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Motivation

After coming of Heavy lon accelerators
and new generation of detector arrays:
Extend upto very high spins
Many bands are known

Need theoretical frame work to correlate
and understand these starting from a
fundamental principle :-

Nucleon-nucleon interaction (Strong)

Shell model (both closed and away from
that)
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Some interesting phenomena in nuclear
spectroscopy are
Regular and irregular spectra
Known upto very high spins
¢ Band crossings
¢ Inter-band transitions
¢ Signature effects
Large K bands. K selection violation
Identical bands
Staggering in B(E2) and B(M1)
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Hartree-Fock (HF) method

1 . "
H = ZTMCLGT + 1 Z 1-}”-;?.5(?;1(:;2(?,5@

ay add

: 1 . 1
‘L’u} - m X |ﬁ91---¢h-'1| X f\'?g! X |X1---XN2|

Wo) =clch. .. cLlc?cg . r:ﬁ-z 0)

Here |0 ) represents the core space of inert nucleons
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in the uncoupled representation and the Hartree-Fock equations can be written as'

(€j = eam)C5™ + > V(jimgama; Jmiama) pjumajem: Cjr = 0 (6)

J1jzjama

In the Hartree-Fock approximation there are the occupied orbits (the lowest orbits)
and the unoccupied orbits (Fig.1) which lie higher in energy. The Hartree-Fock solu-
tion is determined by the occupied orbits.

/ﬂ Unoccupied

i Qeeypiad

Figure 1: The occupied and unoccupied orbits of Hartree-Fock Theory. Excited configurations |
are obtained by particle-hole excitations.



The occupied orbits determine the density matrix

Piamagjoma = (‘I’Hfi‘|a}gm3ﬂj4mg|¢fﬁ?> (?)

is the density matrix. |®gp) is the Slater determinant of the lowest energy deformed
orbits and the density matrix becomes

Piamagamy = Y, CHMCR™ (8)
{G{:Ct?piﬁd}
Equations (6) and (8) are solved by iteration to obtain the deformed single-particle
states and |®yp).

One has the Hartree-Fock onebody potential

I'=Vp (9)
Thus eqn (6) can be S}-‘mb{)li{:ail}f written as

(e +T')|am) = e|lam) (10)
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A convergent Hartree-Fock solution means self-consistency between occupation of
orbits (density matrix p) and the Hartree-Fock Hamiltonian hor W (h=W = e+1).

O

O @ /

Thus in the representation where the eigenstates are the HF single-particle states
both p and W are simultaneously diagonal.
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Figure 2: Energy surface (schematic) with a number of local minima.
For a converged Hartree-Fock solution we have the Hartree-Fock energy as the ex-
pectation value of H

Enr = (H)

— Zﬁzpu =+ ZV ?f.fr'a k'!).ﬂﬂjpka

tikl

(11)

The energy of the ath Hartree-Fock orbit is

ZEEC“*CH Y CFCEe oV (i, ki)

Bloccupied)

= 25§|C:x|2 + ZV 17kl) pripig
(12)

The energy of a Hartree-Fock orbit is to be identified with the single-nucleon removal
energy (Koopman’s Theorem).



RESIDUAL INTERACTIONS

(i). Rosenfeld mixture:- This is a Yukawa potential with appropriate spin,
isospin exchange components and has the form

1
L—Vﬂxgx( 72) X (0.3 +0.707 - 03) X ——8~
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This interaction is attractive for (T = 0,S = 1) and (T = 1, S = 0) combinations of
spin and isospin and thus embodies some of the essential features of the two-nucleon

fmneET
ii). Pairing and Quadrupole Interaction
(”the Copenhagen Interaction”):—
This interaction contains a pairing term and a quadrupole deformation- producing
term and has been often used for nuclear structure studies®®, It can be written as:

= -G Z 'ijc_;m Cjtmt Cj'm! — XQ(l)Q(Q) (15)

JmJ m’

(iii). Surface delta interaction®:— The interaction is confined to the nuclear
surface (radius Ry) and has the form

V(riz) = —2F X (Rouo)™* X 6(coswip — 1) (16)
The above can be written in the form

V(ri2) = =Vo 3 Y () Yim(Q) (17)?



SYMMETRIES OF HARTREE-FOCK POTENTIAL

See Ripka in Adv Nucl Phys vol 2

The nuclear Hamiltonian has some of the familiar symmetries (three dimensional
rotational symmetry, reflection symmetry, time reversal symmetry etc). But the re-
sulting Hartree-Fock orbits, the HF density p and the HF potential ' = Vp need
not have the symmetries of the original Hamiltonian. For example, three dimensional
rotational symmetry of I' is very rare in HF and is possible only if complete spherical
j shells are being filled with (2j41) nucleons.

