results were obtained with the param-
eters deduced by Grim¢26], which are also listed in Table
Il. The latter parameters were deduced by fitting the param-
eters of this equation to nuclear massesy in the region
20<sA<42.

The energy shifts in Table | under “Myers-Swiatecki”
and “Grimes” should be compared with those under “Best
w2 ol fit"; the deviations are slightly smaller for the parameters of
Grimes than for Myers and Swiatecki.

An alternative approach is based not on experimental
mass values but on the systematics of the two-body interac-
tion. The normal assumption used in pairing models is that

the only interaction is between identical nucleons in states in
0 5 E(ﬁw v 2 0 L which they couple to 0. This would yield a value of O for
e {(MeV) . )
the energy shift of an odd-odd nucleus. The fits gave results

FIG. 2. Same as Fig. 1, except that the nuclei &, 28Si,  which were normally not close to zero for odd-odd nuclei.

295, and 2°pP. This phenomenon has been observed previously and is the
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TABLE I. Level density energy shifts. TABLE II. Parameters for level density fit. Set &= 0.086A
+1.18. 6 = binding energy —a,A+aA%*+a.z?/AY3+a,(N
Myers-Swiatecki  Grimes  GC Best fit AIM  —2Z)%/A Set B: a=0.086A+0.23. 6= binding energy —a,A
+a A3+ a. 72 AY3+a,(N—Z)?/A—2.7+0.025A.

2F —-4.39 -3.04 000 —243 —2.44
i:Ne 2.07 244 487 3.80 2.44 Myers-Swiatecki Grimes

Ne —-1.84 -1.07 210 -0.10 -0.70 (MeV) (MeV)
2INa —0.86 -096 277 -093 —0.92
22Na ~2.80 -257 000 -195 -257 & 15.56 15.598
22Ne -0.17 1.04 477 1.80 2.39 as 17.23 17.97
2Na ~1.30 ~068 267 -010 -089 & 0.697 (0.8176-0.6458) °
2Z\g —0.50 -0.75 246 070 -0.82 @a 23.285 24.1
ZNa —3.44 -239 000 -—248 -257
Mg 2.97 3.06 513 3.60 2.57
2\g —0.84 —037 246 -030 -0.82 It should be noted that the conventional pairing shift,
25 0.06 ~0.33 267 -089 -089 Whichis O forodd-odd nucleidy(A,) for odd-A nuclei with
26\Mg 0.80 1.70 4.26 1.70 2.13 evenZ(N) andA,+ A, for even-even nuclei, is also “back-
26p| 169 ~174 000 -150 -1095 shifted.” The BCS formulatiorj12] has a condensation en-
27p 0.02 036  1.80 050 —060 €rgyterminthe solution; if this term is ignored, it essentially
275 0.70 019  2.09 000 —o070 represents a “backshift” for the conventional pairing shift
28| 201 126 000 -194 —195 model _and an additional “backshift” for the conventional
28g; 472 454 389 385 195 Packshifted model. . o
29 Comparison of the observed “best-fit” energy shifts with

Si 1.67 1.87 2.09 0.80 -0.70 . - .

295 550 188 180 070 —0.60 the preQ|ctlons of the_ S|mp!e pairing model suggeste_d. an
20p 0.63 032 000 —050 165 alternative to the semiempirical mass formula for obtaining
30 2'24 2.85 3.76 '1 88 .1 a8 the correct energy shift. Since the shifts would be such asto
315 1'26 1'32 1.67 0.65 o 5'6 make fche correction for even-even aqd odd-odd nuclei about
. ‘ : : : : equal in magnitude and opposite in sign, the two cases were
325 1.96 118  1.62 0.50 —0.54  ghifted in size by half of the traditional correction. Instead of
32P —-1.10 —0.62 0.00 —135 —1.65 ysingA,+A, for even-even nuclei and 0 for odd-odd, the
335 3.73 329 329 2.30 165 shifts were set toz(A,+A,) and —3(A,+A,), respec-

