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Abstract

The Generalized Coherent State Model, proposed previously for a unified description of magnetic
and electric collective properties of nuclear systems, is extended to account for the chiral like
properties of nuclear systems. To a phenomenological core described by GCSM a set of interacting
particles are coupled. Among the particle core states one identifies a finite set which have the
property that the angular momenta carried by the proton and neutron quadrupole bosons and
the particles respectively, are mutually orthogonal. All terms of the model Hamiltonian satisfy th
chiral symmetry except for the spin-spin interaction. The magnetic properties of the particle-core
states, where the three mentioned angular momenta are orthogonal, are studied. A quantitative
comparison of these features with the similar properties of states where the three angular momenta

belong to the same plane is performed.
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I. INTRODUCTION

The rotational spectra appear to be a reflection of a spontaneous rotational symmetry
breaking when the nuclear system acquires a static nuclear deformation. The fundamental
nuclear properties like nuclear shape, the nucleon mass and charge distributions inside the
nucleus, electric and magnetic moments, collective spectra may be evidenced through the
system interaction with an electromagnetic field. The two components of the field, electric
and magnetic, are used to explore the properties of electric and magnetic nature, respectively.
At the end of last century the scissors like states [37 | as well as the spin-flip excitations [? |
have been widely treated by various groups. Some of them were based on phenomenological
assumptions while the other ones on microscopic considerations. The scissors like excitations
are excited in (e,e’) experiments at backward angles and expected at energy about 2-3 MeV,
while the spin-flip excitations are seen in (p,p’) experiments at forward angles and are located
at about 5-10 MeV. The scissors mode describes the angular oscillation of proton against
neutron system and the total strength is proportional to the nuclear deformation squared
which reflects the collective character of the excitation. Many papers haveen written on
this subject and therefore it is difficult to quote all of them. We mention however two
review papers [5, 6]. It was shown that the total M1 strength is proportional to the nuclear
deformation squared which in fact proves the collective character of the mode. This picture
generated the idea that the magnetic collective properties are associated in general with
deformed systems. This is not true due to the magnetic dipole bands, where the ratio
between the moment of inertia and the B(E2) value for exciting the first 2% from the ground
state 0%, T /B(E?2), takes large values, of the order of 100(eb)™2MeV . These large
values can be justified by a large transverse magnetic dipole moment (perpendicular to the
total angular momentum) which induces dipole magnetic transitions, but almost no charge
quadrupole moment [1]. Indeed, there are several experimental data showing that the dipole
bands have large values for B(M1) ~ 3—6u3% and very small values of B(E2) ~ 0.1(eb)? (see
for example Ref.[2]). The states are different from the scissors mode, they being rather of
shears character. A system with a large transverse magnetic dipole moment (the component
of the magnetic moment perpendicular to the total angular momentum) which was studied
in many publications, may consist of a triaxial core to which a proton prolate and a neutron

oblate hole orbital are coupled. The interaction of particle and hole like orbitals is repulsive,



which keeps the two orbits apart from each other. In this way the orthogonal angular
momenta carried by the proton particles and neutron holes are favored. The maximal
transverse dipole momentum is achieved, for example, when j, is oriented along the small axis
of the core, j,, along the long axis and the core rotates around the intermediate axis. Suppose
the three orthogonal angular momenta form a right trihedral frame. If the Hamiltonian
describing the interacting system of protons, neutrons and the triaxial core is invariant to
the transformation which changes the orientation of one of the three angular momenta, i.e.
the right trihedral frame is transformed to a left type, one says that the system exhibits a
chiral symmetry. As always happens, such a symmetry is identified when that is broken and
consequently to the two trihedrals correspond distinct energies, otherwise close to each other.
Thus, a signature for a chiral symmetry characterizing a triaxial system is the existence of
two Al = 1 bands which are close in energies. Increasing the total angular momentum the
gradual alignment of j, and j,, to the total J takes place and a magnetic band is developed.

The question addressed in this paper is whether the picture of the three angular momenta
system, carried by a phenomenological core, a prolate and an oblate single particle orbitals,
with respect to which the chiral symmetry is defined is unique for determining states con-
nected with large M1 transitions. Note that the nuclear system which accomodate the chiral
frame is odd-odd.