The question of the symmetry of the Hartree-Fock field I' is related to the mixing
among shell model orbits that is chosen and is often at our disposal while starting
a HF iteration . Axial symmetry in Hartree-Fock (mixing among orbits with same
m values) is always possible. Also one can always choose orbits of a definite parity,
thus preserving reflection symmetry. However when the nuclear system prefers parity
mixing, the parity-mixed solution will have a lower energy than the solution with
good parity. A gross way to visualise a symmetry is to draw the equipotential surface
obtained with the Hartree-Fock potential. Thus for spherical Hartree-Fock solution
the equipotential surface is spherical, for an axially symmetric deformed solution the
equipotential surface is deformed, but axially symmetric. Examples of such equipo-
tential surfaces (with and without reflection symmetry) are shown in Figure 3.

INT Workshop C. R. Praharaj, IOP,
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{al {b) (c}
Figure 3: Equipotential surfaces for spherical symmetry (a), axial symmtry (b), (c).
While (a) and (b) possess reflection symmetry, (c) lacks reflection symmetry.

When is a symmetry, originally present in the nuclear Hamiltonian H, still survives
in the Hartree-Fock Hamiltonian h = ¢+1I" 7 Since the Hartree-Fock potential I' = Vp
depends on the HF orbits occupied, the matter of the symmetry of h is related to the
nature of the occupied orbits. This condition is expressed by*:

The operator U commutes with h only if it leaves the set of occupied
orbits invariant, ie, if it does not mix-up the occupied and unoccupied

orbits.
INT Workshop C. R. Praharaj, IOP, 12
Nov 2007 Bhubaneswar



Hartree-Fock Solutions without Reflection Symmetry

Superdeformed HF solutions in. 84Zr
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Figure 5(a): Proton HF orbits of
superdeformed solution of % Zr.
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Figure 5(b): Neutron HF orbits of
superdeformed solution of 84 Zr.

13



In Figure 6 the energy surface of the superdeformed configuration with respect
to octupole deformation is shown, allowing for parity mixing in the Hartree-Fock
solution and with an octupole driving term in the Hamiltonian.
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Figure 6: Eyp versus octupole deformation for 3 Zr

One sees that, among the superdeformed solutions, the lowest solution is a parity-
mixed one with considerable octupole deformation. Such calculations showing the
role of parity mixing in superdeformed configurations assume significance in view of
the experimental discovery of superdeformed bands in the N, Z & 40 region'?.



RESTORATION OF ROTATIONAL SYMMETRY:
ANGULAR MOMENTUM PROJECTION:-

It is well-known that a deformed intrinsic state is a superposition of various states
of good angular momentum

) = Crx|¥ik) (18)

and one needs a projection operator to project out states of good angular momenta

from the intrinsic state ®x. The angular momentum projection operator is!®*1718

r 2I+1 R .
PR = == [ daDy (DR(Q) (19)
() denotes the Euler angles «, 0, v. R(Q2) is the rotation operator and D’s are the
D-functions (irreducible representations of the rotation group®20:85787),

The normalised state with angular momentum I and z-component M is

1
[1m) = ——==Px" |Px) (20)
N KK
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, , 21 + |
Niox = (Pxr|Pg™ |Pk) =

/ d0sinfdl, o (0) (@ e | ) (21)

Nk = (®x|P*|®k) = (Cik)* (22)
We give below the overlap matrix elements of various operators®!17:21

(a) Hamiltonian H=Hg p + V
Multipole Tensor operators
(b) Q5 (electric quadrupole),
(¢) M; (magnetic dipole),
(d) J = Jeou + JraL
(angular momenta contributed by collective rotation and by rotation-alignment)

21 +1 1
W |H|W / dfsinfdl,
( MK_>| | MK1> 2 (Voo VL )72 sinfdy, i, (0)

X (B, | He % | @, ) (23)

For a multipole operator T* of spherical rank L we have the reduced matrix element

1 (20 +1)(21; + 1 J
(l:[)‘.i‘lf_{.||{'-'i-rl'r ||‘I' > = 5 (,\ITI -'H\-'T Zcﬁj—u v K; [ dﬁﬁanﬁd Ko—rv Ky (9)
% KiKqi~ Kzﬂz
(P, | Ty e M| O, ) (24)
INT Workshop C. R. Praharaj, IOP, 16

Nov 2007 Bhubaneswar



66Zn:  Band-crossing and Rotation-Alignment :-
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Figure 10: Crossing of the ground and RAL bands in % Zn.
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Figure 11: Negative parity bands of %¢Zn.
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An investigation of Rotation-Alignment Effect by Angular MomentumProjection:-

Angular momentum intensities 1n (a) K=0+ and RAL band (b,c).
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Figure 12: Intensities of angular momentum values for two K = 11 bands of '»® Dy. Note the
staggering in C values (for even and odd I) for the RAL band and the significantly large intensity

in the RAL even branch for high spins.
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Bandcrossing andneutrong oy . 198Hg CRP and Khadkikar PRL 50,

1254 (1983) "
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Model Space in Rare-earth Region

Orbits for protons are 3s,,, 2d,,, 2d,,, 1g,,,

and orbits for neutrons are 3p,,, 3ps,, 2f;,,

, 1hyy,
. 2t,, 1h,,,
11,5),.

