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' CHAPTER. V

HARTR1E-F0CK PROJECTED SPECTRA

V.O Introduction

The variational determinantal state obtained by the

Hartree-Fock (HF) procedure is generally not an eigenstate of 

2J where J is the total angular momentum, and hence cannot be 

interpreted as one describing a particular state of the nucleus 

which is characterized by a definite J, since the Hamiltonian 

is invariant-under rotations. It Is therefore necessary to 

project out good angular momentum states from the HF intrinsic 

-state so as to describe the actual states of nuclei. If the HF 

intrinsic state is highly deformed, it generates a "rotational

band" and the good angular momentum states projected from it are
v

related to each other as in the rotational model and can be 

interpreted as the collective rotational states of the nuclei.

We shall briefly discuss the method of angular momentum
1)projection due to Peierls and Yoccoz and evaluation of physical 

quantities like energies and electromagnetic properties for the 

levels in nuclear spectra employing projected wave functions.

We shall briefly describe the orthonormalization procedure for 

states belonging to different bands generated by different HF , 

intrinsic states of a nucleus. Since we shall be comparing our 

projected HF results with those of cranked HF formalism and
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alpha-cluster model we shall outline briefly these two forma­

lisms .

Since it is our aim to study the spectroscopic properties 

of some light mass nuclei using Skyrme interaction - both density 

independent and density dependent - we shall study energy spectra 

for the nuclei discussed in chapters III and 17 by projecting 

out good angular momentum states from the HF intrinsic states.

We shall study only the ground state spectra with the band- 

averaged scalar density dependent Skyrme interaction BASI7.

‘We recall that as mentioned in chapters III and IV, the HF

calculations have been performed in the configuration space of

first four oscillator major shells. Since all the nucleons are

treated on equal footing, the core-polarization effects are

automatically taken care of. We have assumed axial symmetry.

Since it was found that the corrections arising due to centre-

of-mass motion and Coulomb repulsion between protons do not
36)

contribute to the projected spectra significantly, these correct­

ions are not incorporated in some cases in order to save the 

computational labour.

V.1 Projection of good angular momentum states.

Since we -have assumed axial symmetry, the HF intrinsic 

state j is already an eigenstate of with eigenvalue K,

where J is the total,angular momentum for the nucleus and Z-axis
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is taken to be the symmetry axis of the nucleus.

x. I ^ K ) -K ) 4>k} V(1)

If E is the energy corresponding to the variational state
to’ we have,

< 4k l W I <t>K > - b 

<" k I ^k) ~ I
V(2)

Since the Hamiltonian is invariant under rotations, we

have,

[ H, Hj . 0 V(3)

where R is the rotation operator. We therefore have,

e = < 4>KlftV\R I <K> ~ <T4>kih| <£,<>,

and

i - < <1>kIr'ri 4*t<> - < <fv1
i <Ar(b)

which means that | <£>(<^and R| (^^are degenerate. Following
1 )

Peierls and Yoccoz , let us try to find the best superposition
2. 4) i_of the degenerate functions R(WL) l <Pk> , where WY. - (

) S
represents the Euler angles of rotation R?

l ) -- Re-0-) I ) 4 ~^L~
j

v(5)
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where ,
-iyr-L -ip^r7 -‘K'x

RC-A.) - C £ £ V(6)

so that, <"bn I H l'^cn > is a minimum with the constraint 

that <rVv.V'^= constant. Then from the variational principle 

we have,

L ^ I M y t ^ ^ 'z J ~ 0 Y(7)
En is the Lagrange multipler giving energy of the state |+n>.

The answer to this problem is,

zr^ ) V(8)
; n M K

Twhere D^C-H.) is the rotation matrix defined by

(-n-) r <3-1-11 R(-n.) | V v(9)

Substituting Y(5) and Y(8) in V(7), it can be shown that,

jd-n~ < 4>k|R(-"JW I <K>

■SMklJl) < ^ <P K>

¥(10)
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The state n has good angular momentum J, Z component of 
the angular momentum M(in the space-fixed co-ordinate axes) 
and the hand quantum number k. This state is denoted byj^jj^^. 