S 0.54 048 162 010 —0.54 tively, whereA, andA, were taken from Gilbert and Cam-
cl 1.34 0.46  1.67 0.00 -0.56  eron. To be consistent with the simple pairing model, the
¥s 1.44 1.79 348 1.40 1.74 energy shift for evenz-odd N and oddZ-even N nuclei
¥l —0.62 —-102 000 -125 —1.74 should be set té(Ap—An) and%(An—Ap), respectively. It
35Cl 0.21 0.04 186 -0.10 -0.62 isfound that better agreement with the observed shifts occurs
3SAr 0.92 -0.08 162 -0.54 —054 if this shift is set to—3A, and —3A,, respectively. These
36Cl -1.93 -1.70 000 -1.74 -—1.74 values are also tabulated in Table I. Note that this average
38Ar 2.80 2.14  3.48 1.70 1.74 interaction methodAIM) gives results which are roughly as
3Tar —0.50 —-0.79 162 -030 -054 g@ood as those obtained with the semiempirical mass equa-
8K 0.30 -079 1.86 -035 —0.62 tion.
38Ar 0.43 055 3.66 1.40 1.83 The results of the fits with modifieél values are shown in
38 —1.05 ~180 000 -120 —194 Figs.4 —6 fortypical nuclei. Note the considerably better fits
39 ~018 056 2.04 030 -068 Shown in Figs. 4-6 compared to those in Figs. 1-3.
39Ca 0.52 066 183 -020 -061 In order to test the effect of the modifietlvalues on the
a0 —3.46 _344 000 -1.80 —194 leveldensities at20 MeV, a second set of level density pa-
4004 269 185 387 290 194 Fameters, denoted set B, was also deduced. For set B, the
Mcg 126 173 183 -220 _o77 Parameters of set A were e}djusted So as to preserve the level
nge _0.25 _152 204 -030 —0.68 density value at 5 MeV while restoring the value at 20 MeV

to that of the Braga-Marcazzan parameters before the energy
shift was changed. This fit has consistently loveevalues
and slightly lower(more negative energy shifts as well.
Table Il lists the parameters of set B as well as those of set

basis for the “backshifted” Fermi gas modg3,7,19. This
model includes an additional energy shifteyond conven-
tional pairing which produces an enhancement in the level
density. This change has been based on empirical systemat-
ics but is probably best justified by noting that an energy
shift of this magnitude and sign is possibly serving to pro-
duce the level density enhancement that collective states pro- The compilations are based on the macroscopic Fermi-gas
duce. model. This model was introduced by Bethe and utilized the

IIl. COMPARISON WITH THEORY
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FIG. 4. Level densities of*Na, ?*Mg, ?®Mg, and2°Al. The + FIG. 6. Level densities ofCl, %¢Ar, 3’Ar, and *K. The sig-

symbols andD symbols are as explained in Fig. 1. The solid line is nificance of the curves and symbols is as indicated in the caption of
the best-fit value 06 used with thea value systematics of Table II, Fig. 4.

while the short dashed and long dashed curves use thessaatge

but are based on the systematics of Grimes and the AIM methoqi| . .
respectively. oward levels provided a good representation of the data.

BeyondA= 30, the predictions of the model with the levels
assumption that the single-particle state density is consta feﬁsﬁgeéirr:]dp;?svgif;::rsehil\j\?ne:m:?g;h?ii; f Seeger and
Wlt:]'hei:?'ggﬁm tion can be relaxed and the partition function These single-particle schemes also provide reasonable

p“ o . P . representations of the spin-cutoff parameter. As has already
evaluated for a “realistic” set of single-particle levels. This é)een indicated, this quantity is especially important. It is
model is called the microscopic Fermi-gas model. It has th . ' . . :

. : : . used in Hauser-Feshbach calculations and is also necessary
;’Agusafzjltazgﬁ" Egﬁﬁtsrsgoullgiﬁuﬁ% ag%%% ?grrlr?;lii?r?d Min interpreting the level density information provided by neu-
the effects of 'airin ca{n a)lllso begincluded ' tron resonance counting. A conclusive test of the spin-cutoff

; P g T parameter predictions is difficult because the database for
Smgle-partu:é; ?nergy sets proposed b;/ENll]SEZﬁ], See- this parameter is somewhat sparse
ger and Perishf29], and Seeger and Howaf80] were used o - ' ' : .
. . ) . ne additional parameter is also of interest. The parity
in these calculations. The level density values predicted by_.. . ; S
the model with the single-particle energies of Nilsson were¥at'o represents the fraction of the levels at a given excitation

too high for all of the nuclei studied. For nuclei wighbelow energy which have positive parity. This parameter is ex-

28, the level scheme of Seeger-Perisho gave the best resul sected to be 0.5 at high energy but approaches 0 (fe1

Near this value forA both Seeqer-Perisho and See er_pe‘nding on the orbital parity of the level closest to the Fermi
' 9 9" level and whether the nucleus is even or pddlow energy.