1 2 . . . .
**Sn is considered as spherical inert core.

Table 1: Single Particle Energies of Protons and Neutrons.

Proton | g7/2 | ds)2 51/2 dzja | hiija | hoso
MeV] 0 |0.731 | 3.654 | 3.288 | 2.305 | 7.1
Neutron | f7/2 | Pp3so J5/2 hgro | P12 | 132

MeV] 0 | 2974 | 3.432 | 0.686 | 4.462 | 1.487
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HF orbits for ""Lu
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fold degenerate.
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Angular Momentum (J) Projection

From the HF single particle orbits, HF "L

intrinsic and particle-hole intrinsic states T T
are constructed by J projection. 02

e K=7/2"
% K=1/2"
o—o0 K=15/2"
A—n K=37/2

Intrinsic state | does not have a
unique J quantu%’f%mmber.

s

Ky = Ci|¥k)

By angular shomentum projection from
intrinsic states the spectra and other

a3

spectroscopic properties are obtained. 0 5 0 45 0 2 %03

J—

Angular momentum projection operator is

B = 2';;2 ! f 0 DL, ()" R(Q)
Where = _ _ _
R(Q) etz o=t Jy o =17
07/31/07 C. R. Praharaj, IOP,
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Band-mixing

In general, two states PD}{(M ) and\q!}?{f;ﬁ' ) projected
from two intrinsic configurations are not orthogonal
to each other even if

and
orthogonal. [Pr1)

arc

‘¢K2>

Thus, whenever necessary, we do band-mixing using
the following equation to get better results.

S (Hjxr — EsNi o) Cier = 0

K/’

Results for Lu, Re, Nd and K Isomeric bands are given below:

C. R. Praharaj, IOP,
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Regular and irregular bands
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Table 2: Band Head Energies (BHE), Spectroscopic quadrupole moment (@s) and Magnetic
moment (1) for **Lu. Since static quadrupole moment vanishes for J=1/2, the theoretical
quadrupole moments are given for J=3/2 and J=5/2 states of K=1/2 bands. The three
bands below the dotted line are 3-quasiparticle bands.

BHE [MeV] Qs [eb] (i)
e Conf. Th. Exp. Th. Exp. Th. Exp.
1/2%  wiT[411]  0.203 0.0974 0.013
(J=3/2) 0.182 0.115 -1.242, -1.776
1/2- w%_[ﬁ*—ii] 0.327  0.029 1.13"  0.538"™
(J=5/2) 0.277 0.0429 -1.432, -2.075
5/2% wg%[éﬂ}?] 638  0.1862 2.356 2.94
7/2%  wlT[404] 0 0 3.07 3.48 241 2.295™
9/2~ :frg_[filri} 779 0.4391 3.659 4.599
15/2- (a)* 1.646 4.419 2.101
9/2~ (b)* 1.492 3.732 3.033
9/2% (c)* 1.899 3.865 0.091
¥ Mhaoinn mdadncimarntinla acaBomaeadicne n B o and 6 ana cdxraan 2aa Qaahoandiaaa 29
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Table 3: Same as Table 2 for '"'Lu.

BHE [MeV] Qs [eb] L [ftn)]

Kk* Conf. Th. Exp. Th. Exp. T Exp.
1/2t  wlT[411] 0.757 0.208 0.084

(J=3/2) 0.753 0.221 -1.552,-2.216
1/2= 7wl [541] 0.0597  0.071 1.1531 0.585"!

(J=5/2) 0.016 0.073 -1.483,-2.145
5/2t  w3T[402] 0.634  0.295 2.445 2.523
7/2t  wlT[404) 0 0 3.186 3.525 2.397 2.293"%, 2.03"
9/2= w2 [514] 0.468 0.469 3.975 4.723
15/2~ (a) 0.936 1.241 4.589 2.448
9/2- (b) 1.666 4 3.822 3.010

2.28T 212" 1.844

9/2™ (c) 1.182 —* 3.974 0.148

1.353{13;2*’;3* 1.269

* the bandheads have not been experimentally observed so far
** experimentally observed states
"Inclusion of fz/2 proton orbit reduces i by about 1/2 [29].
! from ref. [27] and " from ref. [17]
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(i) 9/27 w5 M ® v; [633] ® v [521] 2.174 4197 -0.047  could be of K=13/2" [band (f)] and K=17/2" [band (h)]
(i) 13/2= w3'[402]® v [633] ® vi [521] 1.629 4406  2.622  origin. respectively.
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Multi-quasi particle Large K bands