Defining

2J>1

nr
/
7

R(-0_) A -TL_ ¥(11 )
as the projection operator projecting out the good angular 
momentum state( ^MK> from the intrinsic state i 4>k>. we 

can write

-r 1J+!o=
K WS'Ts

!r zfcD C-0-) RT'r) I 4> k7
M \< 7

¥(12)

where N -KK is the normalization constant given by

,jr 27+I f ^ . v
KK rT^) *'< 7

¥(13)

Since we assume axial symmetry in our calculations, it can 
be shown that ¥(10) reduces to,

< 1 H 1
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IJ4- |
f 7r1

2 T-H 
___

n
f cl S »"n p dT (F

K i<
> <4,0

-tp

e f- 4i<>

W?)<(^ie

cr ^
H kk / fj K K V(14)

J — t p Ty ,
To calculate E , one needs to evaluate <$,</ ^ hi r»<>~ t B 3JX ^ ]. x '

and ^ cj>K{ c V| cj>t<^ in V(14). Warke and Gunye 

have explicitly derived the expressions to calculate these 

quantities for axially symmetric nuclei. We use their expre­

ssions in our calculations.

For a well deformed nucleus i.e. when | cJi^Nis strongly 

deformed, the energies Ej are shown to be related as in rota­
tional model^. The functions then correspond to

rotational states of the intrinsic state i<tv>. if i £.k>
Tdoes not contain rotational states, P^ would still project out 

states with good J, but, they will not be related as'rotational 

states.

V.1.1 Orthonormalization of the projected states belonging 
to different bands.

When there are two or more than two HF intrinsic states
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l 4>k> lying close in energy, each}<^>^^ gives rise to a band 

of good J states characterized by the band quantum number K. 

Good J states belonging to different K bands, however, may not 

be orthogonal to each other and therefore it is necessary to 

orthonormalize them. This is invariably the case with odd-odd 

nuclei. One way to orthonormalize these states is the well- 

known Schmidt’s orthogonalization procedure, but, this is quite 

cumbersome wheithe number of states is quite large. Me there­

fore use an alternative method which requires the solution of 

the matrix diagonalization equation

£ if e S / j V = o v (15)

where gj is the energy matrix defined by the matrix elements 
liliLjkg etc, and is the overlap matrix defined by ^ e^.c 

as defined in ~eqn.y(l4). n^J is the column vector which gives 

the "mixing'’ from various non-orthonormal states in the state 

with good angular momentum J. If we consider only two bands 

defined by the quantum numbers and Kg, we can write

i j > - I TKI)4-'"C T
K x

corresponding to energy in V(15).

V(16)
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One can then calculate various quantities of interest 

like electric quadrupole moment, magnetic dipole moment, 

transitions etc. in the hand-mixed state j J) .

V.1.2 Calculation of electromagnetic properties with
projected wave functions.

In this section we shall quote a general expression
J x

h,5)

for the matrix element
nk

4>t'
MiK)

k , .
, I 4>

FA %.\< 11
> for

a tensor operator and state how it can be used to calculate 

the electromagnetic properties. In Ref.(5), it is shown that

o 2_\ " >

(1Tl Jrl ^ ^ /’■(fj

I I

X c

*7L<

MV

j x.

M o_ 

Ti

Kz.

1

j |

m

/ *

v M Jj ^ ^ , IR ^ Tv I 4>ki)
¥(17)

where the quantities in square brackets are the usual Clebsch- 

Gordon coefficients. The expression V(17) can be used depending 

on the quantity to be evaluated. For example, the electric
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quadrupole moment and the magnetic dipole moment in the proje­
cted state I (b 'r \ can be calculated by evaluating the matrix

1 THK/
elements

< i Q \ ^ 1^0 I

respectively. Here Qq is the electric quadrupole operator defined 

by

fVcjCo»-S

U 1 2_ ')

V(18)

and is the magnetic dipole operator defined by

M z<1
V1

co c s)
13 t* -t- 3 ^ I ‘X> * i <A 1 9

V( 19)

where 1% and are thd Z-components of the orbital and spin •

angular momentum respectively, and are the orbital
and spin g-factors for a nucleon. g^=1 for proton and 0 for 

(s)
neutron 5 g =5.5855’ for proton and -3.8270 for neutron. E2 and
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M1 transition amplitudes can be calculated in a similar fashion 

using the expression 7(17).