As is the case for the spin-cutoff parameter, knowledge of
this parameter is important in extracting information about
level densities from neutron resonance counting. It has been
pointed out[31] that the statistical mechanical approach,
though reliable for level densities and spin-cutoff param-
eters, is not accurate in calculating parity ratios. This is be-
cause the formalism in evaluating the partition function pro-

Levels/MeV
Levels/MeV
2

20 0 duces the correct averadé¢ and Z but does have some
_ dispersion in these quantities. Thus, the level density is an
Ftie Pyt . .
2l s o ol % s average of the level density for the nucleus witth, Z) and
> //f > /,{,-" small fractions of the corresponding densities fof<(1,Z
2 0 P 210 yza +1) and N+1,Z—1). Since the level densities are similar,
b e g 0 it is possible to obtairf31] accurate values for the level
w0y o density despite this averaging. The consequences of the av-
as’. 02 eraging[31] are much more dramatic for the parity ratio and
e s M0 B2 e 5 10 15 20 result in an energy dependence for the parity ratio that can-
E (MeV) E (MeV) - P :
not overshoot 0.5, in contrast to more realistic calculations.
FIG. 5. Level densities of®Al, 28Si, 2°Si, and?°P. The signifi- The two primary drawbacks to the Fermi-gas model are
cance of the curves and symbols is as indicated in the caption dhat no interactiongother than pairingare included and that
Fig. 4. parity ratios are not reliable. This latter parameter is of par-
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FIG. 7. Level density, parity ratio, and spin-cutoff parameter for ~ FIG. 8. Same as Fig. 7, except that the nuclei &g and
2*Na and?Mg. The long-dashed curve is the calculation based on?5A|.
levels proposed by Nilsson, the short-dashed curve is based on lev- ) . . .
els proposed by Seeger and Perisho, and the dot-dashed line is the OnN€ possible solution to this problem is to expand the
result based on levels proposed by Seeger and Howard. moment information in the form of delta functiof$0—42.
These obviously do not have negative excursions but have
ticular interest for light nuclei, since there is considerablethe drawback of being discrete instead of continuous. None-
evidence that it has not reached its asymptotic value of 0.5 dheless, the use of many Slater determinants to make the
energies at which neutron resonance counts are made.  expansion produces a quasicontinuous distribution. The re-
A formalism has been developed which allows full inclu- sulting distribution is, however, somewhat too narrow in the
sion of the two-body force in such calculations. The firsttail region.

such calculations included the expectation value&Hf and A recent papef43] has suggested an alternative proce-
(H?) in an expansion of the level densfty2—36, but more  dure. If the Gaussian function is replaced by an exponential
recent work has also included moments as higfH§ [37—  with polynomial argument, the resulting distribution is both

39]. These calculations utilize the result of unitarity to allow positive definite and continuous. The present results are
calculation of moments of the Hamiltonian in the nondiago-based on the use of the exponential with polynomial argu-
nal shell model basis. With values for these moments, ament(EPA) technique.
expansion for the level density itself can be calculated. Input parameters needed for such calculations include
One approach to making such calculations is to use Hersingle-particle energies and two-body matrix elements. Find-
mite polynomial expansions. These allow a quick and effi-ing suitable two-body matrix elements is somewhat compli-
cient calculation of expansion coefficients and are consistergated. In some cases, sets of two-body matrix elements are
with asymptotic Gaussian behavior. Unfortunately, they alsavailable which have been derived from fitting shell model
produce distributions which are not positive definite. Often,calculations to low-lying levels. These are not suited to the
the negative excursions come in the low-excitation-energyresent calculations because they normally do not have a
region, making it impossible to use the calculations in theprocedure for extending the calculation to neighboring
region of most physical interest. orbits.
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2 4:,’;":‘5/ > P FIG. 11. Same as Fig. 7, except that the nuclei @ and
10° 4~ 102 el 36pr.
1| A 1 }“’ T
2 ol e " 8.0 " ) . .. .
o Leve! Densty 10 Lovel Density cient with the empirically derived set of Warburton and
L e 5 10 15 2 Brown [45]. The PMMA parameters are fit to Yukawa po-
z 8 Parity Ratio z 18 Parity Ratio tentials in the even states on_d;he triplet.and singlet even
IoAREgX : e, potentials are nonzero; the triplet and singlet odd potentials
SIS * NXo . .
sl nneend] S0l M iRSEnmenarnd are set to zero The PMMA potential has been used with
% z some success in shell model calculatipA8].
% 5 10 15 20 % 5 10 15 20 There are three particular challenges in finding the appro-
10 10 - priate input for these calculations. Single-particle energies
Spin Cutoff P: et Spin Cutoff Parameter . ; - .
" pin Sulol Perametst o are supposed to include the effects of the interaction with
<A . . .
NS Bt “core” particles and the kinetic energy; for these calcula-
3 e mopprTimiTEEER . . - .
v V| eI tions, the core is much smaller than in conventional shell
0 o s 0 model calculations. This would argue for single-particle en-
E (MeV) ergies which are not as spread out as those in a conventional
calculation. The authors of a similar stuf§7] to this one
FIG. 9. Same as Fig. 7, except that the nuclei & and 2Si ; ; ; ;
- 9. 7 P . carried out in the mass region neAr=60 have found it