In the past, the magnetic states of orbital or of spin-flip nature were considered by our
group in several publications [7-16]. We studied also the dipole bands with K™ = 1% using
a quadrupole and octupole boson Hamiltonian and a set of model states obtained by parity
and angular momentum projections from a quadrupole deformed ground state without space
reflection symmetry [17]. We pointed out that the band 17 has a magnetic character while
the dipole band 17 is of an electric type. In another publication [18] we pointed out that the
parity partner bands have the property that starting from a critical angular momentum, the
states have the property that the angular momenta carried by the quadrupole and octupole
bosons respectively are mutually orthogonal. Therefore one may expect that adding to the
phenomenological Hamiltonian a set of interacting particles one could achieve a configuration
where the angular momentum carried by nucleons is perpendicular on the quadrupole and
octupole angular momenta which are already orthogonal. The first attempt was already
made in Ref.[19].

Here we attempt another chiral system consisting of one phenomenological core with two



components one for protons and one for neutrons and a two quasiparticle whose angular
momentum is oriented along the symmetry axis of the core due to the particle core interac-
tion. We investigate where states of total angular momentum f, where the three components
mentioed above carry angular momenta, jp, fn, j, which are mutually orthogonal, may ex-
ist. We believe that if such configuration exists it is optimal for defining large transverse

magnetic moment which determine large M1 transitions.

II. THE GENERALIZED COHERENT STATE MODEL

The description of magnetic properties in nuclei has always been a central issue. The
reason is that the two systems of protons and neutrons respond differently when they interact
with an external electromagnetic field. Differences are due to the fact that by contrast to
neutrons, protons are charged particles, the proton and neutron magnetic moments are
different from each other and, finally, the proton and neutron numbers in a given nucleus
are, in general, different.

Many papers have been devoted to explaining various features of the collective dipole
mode called, conventionally, scissors mode. The name of the mode was suggested by Lo
Tudice and Palumbo who interpreted the dipole mode, within the Two Rotor Model [? |, as
a scissors like oscillation of proton and neutron systems described by two axially symmetric
ellipsoids, respectively.

The Coherent State Model (CSM), proposed by Raduta et al. to describe the lowest three
collective interacting bands [20], was extended by including the isospin degrees of freedom
in order to account for the collective properties of the scissors mode [21]. This extension is
conventionally called “The Generalized Coherent State Model” (GCSM).

CSM starts with the construction of a restricted collective space, by projecting out the
components of good angular momentum from three orthogonal quadrupole boson states.
These states are chosen such that they are orthogonal before and after projection. One of
the three deformed states, the intrinsic ground state, is a coherent state of Glauber type
with respect to the zero component of the quadrupole boson, b;o, while the other two are
obtained by acting with elementary boson polynomials on the ground state. In choosing the
intrinsic excited states we take care that the projected states considered in the vibrational

limit have to provide the multi-phonon vibrational spectrum, while for the large deformation



regime their behavior coincides with that predicted by the liquid drop model.

In contrast to the CSM, which uses only one boson for the composite system of protons
and neutrons, within the GCSM the protons are described by quadrupole proton-like bosons,
szw while the neutrons by quadrupole neutron-like bosons, b;fw . Since one deals with two
quadrupole bosons instead of one, one expects to have a more flexible model and to find a
simpler solution satisfying the restrictions required by CSM. The restricted collective space
is defined by the states describing the three major bands, ground, beta and gamma, as well
as the band based on the isovector state 17. Orthogonality conditions, rquired for both
intrinsic and projected states, are satisfied by the following 6 functions which generate by

angular momentum projection, 6 rotational bands:

Y = NPy, vy = expl(dybly + dubly) — (dybyo + dubao)]|0),
I6] 8
o = N< )PJ\‘QOQWm

{(]WJ\)/[ = P MQ(bLQ p2)¢ga

~571\)4 = Pj\{m( p2+Q'yn2)wg7

9134 = PM1(bTbT)11¢g,

P = N§ P (b — b Qb (2.1)

Here, the following notations have been used:

2
O o = (bztb;t)erdk\/;bLz, k=p,n,
Qf, = af +af —20f

pns

of = (Wt — /2t k=pn
2
al, = )0 - ﬁdp

an = Z nma = (an)Ta Nk = Zb};mbkma k =p,n. (22)

Note that a priory we cannot select one of the two sets of states ¢57]\)4 and éff& for gamma
band, although one is symmetric and the other asymmetric against proton neutron permu-
tation. The same is true for the two isovector candidates for the dipole states. In Ref.[22],
results obtained by using alternatively a symmetric and an asymmetric structure for the
gamma band states were presented. Therein it was shown that the asymmetric structure for

the gamma band does not conflict any of the available data. By contrary, considering for



the gamma states an asymmetric structure and fitting the model Hamiltonian coefficients
in the manner described in Ref.[22], a better description for the beta band energies is ob-
tained. Moreover, in that situation the description of the E2 transition becomes technically
very simple. For these reasons, here we make the option for a proton neutron asymmetric
gamma band.