V.1.3 An outline of self-consistent Cranking model.

In the section 7.4.1 we shall compare our results of proje-
20cted HF calculations for Ne with those of self-consistent 

cranKing model (CHF) and hence for the sake of completeness, 

we outline below the method of CHF to study the rotational 

states of nuclei.

In CHF, one solves the constrained Sehrodinger equation,

Huj I = bw | «20>
with

H - H — J X 7(21 )

where is treated in the HF approximation. H is the nuclear

Hamiltonian and J is the x-component of the total angular 
_> x

momentum J. oj is a Lagrange multiplier. To each wave function

I fcuu)one assigns an angular momentum J such that

sj J(J+1 )’iq = <; cj?{JU( ~JK j v(22)

The calculations need to be carried out separately for

each J in question.
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It has been shown0 5that the CHI' procedure can be looked

upon as being equivalent to a prescription which would lead

to a minimization of energy for each J individually. This is,

however, true only under certain conditions which essentially

imply only small departure of J C^^^from axiality and that the
nucleus to be strongly deformed. Explicit calculations have

shown that CHF procedure when applied to 2s-1d and 2p-1f shell

nuclei can be viewed merely as a prescription to obtain approx!

mate behaviour of a rotational spectrum0 . However, the CHF

formalism has been applied to obtain anomalous behaviour of
9)high spin states in heavy nuclei .

V.1.4 An outline of the alpha-cluster model of the nucleus.

In sections ¥.3 and ¥.3.1 we shall study the ground state 
12spectra of C and compare our projected HP results with those

of alpha-cluster model. We shall therefore give an outline of
10)

the alpha-cluster model described by Brink in this section. 

This model includes in a simple way four nucleon,.correlations. 

In a nucleus with A=^+n, one takes a set of n single-particle 

wave functions

of ^

> --[bVS • *x|=[- Ch - R \) /a fc1 j ' ^
I m ¥(22
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r. is one of the four spin-isospin wave functions. Antisymmetri­
zed product of four such wave functions describe alpha-particle 
like configuration at the point *R^. The 4-n nucleon state is 

described by forming the 4-n particle normalized Slater deter- 

minant CD (R^ ,R2,...Rn) from the 'Yt alpha-cluster wave functions.. 
There is a tendency for twp protons and two neutrons to cluster 
about each of the points R., but, this clustering is inhibited 

if the points Rn are quite close to each other because
of the exclusion principle. The size of the clusters is deter­
mined by the parameter b. Since all clusters have zero spin,
the contribution due to the spin-orbit force is identically

/

zero. In the alpha-cluster calculations, all the nucleons are 
treated on equal footing just as in the multishell HF calcula­
tions. In general, alpha-cluster wave functions (R^ .... J^) 

do not have good parity or good angular momentum and thus it 

is necessary to remedy this by projecting out states of good 
parity and good angular momentum.

V.2 Spectra of some A=8 nuclei with;
(i) density independent Skyrme and

I(ii) Sussex interaction.

Numerous shell model calculations 7 ' for the 1p shell
Ij. JL—nuclei assuming the configuration to be (1s) (1p) have been 

reported in literature. Dirim et al‘. } have reported shell model
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17)calculations with the modified Sussex interaction ‘ incorpora­

ting a hard-core potential for 1p shell nuclei. These calcula­

tions, however, are very cumbersome and also up to four valence
16)nucleons, the hard-core effects are small . All'the calcula­

tions, however, have met with only limited success due to the 

neglect of expected large core-polarization effects in this 

region. In order to incorporate core-polarization effects, 

calculations in a large model space are essential. Such projected

multishell HP calculations for a few nuclei in this region were
18)reported by Gunye et al . with the original Sussex interaction 

in the configuration space of first four major shells. We have 

performed calculations here for some A=8 nuclei with the ori­

ginal Sussex interaction since the hard-core effects are small 

for these nuclei as shown in Ref.16.

