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1 . Introduction

In tho independent particle model which forms the basis for the nuclear 

level density expressions of Betlic.^, Van Lier and Uhlonbock2  ̂ and Bloch3-* nucleons 

move independently in a central potential. There is a well-defined set of single- 

particle orbitals, each nucleon occupies one of these orbitals subject to Fermi 

stati.sti.es, and the total energy of the nucleus is equal to the sum of the energies 

of the individual nucleons. The basic question is what is the range of validity 

of this Fermi gas description and, in particular, what, arc the roles of the 

residual interactions and collective inodes. In this talk I will try to provide 

some insight into these questions through a detailed examination of experimental 

level densities in light mass systems.

Most experimental information on nuclear level densities has been

obtained from analyses of s-wave neutron resonance spae.ings^, of low-lying excited

s t a t e s ^ *  and of evaporation spectra.7*I will discuss (Section III) level densities

over the first 10 MeV or so in excitation energy as deduced from neutron and

proton resonances data and from spectra of low-lying bound levels. To exhibit some

of the salient features of those data comparisons will be presented (vSection IV)

to independent particle (shell) model calculations. Shell structure is predicted

to manifest itself thorugh discontinuities in the single-particle level density
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at the Fermi energy and through variations in the occupancy of the valence
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orbitals^’̂ ’̂ . Those predictions will be examined through combi notorial 

calculations*^ performed using the (Jrovca^^ odometer method. Before discussing 

the experimental results statistical mechanical level densities for spherical 

nuclei will be reviewed (Section II). Deformed nuclei will bo discussed in 

Section IV, and concluding remarks will be made in Section V.

II. Statistical Mechanical Level. Densities 

(Bethe Formulae)

To obtain the statistical mechanical state density oj(I;,N) of the form 

given by B e t h e ^  wo introduce the grand partition function
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where L; is the total energy, N is the number of nucleons, and B and a are Lagrange 

multipliers corresponding to li and N, respectively. The state density is obtained 

by inversion
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where 4>(g,a) ~£nQ(,(3,a). We can then evaluate !iq. (2) using ’ J the method of 

Darwin-I;owler. The result is the basic relation

S
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The entropy S is

S=4> ( 3q * c< q ) -• p̂ n-â N (4 )
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and the saddle point (Bg,c conditions are

The central feature of Hq. (3) is tlio exponential dependence of the state density 

upon the entropy giving, upon evaluation of the dominant energy and mass 

dependence.

To evaluate 4’($,a) wo first note that for fcrmions Qg(0,ct)=^f l + exp(a-f3c^) ] 

where are the fcrmion single-particle energies. We then make the continuous 

approximation to the discrete single-particle spectrum. That is, we introduce a 

continuous density of single-particle levels g(r.) enabling us to express <J> in 

integral form

4(3,<0= I dcg(e)£n(l + ca“Pe) (7)

Noting that where is the thermodynamic temperature and \i is the

chemical potential wo expand g(e) about in a Taylor’s series and retain terms



-4-

lo second order. Wc then solve for fi and N using the saddle-point conditions 

Hq, (6), ond find that

g(p) il.M] (B)

30() 3O0O ' fi 00

and

'.f2 2n 4 highcr-order terms (9)

3P0

To determine under what conditions higher-order terms may be neglccted

1/?
in liqso (8) and (9) we consider a potential of uniform depth g(c)~e . The

ir2 -2
corresponding chemical potential is related to the Fermi energy yp by ii--yj.[ 1 ~ Y 2 ~ C ^

and we can rcplace n by (jp. Tlic total number of nucleons A and the ground-state

Up l*j:
energy are defined by the expressions A~/ q g(c)d‘-: and cg(c)de . The

equation of state is

2 9If , v.. -2
u=~~ 8(yi;)e0 (io)

where is the excitation energy. We find that the second term in S is

- $ 1/3
on the order 3 'g^. ‘ and may be neglected provided tha" U«vjj.A . Typical

highcr-order terns in D ai'o on the order 2 and may be neglccted provided

that U<<iJj,A„

Upon inserting the leading-order expressions for S and I) into i;q. (3) 

and employing Hq. (10), wc obtain the formula for the state density originally 

derived by Nethe1^,

2
w(u)=_ J L _  exp[2(^-g(MF)U),/2] (11)

/48 IJ
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Hq. (11) is usually derived assuming an equally spaced single particle spectrum. 