Table 1: Bandhead Energy, Quadrupole moment and Magnetic

moment
[sotope K7™ BHE Qg [eb] 1 [y
Th. Expt. Th. Expt. Th. Expt.
2Hf 67 1210 1.685 3.29 54726 5.59+61
I2Hf 8- 1.311 2.006 3.55 763 791w
IBHE 27 0494 1.982 4.17 7.0858 6.63 =%
I8Hf 8~ 1.097 1479 4.651 7.542
8Hf 8~ 1.189 1.147 4.767 0.010 14to5.3
I8Hf 16" 2.001 2.446 5.54 i b e
Tu 27 5330 571 2616 293+
oy 227 3.535 5314 473 6.076 831
INT Workshop C. R. Praharaj, I0P,

Nov 2007 Bhubaneswar
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Table 5: Configurations for large K three quasiparticle bands of "'Lu (upper part), '"'Lu

(1) K=47/2* (1335 @W)35'F'3 %
iddle part) and '™Lu (lower part , o—v+3 =
{middle part) an u (lower part) — - (€2) K=49/2 {ﬂ% r il ®v %l% %I
ley = — k5 G
[MeV] Qs [eb] [ [ia] (c8) K=45/2~  (mi '3 @uw)iti's L
KT Conf. Th. Th. (cd) K=47/2- (meItat @(u)ats-1-g
. _ 7 — 2 1.2 2 d o d
23/2 mMI'® [:ﬂ%ié 3.28 4907 163 (c5) K=t7/2~  (mi 1'% @u)lte-1-a'
1oy— 8- g+5 s =
23/2 (m); @ (v); 3 3.508 5.04 4.064
23/2" @I"@® ()21 3.674 5003  2.422 BHE [MeV] @Qs [eb] [ [ug]
23/2" (M2 @ (v)2 5" 3.163 5242  4.075 Sl. No. K" Th. Th. Th.
EEavmanE ERamsasEaEE EEass@aEE s aerseEsdEEd susaamaa adssbEsEEad U]. 4 T 24 4. x L
17 /2 8.243 1.903 9.242
; i + gl = g 4r )
23{(2 {TT}E @ [IJ'JE+§+ 2 ISQ D.lgﬁ 2. }28 {{:2] I_Jlgll’rg-,— 8.138 ,Lgng 0.87’1
23/2- )2 =tz 3.388 5.35 4.038
/ Wz 8 Ws » cat (¢3) 45/2- 7.181 4863  10.191
(bl) K=a5/2t  (m2 1" @ui'l” (ed) 47/27 8.484 4.782 9.964
(b2) K=57/2+ (373"} @WIE'T (c5) 47/2 8.841 4812 9978
(b3) K=37/2= (M) I} @il
Table 6: Configurations for five quasiparticle bands of "Lu (upper part), '"'Lu (middle __'+ ;
part) and ™ Lu (lower part) {Ll] A7 f? 8.691 5.136 9.233
BHE [MeV] Qs [eb] 1 [ua] (c2) 49/27 8.691 5.136 0.233
i Ne: A&F T Th. Th. (c3) 45/2- 7.732 5.005  10.180
(b1) 35,2+ 6.294 4858  10.692 4 . g - —
(b2)  37/2* 7.23 4874 10.675 (cd) 17/ 9.04 M it
(b3) 37/2 6.712 1041 9.812 (€5) 47/27 9.265 5.046 9.975
(b1) 35/2% 6.988 508 10.708 .,¢ - r
(b2) 372 7.903 5004 10678 (1) 17/2 7.09 .44 9.358
(b3) 37/2° 7.208 5.161  9.811 (c2) 49 /27 7.038 5.454 10.016
(c3)
(b1) 35,2+ 5.605 534 10.889 _ ~ _ -
(b2) 37/2+ 3156 Shs b (cd) 47/2 7.6252 5.304 10.061
(b3)  37/2" 6.041 5407 9.948 (c5) 47/27 8.106 5.292 9.943

07/31/07

V. I\. 1 IahaLuJ, INTL

Bhubaneswar
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EHF SHJ?ies of Cbhirao, and
uperdeformed bands

See Ph.D. Thesis of Zashmir Naik
(Institute of Physics, Bhubaneswar) (unpublished)

“Chiral” bands

interaction strength V,, = V,,,, = Vi,,= 0.31 MeV is taken

The deformed HF orbits are calculated with a
spherical closed shell core with Z=N=28

Table 1: Single Particle Energies of both Protons and Neutrons.
Proton | ps2 | pis2

(MeV)

f5/2

Gg/2

gr/2

ds 2

ds /2

Slf?

hi1/2

0

1.85

0.37

4.44

11.47

8.88

12.21

10.73

13.69

Neutron

(MeV)