In this section we shall study the projected spectra for
O Q Q

the nuclei °Li, °Be and °B obtained from their HP intrinsic

states already described in chapter III with SV and Sussex 
19 20)interactions ; . As mentioned before, the configuration space

consists of first four major shells. Also since all the parti­

cles are treated on the same footing, core-polarization effects 

are automatically taken care of. The oscillator parameter 

value b =1.7 fm was used. This is the optimized b value for 

the interaction SV for A=8 nuclei. Sussex inberaction does not 

show a severe b dependence as does the Skyrme interaction
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due to the truncational effects of the configuration space and 
hence the value of b=1.5 fm was used. The corrections due to 
eentre-of-mass motion and the Coulomb repulsion between protons 
have been° explicitly incorporated in these calculations.

Nuclei ®Li and

These nuclei being the mirror nuclei, their spectra are 
expected to be identical except for the differences arising out • 
of the Coulomb repulsion. Experimentally more data is available

Q Qfor °Li than for °B. For both the nuclei the ground state has 
J =2+ and T=1 .

For both the nuclei, two HF solutions with band quantum 
number K=1 and K=2 are obtained which lie close in energy as 
shown in tables III.3A and III.3B in chapter III with SV as 
well as with Sussex. Hence it is necessary to orthogonalize 
the projected good angular momentum states from both the bands 
and calculate various quantities of interest for comparison with 
experiment in the band mixed state. We show in Figs.V(1) and

Q OV(2) the spectra obtained for °Li and respectively with the 
interactions SV and Sussex and compare them with the experiment.

It is seen from the Fig.V(1) and V(2) that the energy 
spectra obtained with Sussex interaction are in a better agree­
ment with the experimental ones as compared to the spectra 
obtained with the interaction SV, although SV provides a better
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binding for these nuclei as seen in chapter III. The levels t 

and 3 which are well reproduced by Sussex have changed their 

ordering when calculated with SV. However, it is seen from the
O

experimental spectrum for °Li that to obtain states other than 

the ground state band we have to mix some more particle-hole 

excitations. The results for the Skyrrne interaction may be 

improved by incorporating density dependence in the interaction.

We have calculated the magnetic dipole moment and the

electric quadrupole moment in the ground state of these nuclei
71 +

i.e. J = 2 ,T=1 in the band-mixed state. We have displayed 

the results in table V.1 . The calculated values of the magnetic 

dipole moment compare well with experiment for Sussex for both
Q Q
°Li and °B. SV gives a reasonably good value for the magnetic

8dipole moment of Li, but, highly underestimates the same for
8 8°B. The calculated value for electric quadrupole moment for Li

also compares well with experiment for Sussex, but, is highly

underestimated for SV. Unfortunately, the experimental value
8for the electric quadrupole moment for is not available 

at the moment. In view of the total unavailability of the experi­

mental data for electromagnetic transitions and the need to 

include some more particle-hole excitations in theoretical 

calculations for a better description of these properties, we 

shall not give the calculated values of the reduoed transition 

rates, B(E2) and B(M1 ) for these nuclei.
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oThe nucleus °Be

For this nucleus we obtain only the ground state band with*

K=0 with both SV and Sussex interactions. We give the energy of 

the 0 level in table V.2, We present the projected spectra with 

these interactions in Fig.¥(3) and compare with the experimental 

one. It is seen that in this case also the Sussex interaction 

gives a better description of the ground state band. The ground 

state band obtained with SV is somewhat compressed. In the experi­

mental spectrum, one excited K=0 band can also be seen which can 

be obtained by mixing some higher particle-hole excitations in 

the calculation.

We conclude this section with the note that the Sussex
O Q

interaction offers a better description of the nuclei °Li, °Be
O

and °B than does SV. To obtain better agreement with experiment,

it may be necessary to perform calculations incorporating

density dependence in Skyrme interaction, which as we shall

show in sections V.4- and V.4.1 , is found to be important for 
8 12 20nuclei like °Be, C and He.

V.3 Role of two-bodv snin-orbit interaction in the structure 
of___ C.