All calculations performed so far considered equal deformations for protons and neutrons.

The deformation parameter for the composite system is:
d=2d, = V2d,. (2.3)

The factors N involved in the expressions of wave functions are normalization constants
calculated in terms of some overlap integrals.

We seek now an effective Hamiltonian for which the projected states (2.1) are, at least in a
good approximation, eigenstates in the restricted collective space. The simplest Hamiltonian

fulfilling this condition is:

V5
7(/11 + A2)(Q,Tm + Q)

+A(QQ, + QLQ, — 208 Q) + AT (2.4)

H = AN, 4+ N,,) + Ay(Npn + Npp) +

The Hamiltonian given by Eq.(2.4) has only one off-diagonal matrix element in the basis
(2.1). That is (¢],,|H |q5§7ﬂ)/[> However, our calculations show that this affects the energies
of B and 7 bands by an amount of a few keV. Therefore, the excitation energies of the six

bands are in a very good approximation, given by the diagonal element:

k k k 59
Y = (05U HIoT) — (66| H|o%), k=9.8.7%.1.7.1 (2.5)

It can be easily checked that the model Hamiltonian does not commute with the components

of the F spin operator:

A 1 - A A A o ~
Fy=5(Ny = No), Fy = Ny, Fo = N, (2.6)

Hence, the eigenstates of H are Fj mixed states. However, the expectation values of the
Fy operator on the projected model states are equal to zero. This is caused by the fact that
the proton and neutron deformations are considered to be equal. In this case the states are
of definite parity, with respect to the proton-neutron permutation, which is consistent with

the structure of the model Hamiltonian which is invariant with respect to such a symmetry



transformation. To conclude, by contrast to the IBA2 Hamiltonian, the GCSM Hamiltonian
is not F spin invariant. Another difference to the IBA2, the most essential one, is that the
GCSM Hamiltonian does not commute with the boson number operators. Due to this feature
the coherent state approach proves to be the most adequate one to treat the Hamiltonian
in Eq.(2.4). The asymptotic behavior of the magnetic state 17, derived in Ref.[21], shows
clearly that the phenomenological description of two liquid drops and two rigid rotors are
just particular cases of GCSM, defined by specific restrictions.

The GCSM seems to be the only phenomenological model which treats simultaneously
the M1 and E2 properties. Indeed, in Refs.[22, 23] the ground, beta and gamma bands are
considered together with a K™ = 17 band built on the top of the scissor mode 17. By
contrast to the other phenomenological and microscopic models, which treat the scissors
mode in the intrinsic reference frame, here one deals with states of good angular momentum
and therefore there is no need to restore the rotational symmetry. As shown in Ref.[24] the
GCSM provides for the total M1 strength an expression which is proportional to the nuclear
deformation squared. Consequently, the M1 strength of 17 and the B(E2) value for 2%
are proportional to each other, although the first quantity is determined by the convection
current while the second one by the static charge distribution.

One weak point of most phenomenological models is that they use expressions for tran-
sition operators not consistent with the structure of the model Hamiltonian. Thus, the
transition probabilities are influenced by the chosen Hamiltonian only through the wave
functions. By contradistinction in Refs. [22, 23] the E2 transition operator, as well as the
M1 form-factor are derived analytically, by using the equation of motion of the collective
coordinates determined by the model Hamiltonian. In this way a consistent description of
electric and magnetic properties of many nuclei was attained.

Here we study the angular momentum projection of following dipole excitation of the

intrinsic ground state

= NP (6h0]) 1,
= NS NP (i) e (3.1)

J'=even

with the norm having the expression:
-2 , 2
(M) = X (Nf,“,”) () (3.2)
J'=even
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In the above equations the standard notation for the Clebsch-Gordan coefficients has been

used. We start by mentioning few properties for the intrinsic ground state wave function.