P3/2

P1/2

J5/2

Ga/2

g7 /2

ds /2

d3 /o

S1/2

hii/o

0

1.85

0.37

4.44

11.47

8.88

12.21

10.73

13.69

07/31/07

C. R. Praharaj, IOP,
Bhubaneswar
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Cs M Cs Spectra (positive parity bands)
1[] T T T T T b = b gt _3?_ o ==
=—a band1 (Expt.)
»—a band1 (Th.) T I
#*—# band2 (Expt.) _ . —ar* L
B + &—Aband2(Th.) | 10 + 26 —p
—29" .
—24 — —28
8 -
T - —(287) Ea
i T > ; —7
" — 9326 g
2 e —% (77 2%
ES o - —i28)
2 S 6 ; 25 5 o
L c - —(24) v Pl
L — (27— 24
4 i i —23
_23 231 .
- gt oot 22
4 _ aqt
; " 21
—21"—21°
20" gt H—ar
— 20 " .
; — 19
cal.  Expt I e i
2 B ™ __IB|- 18 ) —1?-‘—|,7'+
2r I A T i
—16" 18 T +—15 {5
o T
TR gt B agt— T
0 ' ' ' ! ' 0 LU TV S
8 12 16 20 24 28 Expt  Cal  Cal Expt Cal Cal  Expt
J
Band A Band B Band C
07/31/07 C. R. Praharaj, IOP,

Bhubaneswar

56



104

102 Ag
i g _
T b T % T y T T T F T % T \ T F T % T \ T g T b T ~ T 23
Td’ B 7 = o =
O—=0C Th. (band1) (n7/2 v1/2 )
a—=a Expt. 10 F —_— -
12 t %—% Th. (band2) (n7/27v3/2) -
/ 21
10 -ve parity bands ] 8 r — E—
s ' = :
= 8 . L 19
:PW —_—
2 > B | - e
. =
= 6 L -1 (14}
. (i 7 17
16_ 16
4 r 1 4 B 15- FE_
o oy
2 ¢ . ; 13
2 — 12 .
2 r 11 T
D 1 1 1 1 1 1 1 1 1 1 1 1 1 1 —“}_?__ :éaa}_ _
0 2 4 6 & 10 12 14 16 18 20 22 24 26 28 30 g_ 6
I 0 & Expt Th. (b1) Th.(b2)
07/31/07 C.R. Praharaj, IOP,

Bhubaneswar



Ag
5 T T T T | R FL 5 T T T T T
4 - —— K=4" 1 4F
——EK=5"

B 13F

2. A Zf
L
= h,,, Protons g2, Protons
S
e, 152 41 F
O e
=4
S ot {0}
=
%‘J AN S i S S v S P T S [ S [T e (R S OIS s ‘I‘ PSS I S S S S S S S EO S S I S S
E 2 6 10 14 18 22 26 2 6 10 14 18 22
EEI‘ I T T L P T 6 T T T I T
£ 5t 15+ g, Neutrons
= :
=] w ;
=41 d :
L)
?3 3
St {3t

h,,, Neutrons

2 L _ 12 12t

1F S T

{5, S S S S T S S S
07/31/07 i 6 0 14 18 22 26 2 G 10 14 18 22



Energy

10

1G4Rh

e—= Band-| (Expt.)
&— Band-Il (Expt.)
— Band-I (Th.) K=3"
—— Band-Il (Th.) K=4"

6
4
2
A
A ]
A
v
0 -
6 10
J
07/31/07

Rh
T 5 T p T T T "\j T T T T T
— K=3

4 F —— K=4"  F 1

FT 4B .
a 2F h,,, Protons 9 R :
2 ! g+, Protons
o
- Tt 11} -
@ :
i) s i ks

X == 0F i Sl e ]
0
=
g =1 1 1 1 P IS T NI | 1 1 1 N 1
s 0 4 8 12 16 20 24 0 4 8 12 16 20 24
o
E E T T T R T E' T T b B T T
g :

1 E 5¢ A Hi 1
=] . v'"
= ; 2., Neutrons
LE 4 B 4 T 4 B '-.»: -1
a -,
= :
< 3¢ ¢ hy,, Neutrons | 3L ]

2 4 R .

1F 11} . .

i [] IS T T T T T [ T T T I T T T [ T T [ Y S 1 G PRl MY | T O [T T T T Y T T [ T 1
0O 4 8 12 16 20 24 0 4 8 12 16 20 24

18 22

C. R. Praharaj, IOP,
Bhubaneswar

99



Superdeformed bands

QSuperdeformed band structure of '%“Pd is studied
Model space and interaction are same as '?CS case
QWe have performed calculation in two different ways
* 1st one is by occupying prolate deriving orbits and
un-occupying oblate deriving orbits
e 2" one is by constraint HF calculation

C. R. Praharaj, IOP,
07/31/07 Bhubaneswar 60
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Table 4.4: Band Head Energies (BHE), Static quadrupole moment () and Magnetic
moment (i) of superdeformed bands for "> Ag

Band No. K J BHE Qo [eb] o [pn]
Th. Th.  Expt. Th.