We studied the projected spectra for some A=8 nuclei in 

the preceeding section with the density independent Skyrme 

interaction SV. It would be however quite interesting to see if
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one can obtain information about the various parameters of the

Skyrme interaction by calculating spectroscopic properties and

see if certain spectroscopic properties are sensitive to some

of the parameters in the force. In this section we show that 
12in the case of G spectrum, such sensitivity exists with respect

25)to the two-body spin-orbit part of the interaction . one can

not overemphasize the importance of this part of the two-body

interaction as the vital single-particle spin-orbit field leading

to j-j coupling shell model arises from it. Indeed from the
11 )calculations of Kurath ' it is clear that the spacing between

12the energy levels of C is sensitive to the strength of the spin- 

orbit field. He observed that the spacing between energy levels 

increased by increasing the one-body spin-orbit strength. He 

could obtain reasonable agreement with the experimental spectrum 

only when the spin-orbit strength was taken too large.

Previous calculations'^ using Skyrme interactions

with a strong, density dependence give a spherical HF ground state
12with zero intrinsic quadrupole moment for C. The projected

spectra from alpha-cluster calculations can not take account of
23 24-)

the spin-orbit interaction and are rather compressed 5 . We

have chosen the-Skyrme variant SV (which has t^=0) for the present

calculations. We obtained the oblate and prolate HF solutions 
12for C. The intrinsic quadrupole moments, r.m.s. radii, energies 

and energy of the 0+ state are given in Table V.2. The interaction
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S¥ has a rather strong spin-orbit term (¥=150 Me? ftr*)* We also
carried out HF calculation by pitting its strength equal to zero.

sThe intrinsic properties of two solutions are tabulated in 
Table ¥.2., One can see that the spin-orbit interaction contribu­
tes about 5 Me? to the binding energy i.e„ about 7$ of the total 
binding energy and leads to somewhat less deformed solution. 
Ihrenthough there is some underbinding and slight overestimation 
of the r.m.s, radius, these results are much better than those

cwith Sussex also 'shown for comparison. We did not include correct 
ions due to centre-of-mass motion and Coulomb repulsion between 
protons since their effect on projected spectra is quite negli­
gible^ ^,

The projected good angular momentum states from the HF 
solution for the ground state band are shown in Fig.¥(4). The 
agreement with experimental results with S? is quite.good (A), 
while removal of spin-orbit interaction leads to the rather com­
pressed spectrum (B) resembling one obtained in the alpha-cluster 

•57)model . We also made an explicit calculation by putting W=0 in
the projection calculation to estimate the contribution of the

12spin-orbit part of the interaction to the C spectrum with HF 
wave function obtained by including spin-orbit interaction. It

"t" "I"was found that out of the (0 -2 ) separation (4.59 Me?) the 
contribution of the two-body spin-orbit force alone 'is 3.8 Me?. 
The electric quadrupole moment, the reduced transition rate
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B(E2, 0-^2 ) and "the magnetic dipole moments are shown in 

-Table 7.3. The agreement of the reduced transition rate B(T2) 

calculated with S7 with the experiment is quite good while W=0 

results are overestimated. It may be of1 interest to note that 

projected states from prolate solution are pushed up considerably 

after orthogonalizing with the oblate band.

We hence see that the two-body spin-orbit interaction

plays a very important role in explaining the ground state energy 
12spectrum of G.

7.3.1 Comparison with alpha-cluster model /

In this section we shall compare our results of deformed
12HF calculation with those of alpha-cluster model for C described 

in section 7.1.4. This can be most conveniently done by comparing 

HF wave function with that of alpha-cluster model by calcula­

ting the overlap between the two. We calculated the overlaps of 

HF wave functions with the positive parity wave functions projected

from an alpha-cluster configuration of equilateral triangle type
10)

in Brink’s model . The overlaps were obtained as a function 

of the cluster separation R, the distance between vertex and the 

centroid of the triangle. As seen in Fig.7(5), the HF solution 

with spin-orbit interaction has smaller overlap at all cluster 

separations with a maximum at R=05 while the maximum for the HF 

solution with W=0 lies at finite separation (R-^1 ,2 fm). It
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should be noted that the Hi1 energies with and without W contri­
butions are^ 9 and 4 MeV lower than the alpha-cluster model 

energies. It seems therefore that HF description improves upon the 
cluster*model; more so in the presence of the spin-orbit interaction. 
It should be noted that in spite of the repulsive nature of SY in 

p-state, the clustering is very little especially in the presence 

of the spin-orbit interaction. The alpha clustering in a linear 

chain may still be invoked to give description of some excited 

states as it was found that the states projected from the prolate 
HF solution have large overlaps with the states projected from the 

oblate HF solution.