T, = U0, = > Cy|J,0)C,,1J,0)
Jp=even
= Y 05,0 Gy 17,0). (3.3)

Tpdnd
The angular momentum projected state is defined by:

th(]g]b = NL(TQ)PJ\{[O\IIQ = N§g) ZCJPCJn g%on |J, M)
JpJn

-2 -2
= NP ST (ND) (M) T chi o6 (34)
Jpdn

JM

The average value of the angular momentum carried by the proton bosons is given by:

2 —2
e = (V)3 (W) (V)

prYn

-2

2
Bh+1 () (65)

It is worth calculating the separate contributions of proton and neutron bosons to building
up the total angular momentum of a given magnetic dipole state. The effective angular

momentum .J is defined as:

Jp;J(j;;J"‘ 1) = <9051]24‘jp2‘90f]1]24>
=6+ (V)X (V) () ) (G ) (6 6)
Tp T, J!
Since the ground state is symmetric with respect to the p — n permutation one expects that
the effective neutron angular momentum defined by averaging the operator J; 2 .; with the

ground state projected function is equal to the effective proton angular momentum, i.e.

Insg = Jpig (3.7)
Denoting angular ground state momentum by
Je — J T, (3.8)
then for the average value one obtains:

. . N 2 -2 17 2
TP 1) = Gl = (V7)) 30 (Vi) () T 1),
J//

(3.9)



Squaring Eq.3.8 and averaging the results with the dipole projected state J one can calculate
the angle between the angular momenta J, and J,:
jﬁpn)(j‘gpn) + 1) - ‘]NP;J(JNP;J + 1) - jn;J(jn;J + 1)

2\/%@7('};@7 + 1) Jpss (s + 1)

cos(Jy, J) s = . (3.10)

III. A POSSIBLE EXTENSION OF THE GCSM

Here we shall consider a particle-core interacting system described by the following Hamil-

tonian:

G
H = HGCSM + ZGaCLCa - ZPTP

[0

= Xy D o (B + () "o ) ()" = X T . (4.1
with the notation for the particle quadrupole operator:

— T
Gom = Zan,b <Cjacjb)2m7
a,

~

Ja ;. .
5 Uallr*Y2lljs) (4.2)

Qa,b

Here Hgesar denotes the phenomenological Hamiltonian described in previous section, asso-
ciated to a proton and neutron bosonic core. The next two terms stand for a set of particles
moving in a spherical shell model mean-field and interacting among themselves through pair-
ing interaction. The low indices a denote the set of quantum numbers labeling the spherical
single particle shell model states, i.e. |a) = |nljm) = |a,m) The last two terms denoted
hereafter as H,,. expresses the interaction between the satelite particles and the core through
a quadrupole-quadrupole and a spin-spin force, respectively. The angular momenta carried
by the core and particles are denoted by fc and J; r, respectively. These mean field and the

pairing terms are quasi-diagonalized by means of the Bogoliubov-Valatin transformation:

I
—~
L

<.

Q

|
3
Q

aL = UacL — ViuSalas Sa

aqg = Ujcy — Vasacia, (—a) = (a, —my). (4.3)



The free quasiparticle term is ) E,ala, while the qQ interaction preserves the above

mentioned form, with the factor ¢, changed to:
QPm = 7751;) <&}a&jb)2m + fg) <(&;fa&;rb) (aja&jb)2m> , where
_ 1
W) = 5Qu (Ualh— Vali), €5 = £Qus (UY + Vilh). (4.4)

We restrict the simgle particle space to a single-j state where two particles are placed. In

the space of the particle-core states we, therefore, consider the basis defined by:

BCS) @ ¢y,
iy —-NHEZGHJH(Nﬁ)l[mbbﬂBcswxwwLM. (45)
where |BC'S) denotes the quasiparticle vacuum while N,y is the norm given by
(N =2 (M) (edi) (16)
7

The matrix elements of the model Hamiltonian H are given analytically in Appendix A.
Now let us analise the angular proton and neutron angular momentum composition for
the two quasiparticle components of the particle-core basis. The effective angular momenta

can be easily calculated:
jTJI(jT e 1) _ <\Ij(2qp;1)|(] ‘\1, (2gp;1) >
, 2 _
= NEIZ < IHJH> (Nﬁ/)> Try(Jr 1), 7 =p,n
J%cﬂ"+n=w%“W@+anmw
’ 2 =2~ n n
- N3, Y 2 ((Jj{j;l) (Nf,})) T (Fem 41y (4.7)
Jl

The angle btween proton and neutron angular momenta can be obtained from the equation:

o e Ly T (T 4 1) = Ty (T + 1
cos(Jp, Jn) g1 = =2 Sy 1) = Jpur(Jpar +1) I1(Jos1 + ). (4.8)