From the above we see that it is also valid for a single-particle spectrum corres

ponding to a potential well of uniform depth provided U is; not too high.

The specification for spherical nuclei of the additive quantum number 

the space-fixed axis projection of the total angular momentum I,gives rise to the 

level density p(U,M). This quantity is proportional to the state density evaluated 

at an excitati on energy U~F.rot (M)3, whore (M)-h2M 2/ 2 $  and is moment 

of inertia:

p(U,M)«w(lMir o t (M)) (12)

For iirQt small compared to the excitation energy we can write o)(U-E t (M)) as

w(U)exp[-E ^(M)/t] where we have replaced the nuclear temperature *

by the thermodynamic temperature t. Following B e t h o ^  we obtain the level density, 

p(U,I), by taking the difference between p(U,M=l) and p(U,M=J+l), and keeping only 

the leading order terms. The result is

p(U,I) = p ( U ) ~ ~  e - ( H l / 2 )  7 2 a 2 (13)

2a

where

(14)
/2 vo

The spin-cutoff factor o is related to the moment of inertia and •; he thcrmodynamic 

temperature by a2=(c$/fi2)t, and y/î rT o = <2I + 1> is the normalization constant 

for Eq. (12)o
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The quantity a-: — g (11j,.) occurring in the level density and equation of 

state is Che level density parameter. In general the state density can be written

] j j
as a product of a pre-exponential term C (U) and exp [2 (all) ' ’]. Thus, from Eq. (11) 

c:CD)- \/48 I) * corresponds to the grand canonical ensemble given in Eq. (1) v/hile

0 is a constant for a i,u crocanonical ensemble and C(U) ~ir̂  ̂ / 1 2 a ^ ^ U ‘' ^  for the 

grand pari ition function Q^;- exp [a^N^+a^Z^-pH^ ] . It is these latter expressi ons 

for the state density, suitably parametrized, which are most often employed in data 

analyses.

III. Experimental Level Densities

1) Level Spacings

Information on the structure of states populated in a specific reaction

is contained in the distribution of nearest-neighbor spacings S about the mean

spacing H , Information on whether levels are missing or mi sidentified is also

13)
provided by these distributions. It has been .shown J that spacings between levels 

populated in s-wave neutron resonance reactions involving medium and heavy mass 

even-even target nuclidcs obey a Nigner distribution. This is the expected distri

bution of spacings between levels of a particular spin and parity and is characterized 

by aii absence of small spacings

i i 1 2
p (x) =̂ -itxR (x) = 21TXC ~^1TX (15)

where x represents the ratio S/D ^

The distribution of spacings between levels of mixed spin and parity 

has been derived*^ assuming that (i) levels of different spin and parity are not 

in any way correlated in position and (ii) levels of a particular spin and parity 

obey a Wigner distribution. The resulting distribution ]^(x) has a shape inter

mediate between a Wigner distribution and an exponential distribution. The



g e n e r a l  form f o r  P_(x) i s

R(qj .x)  -

where (16)

2^1/2
/ exp(-j y~)dy

Tf

The label i denotes the j.-”  J 11 combi nation occurring in the sample and q^ are the

20)
corresponding fractional spin populations. ■

The most, extensive source of information on variations with mass number of 

level spacings of excited nuclei has been s-wave neutron resonance reactions^*

For nuclides below A~6[> Coulomb barriers are sufficiently low and level spacings 

are sufficiently large to enable the extraction of reliable mean spacings from p r o 

ton resonance data as well. In s-d shell nuclei several low £ - values typically 

contribute. Energies, spins and parities of proton resonance levels and low-lying

bound levels have been tabulated and conflicting assignments evaluated by Endt and 

171
van der Leun . In fp shell nuclei extensive high resolution proton resonance 

measurements have been performed by the TUNL group; much of this data has been 

summarized in Ref. 18. The fp shell s- and p-wave data can yield reliable mean 

spacings depending upon the behavior of the proton strength function.

and pickup reactions in many light mass systems. In s-d shell nuclei levels populated 

by low ^.-values have been used up to excitation energies of about 10 MeV. In 

fp-shell nuclei the useful range of data is restricted to lower excitation energies, 

This data is limited to levels with large concentrations of fragmented spectroscopic 

strength populated by corresponding transfer reactions of low, easily identifiable 

£.-valucs, and is used primarily to supplement and examine statistical properties 

of low-lying bound levels.