We thus see that the energy separations as well as the structure
12,of low-lying levels of G are profoundly affected by the two-body

,25)
12
. In fact, this effect isspin-orbit part of the interaction 

expected for all nuclei neighbouring ,t"C since the nucleons can be 

scattered to 1P-|/2 °rbit from IP3/2 orbit which is almost full and 
the former empty.

We may note in this section that due to inadequate spin-orbit
- 12force in Sussex interaction in the G region, the spectra- 

obtained with this interaction are quite compressed. If we make
12(tPo/g) two-body coupled matrix elements of this interaction

12attractive by 20%,^the solution obtained for G is less deformed
and the amplitude becomes considerably larger than the Ip1 ^
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amplitude thus 'effectively' increasing the spin-orbit splitting
26)between these two ,levels . We show the results of projection

12calculation for C with Sussex and the modified Sussex interaction
1 ?as described above in Fig.V(6) for the ground state band of 0.

The spectrum due to the modified Sussex interaction (B) agrees
well with the experimental one while the one due to unmodified
Sussex interaction (A) is quite compressed. As another example,
we also show the band-mixed energy spectrum'(C) for B with
modified Sussex interaction by orthogonalizing three bands viz,
K=1/2 oblate, K=3/2 prolate and jS=3/2 oblate projected from HP
intrinsic states and lying close in energy. This also agrees fairly
well with the experimental spectrum. These calculations further
emphasize the important role played by the spin-orbit interaction 

12in the C region.

¥.lf Spectroscopy with band-averaged density dependent Skvrme 
Interaction.

We remarked in chapter II that in' spite of the phenomenal 
success achieved with Skyrme interactions in reproducing bulk 
properties of nuclei, there has been very little effort in calcula- 
ting spectroscopic properties such as energy spectra , transi­
tion rates etc. using such interactions. In chapter IV, we 
proposed a modification of Skyrme interaction in which the deformed 
density ^ was replaced by the band averaged scalar density 

which makes the Hamiltonian rotationally invariant and the spectros-



Fi
g.

7(
6}

s Sp
ec

tr
a o

f 1
2C

 an
d 1

1B
 

U
)

(B
)

EX
PT 8

%

<2't } 
2jfff

"54**

r
W

4t
tr

2 5
/g

i

\'2s/z
54

—
3«

r #2%

8n

o+ s>

4. O15
+)

(2
?

EX
PT

I2
„ C

(4
 )

+ O?4

12
.

o+

24

C
IZ

r

4 2 0

M
H

8 
®

 <14 S2 10

9!
w

ith
 un

m
od

ifi
ed

 Su
ss

ex
 in

te
ra

ct
io

n 
an

d (C
) w

ith
 m

od
ifi

ed
 Su

ss
ex

 in
te

ra
ct

io
n



132

copic calculations are made completely feasibli2^ \ At the same 
time the agreement for the bulk properties of spherical nuclei 
is not disturbed. We described in chapter IV how the HF calcula­
tions for the intrinsic properties of even-even, time- reversal 
invariant nuclei can be carried out. We reiterate that it is 
our aim to study the spectroscopic properties of nuclei using 
Skyrme interaction both density independent and density dependent 
in order to choose among the several variants of the Skyrme 
interaction.

We shall study in this section the projected ground state
* o *i 2spectra for the nuclei °Be and C with the interaction BASIV

/

obtained from the HF intrinsic solutions (Tables IV.2 and
IV.3) described in chapter IV. We shall deal with the nucleus 
PauNe separately.'"The proj ection calculations are performed with 
the density at which the double self-consistency between inter­
action matrix elements and HF wave function is achieved. We 
choose the variant SIV since other variants with strong density 
dependence pose the problem of convergence of HF solution. We
remark that interactions of Skyrme-type with a strong density

22) 12dependence are known to give a spherical solution for C 
and small alpha-clustering^0\