2\/<7p;JI(<7p;JI + 1) T (T + 1)

IV. ABOUT THE CHIRAL SYMMETRY

The two quasiparticle-dipole state components of the particle-core basis involve three
angular momenta,jp, J;, Jn) = jp + jn which could be, in certain states, mutually orthogo-

nal. The relative angle of the proton and neutron angular momenta in the pure boson dipole
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FIG. 1: The angle between j;) and J,, within the boson dipole state @9]34 The deformation

parameter d is taken equal to 0.2

state gp(ﬁ/[ is presented in Fig.1. One notices that the angle is 90° in the first three dipole

states of angular momenta 1,2 and 3. Increasing the total spin the corresponding angles
decrease monotonically. A step structure for the states J and J + 1 with J-even shows up.

Note that the unprojected state v, is defined for equal deformation parameters for the
proton and neutron systems. However since the number of protons and neutrons are different
and moreover the two kinds of nucleons occupy different shells it is reasonable to suppose
different deformation parameters for protons and neutrons respectively. The corresponding
projected states are denoted by @9134(0[]0, d,). The dependence of the (J,, J,) angle on the
total angular momentum is presented in Fig. 2.

When the deformation for protons is different from that of neutrons the step structure is
estompated and the total angular momenta where the relative angle is about 90" are shifted

to 5,6 and 7. The angle decreases with angular momentum but with a much lower slope.
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FIG. 2: The angle between j;u and J,, within the boson dipole state @51134 (dp,dy). The deformation

parameters are d, = 0.2 and d,, = 2.4.

Indeed, in the considered angular momentum interval the angle varies between 91.5° and
870

Now let us see how this picture modifies when we add to the boson dipole states the
two quasiparticle state factor. As shown in Fig. 3, the case of common small deformation
for protons and neutrons is similar to that from Fig. 1 where the two quasiparticle factor
is missing. By contrast here we have seven sets of states distinguished by the angular
momentum J carried by the quasiparticle component. Otherwise the step function structure
as well as the decreasing behavior as function of the total angular momentum are preserved
by any of the seven sets. The same remark holds also for Fig. 4 when compared with
the situation from Fig.2. Indeed, it seems that the larger the difference between proton

and neutron deformations, the smaller the departure of the (J,, J,) angle from 90°. The
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FIG. 3: The angle between jp and J, within the boson dipole state gp?ﬂlﬁ )(d). The deformation

parameter is equal to 0.2.

above mentioned features as the diminishing the step structure and the small interval for
the (J,, J,) angle around 90°. From Fig. 3 it is clear that each value of the two quasiparticle
angular momentum there are three states, the lowest angular momenta, characterized by
orthogonal (J;, fn) Since the K quantum number for proton and neutron systems included
in the core are small, the total K being equal to unity, it is reasonable to suppose that J; and
J,, are both perpendicular to the intrinsic symmetry axis, that is OZ. The symmetry axis of
the particle motion is determined the mean field caused by the particle core interaction of
the ¢@ type. On the other hand the quasiparticle angular momentum angular momentum
projection on the symmetry axis is maximal. Therefore, J is oriented along the OZ axix
which results in having an orthogonal thriedrum (J;, Jn,J). Invoking the arguments of
Ref.[1], one expects for such states a large transverse dipole moment which may induce a large

M1 transition rate.If one ignores the spin-spin interaction term the resulting Hamiltonian

13
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FIG. 4: The angle between j]; and J,, within the boson dipole state (1)52;1.1]3\;41 )(dp, dy,). The deforma-

tion parameters are d, = 0.2 and d,, = 2.4.

is invariant to changing the orientation of one othe thriedrum component which means
that that hamiltonian exhibits a chiral symmetry.The spin-spin interaction breaks the chiral
symmetry and therefore lifts the associated degeneracy. Two bands emerge therefore with
different chirality. These features are in detail studied in what follows.

However before doing that let us consider the states with the quasiparticle factor state

with angular momentum and projection (., 0):
-1
2p;1 2p;1 ' 1 1
wimD = NS A [l () (5.1)
J/

In such a state, the three angular momenta, J;, J:Z, J are in the same plane. Hence one
expects the magnetic properties are different from those characterizing the state where

the mentioned vectors are mutually orthogonal. For comparison these states will be also
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FIG. 5: The angle between J;, and J,, within the boson dipole state \1152;%1;\;[1 )(d). The deformation

parameter for protons is equal to that for neutrons. The common value is d = 0.2.

considered.