Useful level density information also can be obtained from stripping
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The distribution ' of s-wavc neutron resonance spac..mgs in Ca, Ti, Cr 

and Fo j.s displayed in Fig. Ja rind the di.stri.but.ion of £-0 to 3(4) proton resonance 

spacings in Na, A], P and Cl is displayed in Fig. Jb. T)io Jevel. repulsion effect 

is clearly exhibited by the 1/2+ J evol spacings and the experimental distribution 

is in good agreement with the Winner distribution. The proton resonance spacing 

distribution contains a mixture of l/2.t t.o 7/2+ levels; the distribution is peaked 

at small spacings and is .in good agreement with that calculated using Hq. (16).

Spacing distributions have also been used fo test statistical properties 

211
of low-lying bound levels '. As pointed out in Ref. 21, in such analyses it 

is essential to take into proper account the experimental energy resolution.

1 0)

2) Level Densities 

Neutron resonance spacing analyses have established that (i) the observed 

spae.ings are consistent with the predicted exponential increase in level density 

with increasing energy and mass (g (|j )~A/u};) , and (ii) there are substantial 

departures from the overall trend which are correlated with shell structure. In 

the level density analyses Eq. (13) is used to relate the observed mean level spacings 

to the level densities:

1 a °obs (2J1T+l)exp ( - (<J1T+y)2/2a2) (17)

p 1 'xJ 4a f ,ir.
(J 'obs

where li is the mean excitation energy of the energy range in which is deter

mined and the sum extends over all spin-parity (J17) combinations occurring in the 

sample. A level density expi'ession of the form presented in Section II is then 

employed for p(H ) and the level density parameter is deduced.
X

The level density information extracted in neutron resonance analyses is 

restricted to a narrow excitation energy range just above the neutron binding energy.



Furthermore, in those'mass regions whore tho s-wave neutron strength function is near 

or at a minimum (see Ref. 4) it is difficult to extract s~wave resonar.ee spacings.

More extensive and re.liji.hlu information can be obtained by requiring that the deduced 

level densities describe the low-lying bound levels as well as the resonance levels

and determining in addition to the exponential level density parameter either an

22) . . • 19,20)
energy scale normalization "■ or a preexponential level density normalisation

22) ,20)
In the level density analyses the quantities t, or, a and A ' or C are 

simultaneously determined. The moment of inertia entering into the definition of <> 

is usually taken as that of a rigid-body calculated with a radius parameter r^ 

in the range 1.2 to 1,25 fm. Hxperimental information on a ( o r ^  ) has been obtained 

from measurements of isomer ratios'^ and from measurements of angular distribution 

of evaporation partic l e s ^  For light mass nuclides the experimental spin-cutoff

factors are consistent with an c$lr *„ calculated u s i n g r  ~1.2 fm while for heavier
c* U

(A>100) nuclides the experimental values are smaller than this . , Ihc insults

presented herein were obtained using the above-mentioned c!̂  , , Some indications1.1
of the sensitivity of the resulting level densities to the moment of inertia is 

given in Ref. 22, Shortcomings of the statistical treatment of 0 and of the parity 

distribution have been discussed by S. Grimes in this conference.

Level densities in representative light mass nuclides are displayed in 

Figures 2a, b. Open symbols denote counting data and filled symbols denote level 

densities deduced from transfer and resonance data using Eq, (17) with p(H)=Cexp[2 / all]. 

The smooth curves represent p(B); the corresponding values for t, a, a and C are 

listed in Reference 20 for A<40 and in the Appendix for A><10. The following features 

are exhibited by the data.