necessary to make this kind of adjustment. A second com-
A set of matrix elements based on specified parameterglication is in the strength of the two-body force. Since our
for a potential is required. The Petrovich-McManus-Madsen-basis is much larger than that in a conventional shell model
Atkinson (PMMA) set proposed by Petroviat al.[44] was  calculation, the interaction strength should be somewhat
chosen. It was found that they had a high correlation coeffiweaker. This change is expected because the interaction in a

Pt 7z
3 3 3 PPt 3 VAt
2 10 E 10 210 /-/“,:,,. E 10 /‘//,,.
§ 10? % 10° %102 e 2 3 10% /6/
g 24 2 24, % ? % ) ; 29
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s Level Density . ° Level Density — o’ evel Density e Level Density
(] a4
% 5 10 15 20 % 5 10 15 20 0 5 10 15 20 0 5 10 15 20
=15 15 _ 15 — _ 15 :
z Parity Ratio § Parity Ratio z Parity Ratio % Parity Ratio
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FIG. 10. Same as Fig. 7, except that the nuclei A8t and >°P. FIG. 12. Same as Fig. 7, except that the nuclei ¥fe and K.
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FIG. 13. Level density, parity ratio, and spin-cutoff factors for ~ FIG. 14. Same as Fig. 13, except that the nuclei ZAkég and
24\Mg and ?*Na. The calculated values curves are based on use of &Al.
two-body force with the moment method; experimental points are
based on known levels and their spin and parity values. of the predicted values over the energy range 3—-15 MeV
when compared with the set A parametrization. The predic-

small space must be renormalized to compensate for missirfPns Of this compiled set are typically above results of the
orbits. To obtain proper fragmentation of states, the interac’oment method level density calculation. set B parameters

tion needs to be strengthened compared to the appropriat&aPle ID give very similar results to those of set A for
strength in a large basis. We must, therefore, undo this renofN€rgies below 10 MeV but show a less rapid rise above this

malization. Finally, most shell model calculations have fo-€N€ray- They show a slightly better agreement with the mo-
cused on calculating levels of one parity. This leaves oufMent method calculation over the 3—15 MeV range than does

some information about the interaction. set A
Initial calculations with the PMMA force found that the
force was too strong. A reduction factor of 0.7 was found to  |v. COMPARISON WITH OTHER COMPILATIONS

be appropriate. This reduction still did not resolve all prob- . ) . i
lems in achieving a fit to the data. A simultaneous fit to the AS discussed in Sec. I, the most extensively used compi-

level density and spin cutoff parameter required adjustmerf@tions do not always predict level densities which are con-
of the single-particle energies as well as the PMMA force Sistent for particular nuclei. Two of the leading compilations,
Even these adjustments did not bring the parity ratio into@ilbert and Camerofil] and Rohr[4], made different as-
agreement with data. This parameter was not included in theumptions about tha dependence af, while both assumed
study of Kar and Majumdaf47], although the interaction thatthe value ofl(U) was 0.5 at the binding energy. To see

used by these authors was not the PMMA interaction. how these assumptions affected their analysis, a correction
To obtain a simultaneous fit to the level density, spin-

cutoff factor, and parity ratio, it was necessary to add a com-_ /7;:.»---"" - 16° e