In Table V.2 we have given the HF intrinsic properties of
12 8 +C and Be respectively along with the energy of „the 0 levels
in the projected spectrum for the interactions used. For the
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sake of simplicity and since e.m.m. and Coulomb corrections do not

affect the spectra significantly, we have not included them
36) +m our calculations . It is seen that the energies in 0 level

are several Me7‘lower than the HF intrinsic energies providing

better agreement with experiment. In Table 7.3 we give the magnetic
moment and electric quadrupole moment in the state J=2+ along with

+ 4- 1 O
B(S2, 0—^2 ) values for u obtained with S7 and BASIV, The 

agreement with available experimental data in general is quite 

good.

In Figs.7(7) and 7(8), we show the projected ground state 
bands for and ®Be with BASI7 and also with S7 for the sake of

comparison. The 4- level obtained with S7 for C and pBe is cal­

culated at a lower energy compared to the experimdnt.' With BASI7,

the 4- level for C gets raised by1.8 Me7 and the 2 level is

not affected thus giving excellent agreement with experiment, k 

similar phenomenon is seen in the case of Be, The 4- level is 

raised as much as 2.5 Me7, again giving very good agreement with 
experiment. It is seen that 2* level of ®Be also gets slightly 

lifted. BASI7 thus provides a much better description than does S7.

We would like to emphasize that the introduction of scalar 

band averaged density dependence has made the spectroscopic 

calculations completely feasible removing the catastrophe caused 

by the three-body contact interaction as described in chapter II.

We see tfcat the introduction of density dependence dramatically 

raises the higher angular momentum states in both the nuclei
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providing excellent agreement with experiment.

V.4.1 Spectra of 2°Ne.

20In this section we shall study the projected spectra of Ne. 
28)Passler and Mosel 1 have performed the calculations for this

nucleus in the self-consistent cranking model (CHF) using the
various Skyrme variants available in the configuration space of

8)first five major shells. It has been, however, shown that GHF 
approximation is only a prescription to obtain the approximate 
behaviour of the rotational spectrum. Although the deformed 
density makes the Skyrme force unsuitable for rigorous spectros­
copic calculations requiring good angular momentum states,
Passler and Mosel use this force to calculate the rotational 

20•spectrum of Ne. They obtain too compressed spectra with all
conventional Skyrme variants. Therefore they adjust the-p-state

/

part of the interaction (the strength parameter t2) and the
s-state repulsive part (the strength parameter t^) keeping all
other parameters constant in such a way that the rotational 

20spectrum of Ne is obtained satisfactorily without modifying
the calculated ground -state energy. They obtain a reasonably

20good agreement for Ne rotational spectrum with the variant 
SIV-d in which t^ =530 Me? fur* and t2=309.3 MeV fnr* compared 
to t^ =765.0 MeV fm-* and t2=35 MeV fur* in SIV with other para­
meters constant.
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Passler and Mosel attributed the reasons for large moments 

of inertia and hence compressed spectra to the small p-state 

repulsive part (tg) and the s-state repulsive part (t^) of the 

variant SIV of the Skyrme force. They therefore increased tg and 

decreased t-j in SIV to obtain the variant SIV-d. They obtained 

larger gaps with SIV-d which agrees with our results also.

We show in Table V.4- the HF intrinsic properties obtained
20for uNe with SV, BASIV and BASIV-d interactions along with

the energy of the 0+ state'of the ground state band. The optimized

b value here is 1.9 fm which is rather large and as explained in
■»

chapter III, this is due to the severe truncations! effects of
31 )the configuration space. The results of our calculations

2nfor the rotational spectra of Ne with BASIV, BASIV-d and SV are 

displayed in Fig.V(9) and compared with the CHF calculations of 

Passler and Mosel. It is seen that the variant SV gives compressed 

spectra in both PBEF as well as CHF formalisms. It is to be noted 

that the interaction BASIV gives good agreement in our projected 

HF calculation, while CHF gives a compressed spectrum. The variant 

SIV-d which provides.a good agreement with CHF gives a highly 

spread out spectrum in PHF formalism. In either case, the PHF 

spectrum is quite spread out compared with the CHF spectrum.