(i) There are odd-even differences; such differences are well-known 

and are one manifestation of the residual interactions. They are usually incorporated 

into Bethe formulae by introducing a pairing energy shift to the excitation energy,
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The energy shifts observed in the mass range 25<A<<10 arc mi the order of ] ,5 MeV 

between even-even and odd mass nuclides and 1.3 MeV between odd and odd-odd mass 

nuclides. The net average shift of ~2.8 MeV may be compared to the pairing shift2*-* 

)
A- S/A ‘'■-!(/A with 6-12.77 and n--29.3'i giving an average A~3.6 McV.

(Li) There is an additional lowering of the effective excitation energy

by ~],r> McV in the even-even symmetric (X--Z) nuclides. This symmetry energy shift

2C i 2
may be compared to the Wigncr symmetry term of the form'"' ^Syr,(N-Z) "/A with

6 =23.3. It is difficult, however, vo sec any influence of this term on level
syii) ' 1

densities of nuclides other than doubly even ones.

(iii) To exhibit, the underlying structure in the level densities over 

the entire mass range examined, namely A-23 to 57, the mass dependence was removed. 

Hirst, the p (12) wei’e normal:i zed to A=40 to remove the A dependence entering in from 

the level density parameters. Then the density of spin zero levels P q (K) were 

determined in order to remove the A dependence originating from the spin-cutoff 

factors. Odd-even differences and the symmetry energy were taken into account by 

shifting the excitation energies as discussed in (i) and (ii) above. The resulting 

P q 's are plotted in Figure 3 at a representative excitation energy of 5 MeV. Broad 

structure is clearly observed superimposed upon the Bethc formula predicted mass 

dependence. There is a gentle minimum in the mid to upper s~d shell, While the 

level density for ^ C a  is low there is a sharp maximum in the calcium region. The 

level densities rapidly decrease as A increases further reaching a minimum for 

those nuclides having filled or nearly filled proton and neutron 1 orbitals.

The energy dependence of the level density variations is displayed in 

Figure 4 , In this figure values of the spin-zero spacings 1)^=1/p^ at 1.5 MeV and 

at 8 MeV arc shown; the former are representative of the spectra of low-lying 

levels while the latter are representative of the resonance region. There are 

two types of variations present. First, there are the systematic variations 

discussed in reference to Figure 3, and second, there are isobaric variations
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found principally in the vicinity of closed shells. The systematic variations,

or structure of the first kind, are observed with comparable magnitude in both l,f>

and 8 MeV data. Several interrelated characteristics of the calcium region, where

the maximum in p^ (minimum in D^) occurs, are worth noting. In this region one

finds many unnatural parity levels described3*-* by couplings to an excited core'2-* as

well as numerous fragmented single-part.i.cle levels, Changes in single-particle

order and spacings occur as the l f y ^  shell fills, and ^ C a  and ‘̂N i  are better

clo.sed-shel 1 nuclei than ^ C a .  The isobaric variations, or structure of the second

kind, are reduced in magnitude at 8 M o V . These variations are usually associated

with ground-state properties such-as degeneracy. Finally, :it should be noted that

S 23 301
statistical behavior rapidly sets in ’' ’ ' as the level density i icreases over

the first few MeV. While the increases in level density arc nearly exponential, des

criptions of nuclear spectra over the first 10 to 20 MeV in terms of simple Bethe 

formulae caa only be accomplished using energy dependent level density parameters.

IV. Shell Structure/Deformations

1) Shell Model Level Densities 

There are two aspects to the shell structure in the level densities 

predicted3,8,^ >33'* within the framework of the independent particle (shell) model. 

First, level densities are expected to be modulated by variations in the single 

particle level density. Discontinuities in the single particle level density in 

the vicinity of the Fermi energy are expected to have a pronounced effect upon the 

level density at low excitation energies, where only a few orbitals are occupied 

due to the high degeneracy of the Fermi gas. Second, there is a predicted dependence 

upon the number of nucleons in the valence orbital. Level densities of midshell 

nuclei are expected to be considerably larger than those of near closed shell nuclei 

due to the increased number of ways nucleons can be rearranged within an orbital 

without expending energy.