SD1 1/2= 1/2= 11.79 4.852 -1.134
27/27 13.222 5.056 4.5;5° 8.176

SD2 1/2= 1/2~ 16.515 5.248 -1.196
27/2- 17.905 5.452 7.942

SD3 1/2+  1/2v 9547 4.775 1.127
27/27 12,701 4.744 4.044

SDl : ’?I'Ulllll.':g)] @'U(h]ug)g K:]_/Z_

C. R. Praharaj, IOP,
07/31/07 Bhubaneswar
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B(E2), B(M1) and B(M1)/B(E2)
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Conclusions

e Deformed HF and J projection — a general
manybody method

e No phenomenological assumptions. Reliable.
Good predictive power

e Superdeformed bands. K isomers. Chiral bands.
Bandcrossing. Signature effects.

e Need for effective interactions in large model
spaces.

C. R. Praharaj, IOP,
07/31/07 Bhubaneswar 70



+ Band crossing due to intruder orbits are predicted

+ B(E2) and B(M1) values are predicted

* Trends of the B(M1)/B(E2) ratios are predicted.
+ “Chiral” band structure are explained

* Superdeformed bands are studied

* Other spectroscopic properties (spectra,  quadrupole
moments, magnetic moments, etc.,) are also quite well

reproduced as compared to experimental results.

C. R. Praharaj, IOP,
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Q. and B(E2)

The Spectroscopic Quadrupole of a state with angular momentum .J is given by

(1?’”) (JT| S Qi | 1)

) i=p,n

1 167 '"* .
27 1) Ciel (T) (Wg Il 22 @ Il k)

i=p,n

Qs

C9¢] is the Clebsch-Gordan Coefficient.

The B(E2) value for gamma decay from initial state o/ to final state 5.J; is

1 9
B(E2 oy — B2) = z—gyl 30 (Wi 1@ || W) P

i=p,n

Core polarization are account by Effective charges

considering Effective charges. proton :1.7e

neutron: 0.7¢

C. R. Praharaj, IOP,
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U and B(M1)

Magnetic moment | is given by

1 J1J I 1 o
H= = CJDJ Z (KI’K | g‘i-iz'é- + s;5i || “IIK>
(27 +1)1/2 (izp,n )

B(M1) value for y-transition from initial state o, to final state 3],
1S

3
(2J; +1)

where g; is orbital g-factor and g, is spin g-factor.

B(M1;aJ, — 8J3) = 4r| (TR || gl + gsisi || TG P

i=p,n

g-factors (in y,)

gl gs

proton |1 Y2 x 5.586
Neutron |0 |2 x (-3.826)

C. R. Praharaj, IOP,
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Superderormed and Chiral bands 1n £ = 50 region
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Shape Coexistence in >*Cr
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AL Comparisen with Hartree-Fock microscopic mode

The band structure of the **Cr nucleus has been studied
with the deformed Hartree-Fock (HF) model and angular
momentum ( J ) projection [25 26]. This is a useful microscopic
model to study the spectra and the electromagnetic transition
probabilities in well-deformed as well as moderately deformed
nuclei [25-31]. The deformed HF equation is derived from
the nuclear Hamiltonian, which consists of single-particle and
residual two-body interaction terms:

H=e4+1YV, (5}

where, schematically, € stands for single-particle energies
of spherical shell model orbits and V stands for pp, pn,
and nrn two-body residual interactions. The surface delta
interaction is considered as a residual interaction among the
active nucleons with interaction strength Vi, = V,,, =V, =
0.5 MeV. We have taken pyg. py2, fsp2. fr2. and gop orbits
above a £ = N = 20 spherical closed shell with spherical
single-particle energies of 1.8, 0., 0.57, 4.6, and 5.8 MeV,
respectively (with the same single-purticle energies taken for
protons and neutrons) for HF and J projection calculations.
Axial symmetry of the HF feld is assumed in this theoretical
analysis.

Deformed HF orbits are obtained from the self-consistent
solution of the HF equation [2527]. The intrinsic stales
[¢hg} are conmstructed by making appropriate particle-hole
arrangement on the proton and neutron HF orbits near the
Fermi surfaces. Because of axial symmetry of the HF field, an

we need good J states. The good angular momentum states of
a given |¢g ) are obtained by J projection. The J projection
operator is [25]

A7+ 1

IM
Py = =

- f:fﬂﬂfi-}lﬂ:lﬂﬁﬂ], (6]
T

where R{L2) is the rotation operator and £2 stands for the Euler
angles.