V. MAGNETIC DIPOLE TRANSITIONS

The magnetic moment of the bosonic core is defined by:

where g,, g, and g. denote the gyromagnetic factors for proton neutrons and the core.

Multiplying this with J. and averaging the result with the function \1132[‘11]’%1 ) one obtains an

equation determining g.:

9p + 9n 49— gn piat(Jpsar + 1) = Tyt (Jnsr + 1)
R 2

9eg1 = . (4.2)
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tion parameters are d, = 0.2 and d,, = 2.4.

Denoting by gr the gyromagnetic factor for the two quasiparticle factor state and following

a similar procedure as above we get for the whole system the following gyromagnetic factor:

J(J+1)

9r +9e  9e—9r JE(JE 1) —
9 9 I(I+1)

We note that both gyromagnetic factors for the core and for the whole system depend on

gi1 = (4.3)

the angular momenta J and I.

In order to calculate the M1 transition probability we need the following reduced matrix

elements:

~ A~ —2
(W] 7| Gar)y ZI’J\/J(J+1)NJINJI/Z<N§1)> (CITENV WKL T, (4.4)
J1
A , -2
(G gy + gl W5EDY = (99 + gu) NosNan P CF 11,0700 (NG)) VAT + D).

J1
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The M1 transition operator is defined by:

/3
My, = ot (4.5)

In Refs.[7-9] we pointed out a drawbak of the phenomenological descriptions of the magnetic
states consisting of that the transition operator does not take care of the Hamiltonian model
structure,i.e. is independent of the states participating at transition. Therein we proposed
a possible solution for correcting the mentioned drawback.

Indeed using the classical expression for the magnetic moment:

— 1 =4 — —
i = o [ ool B x (4.6)

whith p, and ¥’ denoting the proton charge density and the velocity of an elementary volume
of proton matter having the coordinate 7, and integrating on a liquid drope volume whose
surface is expressed in terms of the quadrupole coordinates o, one arrives at a quadratic
expressions in coordinates and their time derivatives. Quantizing the coordinates and their

conjugate momenta by:

1

py = ——=(b1 4 (=)'b, _,,
PH kp\/ﬁ( Pl ( ) p,—H
1
Qpp = %[Ha ] - (4.7)

In this way a simple boson expression for the transition operator was obtained:
M
My = ﬂ%Rouka, Ry = 1.24'3, (4.8)

where M denotes the proton mass, py the nuclear magneton and C' the light velocity. The

reduced formfactor F, has the expression:

. As s 10
(A1+6A4)ka+?3jnk+ ‘/(4 )

l

hck?

p

qFr = —

1 ..
+ V24, {——(QLka + JprS2) = QU [= (050 )1k + (bnbp)1x] + (B3 11 + (bpr)lk]anH :

V10

Here ¢ stands for the momentum transfer when a transition from an initial state of energy
F; to a final state of enrgy F; takes place:

E; — E;

— (4.10)

17

(Ag — AD[(BLD]) 1k + (b]bp) 1k + (Bbn) 1k — (bnbp)1k]

(4.9)



From the above equations we note that even in the second order in bosons, the gyromagnetic
factors have components different of the angular momenta jp and J,, which are proportional
to the proton neutron dipole operators. Alhough the present formalism is purely a phe-
nomenological one and therefore the magnetic moments of neutrons are not included, due to
the proton neutron coupling terms from the model Hamiltonian the neutron gyromagnetic
factor is not vanishing. Actually restricting the expression for the transition operator to
the angular momenta the above equation provides analytical expressions for the proton and
neutron system.
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VI. APPENDIX A

Here we give the analytical expression of the model Hamiltonian’s matrix elements cor-

responding to the basis states 4.5:

(p |H|W ;T Cap:) >—42<]J1chNJINJ117]]3 W(JjJij;52)
x Y J T Cp L WL YW (504 52) 5 6+ blle))

J/Jll

, 2
— Xasbup |[I(T+1) = J(J+1) NIZJZQJ’ (' +1) (¢ {JH) (M)

Y

< ’H“I’JZ;]?\% ) = 4Xp. g('j Nyrose Z(_) - (NJ’) Cflfi]/JH@I HbT"‘bHSDJ')
Jl

J ,

2¢gp;1 —

(T 1o = =46 Nord 3 (Ny) ™ OGB4 0ll?). (A
J/

The notation W(abed;ef) stands for the Racah coefficients. Also the reduced matrix elements

involved in the above equations are given in Ref.[21]
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