To exhibit these predictions in comparison with tho experimental results 

we calculate numerica]ly level densities starting with a set of shell model orbital 

A number of methods for doing numerical calculations of this type have been 

developed^ ’ „ We perform the calculations using the Giover odometer

m e t h o d ^ ^ „ In this combinatorial approach configurations are cycled nnd sorted out 

by energy, particle number and ongular momentum. Odometers are used to select only 

those configurations which obey tho exclusion principle, The cxcitation energy of 

a particular configuration is the sum of tho energies of the occupied orbitals minu 

the ground state configuration energy, and the angular momentum of each configura

tion is calculated using vector coupling rules. To make the comparisons as clear 

as possible shell model orbitals characteristic of a spherical well were used.

Those orbitals in the vicinity of the Fermi energy were determined from stripping 

and pickup reactions as spectroscopic factor weighted energy centroids as described 

in Reference 20, the BCS interactions were turned off, and no parameter adjustments 

wore made.

Level densities calculated for A=51 isobars are shown in comparison with

the experimental results in Figure f>. The influence of degeneracy is apparent in

the calculated level densities,, The lowest calculated results are for the closed

51
neutron shell nucleus V while the highest calculated results are for the most

*>1
nearly midshell nucleus ' Mn, At the higher excitation energies there is no 

evidence for any degeneracy influence (structure of the second kind) upon the 

experimentally deduced level densities and, compared to the predictions, only a 

slight indication at the lowest excitation energies. Additional shell model combi

natorial calculations are compared to experimental results in Figure 6. Under

estimates in predicted level densitiv or nuclides in the vicinity of ^ C a  are 

observed; these undershoots arc, on the average, somewhat larger at 10 MeV than 

at 5 MeV. (The rises in calculated level ties for the higher mass Ar isotopes

r e f l e c t  the i n f l u e n c e  o f  d e g e n e ra c y . )



- 1 3 -

Turning on the BCS interactions will not resolve the above-mentioned 

discrepancies. l;or mid*-she 13 nuclides the energy dependence resulting from adjusting 

calculations to fit low energy data is too shallow'**'1, and for closed-shell nuclides 

the BCS interactions cannot remove undershoots. It is clear that fragmentation of 

the single-particle strength mist be considered in model calculations; the fragmenta

tion arises from c.olloctivc couplings and from residual interactions.

2) Deformations

In addition to fragmenting the single-particle strength collective, inodes

7 7 ~  ̂f> 1
may give rise to an enhanced level density'"’ . Estimates of the importance of

collective contributions to the nuclear level density can be obtained using the

statistical mechanical approach. Let us consider an axially deformed nucleus, The

level density p(U,J.) is obtained by summing over the intrinsic states with ik|<L

where k denotes tlie angular momentum projection along the body-fixed (symmetry) axis

37 3 9 ’)
and k-fi, the intrinsic spin, is assumed to be a good quantum number. Then' ’ J

I

P<U,I)« £  “intr(U- W k"» 08)
k~-I

where u. i:s the intrinsic state density and £  . is the sum of the intrinsic
m t r  'I'ot

rotational energy oik1 Krot (k>I)-h2 [I(I | l)-k2]/2cQiL. <^()denotes the

moment of inertia with respect to the symmetry axis and { ^ d e n o t e s  the moment of 

inert3a with respect to an axis perpendicular to the symmetry axis. For rotational

energies small compared to the excitation energy we can write an expression analogous

to Eq. (13), namely

p ( U , I ) - p ( U K ( I ) e " CIn/2)2/2c^  2 

where (19)

c c i ) 4  x
k*-l
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occurs in place of the factor (2J. + 1). In the above p,.- .. / ( Q  ~ ) and
C1J <L 11 <J» 11

2 a 2
o£~■( c\ x /I'O t. if we assume that. the total state density contains distinct contri

butions from .intrinsic and rotational states then

r, (II) ’=•— { $ ---  (2d)
( 2 » r ' o„

where (^/ft^) t., For low 1, c(I)->(2I + l)/2 and p(U,l) is a factor of larger

than that of Hqs, (13), (14), If, on the other hand, we assume that all states are

contained in w. _ then 
mt.r

p(u)K (21)
(2rr) 1/f''ot)0L2

and there is no enhancement.