The matrix element of the Hamiltonian between the
projected states of J obtained from intrinsic states ¢, and
P, is

204+ 1 [
Hj{'-li' = - .
1 7 I o« L2
B {NF-]E'JNK:K;.:
::u:f d i sin ,ﬁdé]x}i,ﬁ]{:ﬁ:g, |H.-_=‘fnﬂ-'.~ |¢.;_-1}‘ (7}
0
where
N 204+ 1

% . J —i g \
Nk, = Tfu dfi sin ﬁdﬁm}hﬁji‘?’ﬁ'l |'-’ o |‘PF.':,|' (8)

is the amphtude overlap for angular momentum J.

In general, two states |1I-'§-T",| and |‘~i-fﬂf} projected from two
intrinsic configurations |¢hg,} and |¢g,} are not orthogonal to
each other, even if the intrinsic states |¢g,) and |dg,) are
orthogonal. When necessary we orthonormalize for each J
and then diagonalize using the equation {see Ref. [27])

intrinsic state is a state of good K but not of good J. To study Z {Hﬁ‘:rx- — E-?Ni'rrr-'}ciﬁ T ¢ 8 (9)
the spectra and electromagnetic matrix elements of the bands, T
07/31/07 C.R. Praharaj, IOP, 81
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where Cj;. are the orthonormalised amplitudes, which can be
identified as the band-mixing amplitudes.

For *Cr, four active protons and eight active neutrons
are considered above the N =Z =20 core and the HF
calculation 1s performed. The prolate HF orbits for protons
and neutrons are shown in Fig. 5. Both the oblate and the
prolate HF solutions are considered for J projection and band-
mixing calculations. Since the two-body interaction is used
in obtaining the self-consistent HF orbits, mixing of a small
number of intrinsic configurations can, after J projection,
describe the low-energy spectra and bands [30,32].

The following intrinsic configurations are considered for
angular momentum projection and band mixing caleulation:

(i) oblate configurations:

(A)K =07 (HF) and (B) K =27v(1/27 @ 3/27) and
(i1} prolate configurations:

(C) K =07 (HF),

(D) K = 1Tmi5/2" @ -3/17),

(EVK =4T(7/27 ® 1 /27),

(F) K =3Tw5/2- @ 1/27), and

(G)K =5WT/27® 1/27)@n(5/27@-3/27).

INT Workshop
Nov 2007

We have considered two different sets of hind mixing for the
eround band. In the first case we have mixed the configurations
A, B, C,and D, that is, prolate-oblate band mixing [denoted
as Thil) in Fig. 6]. In the second case [Th{2}]. we consider
only the oblate band mixing {configurations A and B). The
lowest band after these two band mixings are compared with
the experimental ground band in Fig. 6. In the Thil ) case, high
spin states up to J7 =47 are dominated by configuration
C (prolate K = 07 band). The state J™ = 67 is well mixed
between prolate and oblate K = 07 bands, The state J7 = 87
is mainly dominated by configuration A and states J™ = 107
and 127 are dominated by configuration B. In the case of
Th (2), high spin states up to J™ = & are mainly of oblate
configuration A and states above this are of conhguration
B. Both Th(l) and Th(2} give reasonable explanation of the
ground-band spectrum. The calculated B{ £2) values for Th{ | )
and Thi2) are 0.0135 and 0.0066 (¢ b, respectively.

The lowest band after the mixing of configurations E, F,
and G is compared with the excited K = 47 experimental band
in Fig. 6. In this band, high spin states up to J* = 97 are dom-
inated by configuration E and states higher than J™ = 9% are
dominated by configuration G For this K = 47 band we have

C. R. Praharaj, IOP,
Bhubaneswar

83



considered the prolate configurations because the collectivity 16

shown by this band is only understood by J projection from the - &
prolate ones. Among the oblate configurations only K = 07
{configuration A} shows some regular rotational feature; none et -
of the other possible oblate configurations show the collective
excitation (1.e., regular pattern in the spectrum ) observed in the wl —ig
experimental & = 47 band. The quadrupole moment ( Qp) of
the K = 47 bandhead obtained in our calculation for this band i —td —_—
s 0903 ¢ b whereas for the ground band it is 0.785 e b, S0 10} 147 —
the band structures seen in **Cr involve moderately deformed = | ; ot =
bands. The excited K = 47, where one neutron is excited from = — L —_—
the £ = 7/27 to the 1 /27 prolate neutron orbit across the 5 ——0 . = —
neutron Fermi surface, drives the nucleus roward more prolate g T 10 e
deformation, —_—0 -
& i 8
¥ g :E:‘ &
4k A
— L o 4 4
. 4 e Expt
s —4
— 5 &
ok o a W]
Th. i1} Expt. Th. (2)

FIG. 6. Comparison of experimental levels with the results of the
microscopic deformed Hartree-Fock modal.
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Conclusions

We are able to explain both regular and irregular
rotational bands.