ponent of the two-body force in odd states. This magnitude2 . /.—’-7"’ 2 P

was set té of the force strength of the even-state interaction gm y,@/?: 2 g1°1 /ﬁ/f 29,

and it was given the opposite sign. S0 o Level Density ST gl Level Density
Results of these calculations are shown in Figs. 13-17. A ¢ 5 10 15 20 0 5 10 15 20

generally good representation of the level density, parity ra-_ 15 party o =18 Party Rato

tio, and spin cutoff factor is obtained. Table 111 lists the input ¥ ] E 1 XX ez e

parameters. % S KxXox N T
As has been pointed out in the Introduction, an under-3°° e B T e KN

standlng_of the variation of b_oth_the spin-cutoff factor and ~ o 20 0 T

parity ratio with energy and witi is central to a level den-

sity study based on neutron resonance counting. Both they 1o Spin Cutoff Parameter o 10 Spin Cutoff Parameter

spectral distribution method and the microscopic Fermi-gasey, ped

formalism seem to give reasonable results for the level den- ¥3 e 35 S

sity and spin-cutoff factor for these nuclei. Only the spectral ~_fr#*=#*%++ . R il

distribution method can give reliable predictions for the par- © 5 E[;Agw 52 ° 5 E[:AZV] 520

ity ratio. Comparison of the present calculations with the
compiled values discussed in Sec. Il shows reasonable agree-FIG. 15. Same as Fig. 13, except that the nuclei %&rd and
ment. The calculated level densities are normally within 35%7%Si.
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s TABLE lll. Single-particle energies.
> 10° > 10
2 2,
3 29, 3" 29, 17.4 2.82
310’ > Level Density 3100 ® Level Density E(n'L): Kﬂg(n+1)+0'4|‘724'7+ F
0o 5 10 15 20 R 10 15 20 X(—L) for ,]:|_+§
~ 15 __ 15
z Parity Ratio 3 Parity Ratio X(+L+1) for J=L- :
1} xx X * A xx X 2
z XXX : N n=2 for py, pas shell
g X g
% 0.5 x X é 0.5 x n= 3 fOf d5/2 31/2 d3/2 She”
Q .
% 5 10 15 20 % 5 10 15 20 n=4 for fz2 Parzl Pz sz Shell
~ 10 Spin Cutoff Parameter o 10 Spin Cutoff Parameter . . . . .
o™ =a shifted.” A correlated observation is that Rohr did not in-
3's 3 clude information about level densities above 10 MeV in his
+++7rr‘+/’/ ++%// fit. Comparison with Gilbert and Cameron is challenging,
% 5 10 15 20 % 5 10 15 20 since those authors present a set of “systematic” parameters
EMev] ElMev) which vary between spherical and deformed nuclei. In addi-
FIG. 16. Same as Fig. 13, except that the nuclei &g  ton, they also present specificand 6 values for some nu-
and 2. clei, which are not consistent with the “systematics.” The

values indicated as Gilbert-Cameron 1 are from systematics;

factor was calculated based on the calculateghdIl at the those labeled Gilbert-Cameron 2 are specifically listed for

binding energy based on the moment method results. ThedBat nucleus. Again, because the Gilbert-Cameron values are

factors are tabulated in Table IV and indicate that the prel'0t “backshifted,” they predict level densities which rise

dictions of Gilbert and Cameron should be increased by°re rapidly than the present values. The predictions of
about 30% and those of Rohr decreased by 10% in this ma%eckermar_{ZO] agree better with the present results, perhaps
region. Other differences with compilations based on neutrof€cause high-energy data were also included in the fit.

resonances, including assumptions about energy shifts and NOt Shown in the table but in better agreement with the
poor statistics on level counting, cannot be corrected in aBresent results are level densities predicted b_y G;.id'OI' and
direct a fashion. Zetta [19] and lljinov et al. [23]. The former is slightly

In Table V we present a comparison of level densities@Pove the present results at energies above 12 MeV. lljinov

predicted by a number of compilations for specific nuclei.8t @ have lower values fom but include a rotational en-
The column labeled “present results” lists level densitieshancement. The net effect of these two changes is to produce

(set B the other columns give the ratio of the level densitylevel densities which are generally within 20% of the present

predicted by that compilation to the present results. Note thaesults. - . o .

in many cases deviations of 50% or more are common. Recent compilations have included specific correction
Examination of the comparison in Table V indicates thatiactors for level density enhancements due to collective ef-

the present resultset B give a consistently slower increase [€€tS[23,48. Many earlier compilations did not. It may seem

of level density with energy than the results of Rohr. This issurprising that_ although the enhancement factor_s are substan-
consistent with the fact that the present results are «packlial, the fits without the factors can also describe the data.