Compar.isons have been reported*^ between nimerical shell model calcula

tions, whi ch incorporate collectivc rotational enhancements of Fiqs. (19), (20), and 

the deduced^' ^  s-wave neutron resonance spacings for medium and heavy mass 

nuclides. For nuclides known to be strongly deformed better agreements between 

calculated and experimental spacings was obtained using enhancements than was 

obtained without them.

The question of collective enhancements brings me to the last point of 

this talk. That is that analyses of low-lying states and resonance spacings as well 

as light-ion induced evaporation processes only provide information on level densities 

of nuclei at or near their ground-state deformation, lleavy-ion induced fusion 

reactions, in contrast, can produce nuclei with spins up to ~100fi and thereby provide 

information on level densities in highly deformed nuclei. This point is illustrated 

in Figure 7 in which predicted rotating liquid drop equilibrium and saddle point 

shapes, as calculated by Cohen, Plasil and S w i a t e c k i ^ ,  are shown at representative 

angular momenta for an A=75 nucleus and an A-1S0 nucleus. The (triaxial) sacklle-point
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deformed nuclei arc dumbhc-l J shaped anil at J ow angular moment a have lower rotational 

symmetry than the corresponding cqui 1 ibriurn deformed nuclei , The equilibrium defor

mations increase with i nereasi ng angular momenta becoming triaxiaJ at high angular 

momenta ami eventually equal ling tlio.se of the saddlo-point'- Measurements of heavy- 

ion induced of fission and evaporation residue excitation functions and decay product 

character.; st u s  provide basic information on fission barriers, particle transmission

coefficients and level densities of highly deformed nuclei (at high excitation

. ,4 2,'13)
energies) »

V „ Concluding Remarks 

Two kinds of structural variations are present in light mass nuclcar 

level densities. First, there is a modulation of tho smooth ltethc formulae pre

dicted mass dependence which is of the sa.,ie magnitude at resonance energies as at 

low energies. Second, there are some isobaric differences principally near closed 

shells which are relatively minor at resonance energies. The combinatorial shell 

mode] calculations, in contrast, predict substant ial i.sobaric differences due to 

degeneracy and underestimate level densities near closed shells.

This confrontation of the independent particle model with data provides 

strong evidence for the influence of fragmentation of the single-particle strength 

upon nuclear level densities. Fragmentation arises from collective couplings and 

from residual interactions; it is noteworthy that in the calcium region, where the 

maximum level densities occur, many fragmented single-particle levels and states 

described by excited core couplings are found.

Due to the smoothing aspect of fragmentation the continuous approximation 

introduced in the statistical mechanical approach to obtain Bet he formulae is 

better than one might expect. When temperatures are comparable to excitation energies 

the saddle-point approximation is expected to fail and it is not surprising that 

departures from Bethe formulae-like behavior are observed at low excitation
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enerjvi.es, Finally, love) density parameters experimentally deduced usinj> simple 

Bet.he formulae have a l imited ranjie of validity namely that, spanned by the date 

used in their determination.

This work was supported by the II, S. Department of lincrp.y under Contract. 

No. i:Y76-C-0::-S069t
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Append i.x

Table 1.