The doublet structure and departure from regular
rotational behavior of the low-K bands are explained.

We could relate staggering in spectrum with angular
momentum carried by large-j nucleon.

Structure of one, three, five quasi-particles bands for
odd A and zero, two, four quasi-particle bands for
even A are explained.

INT Workshop C. R. Praharaj, IOP,
Nov 2007 Bhubaneswar
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Def HF and J Projection formalism (J Phys G 14,

Eacfm =& Cy?m +2 VA(j3m3j4m4; jmj’!ml) pi'zmzimlq C}j.vm' (A‘S)

Here V4 stands for two-body matrix elements antisymmetrised for identical nucleons
and

E CIZ'JTZ CC}!':GM (A 6)

(ocwpled)

ppmz;ym

is an element of the density matrix. If we restrict ourselves to axial symmetry, then we
have

E“Chy = £; Cipy + ZVA(jarmjsiz; jmfam) Oyt Cm (A7)

Matrix elements of angular momentum projected states

We deal with intrinsic states specified by K, the projection of angular momentum
along the intrinsic 3-axis. Such a deformed intrinsic state |¢,} (a Slater determinant) is
a superposition of states of sharp angular momenta:

)= 2 akly g (A.8)
7

The angular momentum projection operator is

A1

o | 42 DEQREQ) (A.9)

and operating on |gg) of {A.8) gives akly . Here Q stands for the three Euler angles
a, 8, vy and R(Q) is the rotation operator. We also have

PP = pIKpi — pik (A.10)
The normalised state with angular momentum /M is
[Yiae) = \/N'*Pwl(p") (A.11)
where
K [+ 1 .
Nik={@x|P¥ ]§0k>"“_2— d9 sin Od-x(8){@xlexp( —i67,) @ (A.12)
il
Nik= (@il Plpi) = (ak)® (A.13)

gives the intensity of angular momentum / contained in the intrinsic state |gg).

843 (1988)):

2[+1 1
2 (NMK:NKQK:)UZ

(Wi H iy =

x f 46 sin 6 iy (0@ H exp(—i61,)|wx,). (A.14)
Q

The important quantities to be evaluated are the kernels such as
(@i H exp( —161,)|gx,) above. Let u%, ... and ui, ... denote the deformed single-
particle states which constitute the Slater determinants |gx,) and |@y,) respectively.
Then for the kernel of an one-body operator O, we have (Brink 1966)

(@rlO: exp( =100l pr) = (@il exp(=i6])lpx) D Wil O )BO) Vs (AL15)
aff

where for an N-particle Slater determinant we have the N X N matrix B(6) with matrix
elements

(B(6))os = (1| exp( —i67,)|u.). (A.16)

For the two-body interaction V (Brink 1966)

(‘pi’(zlv eXP( - is‘]y )|(PK;> = .%<¢K2|exp( = lBJJ)IqJKl) 2 <u7ud|V6xp( - ie]y)l“a“ﬁ)

afyd
X [(Bo))yol Biay o= (Bia) )yl By Yol (A.17)

We define the ‘rotated density operator’

p,l m;gﬂn“(e) 2 [B(\‘i] ]ﬂu C‘; fﬁw) 2 Cﬁf,;’!‘"’ d:"u,.mf. ) (A 18}

Bu M



(@, TE exp(—i6J,)|@x,)

1 ; 7 i . g
:(2K+ NG E GITH Z (jmJ' —mlkv)(— 1Y rfp}f"'}'m% (A.19)
B

Pttt

using the identity (de Shalit and Talmi 1963, equation (15.14))

lamy

Y "’| J;.? f3 ; jl j:’ f]
m', . - m';. I[ !g l_'g

we get for the two-body interaction matrix element

"y

D GimafamgIM) (o jom s IMOV (s Jsja)

JM

= (m it RL+ 1)( - 1)mu—m:s( ho b

L
n —m
My, o <

5 ' L T
X (1' g _ML) Fr(Jijss J2Js)

’
mﬁ — Ry

where we have the particle—hole matrix elements

Fy(rjas fafa) = Z QI+ 1) Vi(jij2s Jads) {jl jj
- :

j' jz .}’3 Il 12 j3 — - {3+ iy tmy+nt jl ”2 [3
z(mr "y m3) (m', n', —m;)_2(2£3+1)( i nmt, mLy mh

L
M,

(A.21)

J

L} (_ 1)J+L+_r'2+j4l (Azz)

Using these, the kernel (equation (A.17)) for the two-particle interaction can be

written as a product of one-body densities:

(@il V exp(—i6J)|@x) = @] exp(—i67,)|@k,)

xS (= 1yt M By (o, o) jimajs — | L — My)

Fari4 memg
LM ntumty

x <f Emﬁj 4 mé| LM L}pjdmajzmﬂ(e) pj;m},}]m( @) .

(A.23)
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