We find that BASIV provides a better description than SV
8 12 20for the three nuclei we have considered viz. °Be, C and We.

<
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BA. SIV spreads out the ^®Ne spectrum Just as in the case of ®Be
12 ' . • and C providing good agreement with the experimental spectrum.

Me thus see that SIY is one Skyrme variant which provides simul­

taneous agreement for both bulk as well as spectroscopic proper­
ties of these nuclei. It would be quite interesting to check 
this point by extending these calculations to other nuclei in 

this region as well as heavier nuclei. This programme' is being 

pursued.

V. 5 Individual contributions of various parts of Sk.yrme
interaction to nuclear spectra.

We saw in t he preceding sections that Skyrme force provides 

a reasonably good agreement to the bulk properties-of the even-
Oeven nuclei as well as the ground state energy spectra for °Be,

12 20 12C and Ne. In the case of C it was shown that the two-body
spin-orbit force (W) was crucial in explaining the energy

•5Q )spectrum. It has been shown in earlier calculations that the 
p-state interaction term (t^) and the three-body contact inter­
action term (t^) simulating a two-body density dependent inter­

action affect clustering in alpha-cluster model. It is therefore 
quite interesting to study the individual contributions of all 
the terms in the Skyrme interaction to the energy spectra of 
nuclei. In the following we shall present the calculations 
for the individual contributions of various parts of Skyrme 
interaction to the spectra of the nuclei we have studied so far.



We shall see that most of the contribution to the energy spectra 

comes from the s-state atrractive (tQ) and the s-state repulsive 
(t^) parts of the Skyrme interaction apart from that due to 

kinetic energy.

In Table ¥.5 we give the individual contributions of all 

the terms of the Skyrme interaction for the ground state K=Q
Q *j p p/-\bands for °Be, C and uNe calculated with the interaction

BASI¥. One can see from the table that most of the contribution
to any J state comes from the s-state attractive (t ) and s-state

repulsive parts of the Skyrme interaction. The effect' of other
terms is quite small. The spin-orbit term (W), however, contributes

12significmtly to the spectrum in the case of G similar to the 
results obtained using the variant S¥. It can be seen that the

J

effect of the terms t and'W is to spread out the spectrum while 

that of t-j ,t2 and t^ is to compress it. The individual contribu­
tion to energy spacing of these terms is roughly proportional 

to their individual contributions to the binding energies. The 
parameters tg and t^ are rather small in the variant Siv and 
hence such calculations with other Skyrme variants would be quite 

instructive to have an insight into the spectroscopic calcula­
tions with Skyrme interaction. In the present calculation, however,
we see that the s-state attractive v(t ) and s-state repulsive

o
(t^) of the Skyrme interaction are the dominant terms which 

decide the overall nature of the spectrum.
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The effect of terms t2 and t^ is to change the nature 

such as the deformation of the intrinsic states and is indirect 
as far as the'spectrum is concerned. However, the strength of the 
s-state repulsion is governed by the strength of the p-state 

repulsion and that of the density dependence to obtain overall 

agreement for the bulk properties and thus contributes in deci­

ding the nature of the spectrum.

¥.6 Summary

In this chapter, we reviewed the projection formalism and 

applied it to calculate the energy spectra of some light nuclei. 

Sussex interaction gives good agreement with experiment for the
Q Q Onuclei °Lif °Be and °B. The agreement obtained with the inter­

action SV for these nuclei may be improved by incorporating spin- 
orbit force properly and the density dependence. It is shown that 
the scalar band averaged density dependent interaction BASIV

'V__

spreads out the energy spectra and provides a very good agreement
Q -| O 20with the experiment for the nuclei -Be, C and We. It was 

shown that the overall nature of the energy spectrum is decided 
by the s-state attractive and s-state repulsive parts of Skyrme 

interaction. The effect of the density term on the spectra is 

only indirect since this term and the p-state repulsive term 
govern the s-state repulsive term of the interaction. It was found 

that the two-body spin-orbit interaction is quite important in
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12explaining the structure of nuclei in the 0 region.

In view of the above, it would be quite interesting to 

incorporate density dependence in spectroscopic calculations 

of odd and odd-odd nuclei and to extend these calculations

to heavier nuclei
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