Suniiih'iry of s I n t i. s t i ca 1 qua n t i t J os; characterizing

odd mass nuclides for A~41 to 57. Range of

val :i di.ty is approximately f 1*011i 2 to JO MeV

id i de a c: TT a

4IAr 2.48 r> .0972 1,39 3.06

4JK 2,446 . 100 .1,56 3.24

41Ca 2.645 .0421 1.45 3,13

43Ca 2.4 50 ,129 1.51 3.32

43Sc 2.535 .197 1,53 3,34

45Ca 2.800 ,06] 1 1.36 3.27

4SSc 2. I>09 .138 1.49 3,43

47Ti 2.519 .0953 1,47 3.52

47V 2.743 .0554 1 o 38 3.41

49Ti 3.043 ,0403 1.36 3.50

49V 2,455 ,135 1,56 3.76

Sly 3.300 .0236 1,39 3.67

51Cr 2.719 .0633 1,48 3.79

S1Mn 2.570 .0650 1.42 3.71

53Cr 2,865 .0565 1.35 3.73

53.. 
Mn 2.735 .0635 1.4b 3,85

55.,.,Mn 2.670 .0934 1,54 4.11

c;c
T c 2,789 .0575 1.51 4.07

Co 3.64 2 .0146 1.19 3.62

57~
I<e 2.958 .0807 1.33 3.93

57„
Co 2.893 .0631 1.39 4,03



T a b l e  2 .
Summary of statistical quantities characterizing 

odd-odd mass nun!ides for A-46 to 58. Range 

of validity is from 2 to 6 MeV

nucli ’ 0 a ____ _ ___ £ _________ t a

46Sc 2.000 .644 1.32 3.24

48Sc 2.526 .154 1.22 3.26

50Sc 2.941 .0293 1.33 3.25

4SV
2.0S7 .281 1.34 3.42

52Mn 2.737 .0953 3 .17 3.42

S6Mn 2.947 .214 1 013 3.57

56Co 3.294 ,0911 1.06 3.47

S8Co 2.762 .396 1.16 3.73

Table 3.
*

Single-particle (quasiparticle) energies used

in combinatorial calculations for A=51 isobars 

doduced (PW) from stripping and pickup data

protons neutrons
orbital_____________energy (MeV)_______________________________________ orbi tal___   energy (McV)

l d 3 / 2 - 5 . 2 l d 3 / 2 - 2 . 3

2s - 5 . 1 2 s - 2 . 2

l f 7 / 2 0 . l f 7 / 2 0 .

2p3 / 2 3 . 8 2p3 / 2 5 . 3

l f 5 / 2 5 . 5 2pl / 2 6 . 9

2pi / 2 6 . 2 l f 5 / 2 7 . 5

l g 9 / 2 8 . 2 l g 9 / 2 9 . 5
Energies eiro given relative to the *£7 / 3  orbital. These orbitals were supplemented 

by Seeger's^) values away from tbo Fermi surfaco for a total of 32 active orbitals.



F i g u r e  C a p t i o n s

Fig. 2.

l!ig. 3.

Fig. 4. 

Fig. 5.

F i g ,  6.

Distribution of nearest-neighbor spacings, Histograms represent the 

experimental results and M,'.ooth curves represent the theoretical dis

tributions normalized to the total area of the histograms (from Refs.

19, 2C).

20)
Hxperiiiienta 1 level densities" } for /V=26 isobars (a) and A-40 isobars (b). 

Open symbols denote level counting data. Pi 1 led symbols denote direct 

reaction, proton resonance and neutron resonance data. Smooth curves 

represent the corresponding parameterized Bathe formula level densities. 

Density of spin-zero levels, at MeV, normalized to A-40. The horizontal 

dashed line represents the Bethe formulae predictions; the solid line 

is c visual guide and is not a fit to the data, represented by open 

anc. filled symbols. Filled circles denote odd mass nuclides from Ref. 20; 

o p 2ii circles denote odd mass nuclides from the present work and Ref, 19. 

Open squares and triangles represent even-even and odd-odd mass nuclides 

frci.1 Ref. 20; and filled triangles represent, odd-odd mass nuclides 

froir Ref. 30.

19)
Kxpeiimonta1 spin-zero level spacings , adjusted to A-47. Dashed 

curves are visual guides and arc not fits to the data.

Experimental and combinatorial level densities for A-51 isobars. Open 

and filled symbols have the same meaning as in Fig, 2. The calculations 

were performed using the Ili.1 lman-Grover c o d e * ^  with the shell model 

orbitals tabulated in the Appendix. A 3 MeV averaging interval was 

was used to smooth the calculated results.

Ratios of combinatorial to experimental level densities for nuclides in 

the vicinity of ^ C a .  Calculations were performed using the Hillman- 

Grover c o d e ^ ^  with shell model orbitals taken from Ref. 20. Open



symbols denote ratios at 5 MeV and closed symbols denote ratios at 

10 MeV. A 4 MeV averaging interval v?as used to smooth the calculated 

rcsu'i ts.

Fig. 7. Rotating liquid drop4^  saddle-point (Tik-Pichak) and equilibrium 

(Hiskes and Beringer-Knox) nuclear shapes.
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