Indeed, one of the compilation&3] presents fits both with
and without enhancement factors.

2 Em’ Although the enhancement factors are substantial, they
§102 2e . 3 10° apparently do not vary rapidly with energy. A study of the
& o ¢ Lovel Q;nsny & e 3]7:; " rotational enhancement factp49] gives a very slow reduc-
Ve I . . . . .
10°1° ersty tion in magnitude as the energy increases, with the enhance-
150 L 150 5 0 % 2 mentvanishing at energies above 40 MeV. The nearly con-
z Parity Ratio z Parity Ratio stant enhancement can be represented by increasiog
% Ul F 1 L reducingd, if knowledge of the detailed energy dependence
X k-9
Sos & Sos x\}*m
k1 k4 TABLE IV. Correction factors.
o0 5 10 15 20 00 5 10 15 20
A Gilbert-Cameron Rohr
§ 10 Spin Cutoff Parameter o 10 Spin Cutoff Parameter
5 oy 20 13 0.9
v s /u;*/“/_— 35 /__/——« 24 1.2 0.85
0 Fid 0 THE 28 1.15 0.8
5 10 15 20 Q 5 10 15 20
° E[MeV] E[MeV) 32 1.3 0.9
36 1.35 0.95
FIG. 17. Same as Fig. 13, except that the nuclei r 40 1.3 0.9
and ¥K.
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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 2
Na 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 -
Mg 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
N 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 -
30 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 11 15
0p 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
slp 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
%23 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

of the level density is not extensive. Early research on level
densities in this mass region found a need to “backshift” the a=ag
level density in order to match both the magnitude of the
level density at the binding energy and the slope and magni-

tude of the level density at lower energies; a similar resullin this expressiora is the (energy-dependentevel densit
was found in the present analysis. It is plausible that collec- P 9y-aep y

tive effects are the cause of this shift. In addition to the facPa/@Metera, is the asymptotic value of the level density
that collective effects enhance the level density, which is th@arameter at high energies, is a shell shift, andy is a
same direction of change caused by the energy shift, theonvergence parametey{0.05). For typical values of the
energy shift is correlated with ground state binding energiesenergy shift {5|<2 MeV), this form yields a value foa
One expects the shifts in these numbers to enhance the lewshich is reducedincreaseglabout 10% fors positive (nega-
density between closed shells relative to that at closed shell§ve) at low energy. It has moved about halfway to the
the same behavior is expected for collective effects. asymptotic value aE=25 MeV. Thus, this approach yields
An additional approach has been taken to deal with shela very slowly energy dependeat As is the case for collec-
effects. Ignatyuket al. [48] have proposed the use of an tive enhancement, the resulting energy dependence is similar
which varies with energy: to that of the conventional Fermi gas.

1—§(1—e7E)) (13
= .
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V. SUMMARY ratios. Although these parameters are also useful in interpret-
An examination of the assumptions of some level densitﬁgg hEXpﬁ”me?I i mforrtT;]atlc()jn ¢ %nd n metlkmg I?aus_er—
compilations has led to the development of a new compilabgild %Z d((:aiif;ballelonsy € database IS not as extensive as

tion. This set of parameters has as its basis level densit ) . .
values derived from Ericson fluctuation measurements at en- Reasonable fits to the data were achieved with the two-

ergies above 20 MeV, but parameter adjustments produced@dy force calculations. It was possible to use the compari-

reasonable description of data below 5 MeV as well. TheSOn With data to refine the input parameters.

values for level density parameters from the present compi- The present results confirm a previous analysis which

lation were used in Hauser-Feshbach calculations whicghowed that including two-body forces in a large basis re-

were compared with data by Batemeinal.[50]; reasonable quired a “compression” of the single-particle spectrum. Fur-

agreement was found. thermore, comparison of parity ratio predictions with data
This set of parameters is compared with calculationggave indication of a need for an odd component to the two-

based on BCS quasiparticles and one including the two-bodigody force.

force. In both cases, additional information helpful in testing More extensive study of this formalism will be needed in

the calculation included spin-cutoff parameters and parityorder to make it useful im priori predictions.
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