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ABSTRACT

In this work, the energy levels and transition probabilities B(E2) and B(M1) of some even-even Hf have been
investigated by using the interacting boson model-1 (IBM-1). The results were compared with experimental values.
It was seen that an acceptable degree of agreement between the predictions of the model (IBM-1) and the
experiment is achieved.
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INTRODUCTION

The nucleus consists of many nucleons, each nuaiteracts with all other and moving within a compbtructure.
The structure could be described by the analysoaltions of their wave function. As consequenhe, éxcitation
energies of collective quadrupole excitation statesuclei near the closed shell are strongly ddpdnon the
number of nucleons outside the closed shells [he interacting boson model of Arima and lachelle/Tzhas
become widely accepted as a tractable theoretwdanse of correlating, describing and predicting -kEvergy
collective properties of complex nuclei. In this aeb it was assumed that low-lying collective staté®ven-even
nuclei could be described as states of a giveedjixxumbeN of bosons. Each boson could occupy two levels one
with angular momentunh = 0 (s-boson) and another, usually with higher energyhwi= 2 (d-boson). In the
original form of the model known as IBM-1, protondaneutron-boson degrees of freedom are not digshgd.

We investigate the dynamical symmetry’&F'*Hf isotopes and energy spectra and the electrontiagnansition
probability B(E2) of these isotopes (Z = 72) withire framework of IBM-1.

The IBM-1 Hamiltonian
The model has an inherent group structure, assacisith it. In terms of- andd-boson operators the most general
IBM Hamiltonian can be expressed as [3]:

H* =¢gln) +n})+a,P P +a L' L' +a,Q" Q" +a,T, T, +a,T, T, .......0)

where & is the boson energy, and the operators are:

L :\/E[dA+di~](1) 'QA :\/E[(duXSA~)+(SA+XdA~)](2) +X[dA+di~]

T, = [A+ xd” ](s) [d“* dq" ](4)

n,=s"s" ,n;=d"*d", P :%(d“.d“)—%(sA.sA)
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The phenomenological paramete&o,ai,(a,z,)(),ae,a4, represents the strengths of the paiuring angular
momentum, quadrupole, octupole and hexadecopotdeaition between bosons, respectively.

The interferences between these three dynamicaisyries give three transitional regions. Theseoregiare as
follows SU (3) — SU (5): This transitional region can be treated by bregl8t) (3) symmetry in the direction of

SU (5) by addingH " = £(n$ + n;)+ a,T, T, +a,T, T, terms. The Hamiltonian of this region can be ritt
as:

H" = s(ng +n, )+ al'l"+a,Q" Q" +a,T, T, +a,T, T, ........ @

SU (3) — O (6): The nuclei in this transitional region can be teelaby breaking SU (3) symmetry in the direction
of O (6) by addingP”.P", a3T3A .T3A terms. The Hamiltonian of this region can be \eritas:

H =a,P" P +al L' +a,Q".Q +a,T, T, ..cccceuenrnn. <))

Associated with the collective states calculatetth wie IBM are transition operators. In the mostagal form, the
EO, MI, E2, M3, E4 transition operators are, taliag order, given [54,55,58]:

Tn(f) — azdgz(dJrS"' S+d)(,:) + L, (d*d)f? + y|05|05m0(s+s)(()0)— .............. 4)

wherel denotes the multipolarity with projection m, an 3, y are the coefficients of the different terms of the
operator. In particular, for E2 transitions [2-3]:

T.(E2)=a,(d"s+s7d)? +a,(da) oo )

+ + 2 . . . —_ + 2 .
This operator has two part&i S+s d)( ). Which satisfies the selection ruldn, =¥1, and (d d)( ) which
satisfies the selection ruldn, =0. The coefficients and depend on the limit involved the appropriate

intermediate structure.

Exact forms of the EO, M3, and E4 operators ekisthould be noted thaib M1 transitions can occur in first order
[64,65,69]. The reasons lie in the form of MEoperator [2,3,4]:

T.MD) = 8,(d"d)? o 6)

1
As discussed in references [54,55,58], the oper(ﬂéd)( ) proportional to the boson angular momentum operator
therefore, Eq. (28 may be rewritten as

T.(MY)=gal ¥ (7)

wheregg is the effective bosog-factor. This form of the operator has no off-diagbmatrix elements, implying
that in this approximation MI transitions are fattben [2,3,4]. Some of the transition probabilit@stained from
perturbation theory are further discussed in Ref8)].

The reduced?2 andM1 matrix elements were combined in the calculatibthe mixing ratiod(E2/M1) using the
relation [13]:

<‘Jf+

<‘Jf+

T(E2)J; >
T(MD)|J; >

3(E2/MLJ — J;)= 0835E,(MeV)

17
Pelagia Research Library



Saad N. Abood et al Adv. Appl. Sci. Res., 2016, 7(2):16-26

RESULTSAND DISCUSSION

1. Hamiltonian interaction parameters

According to the Hamiltonian of IBM-1, the energy B%*"Hf isotopes (total numbers of bosons 14 and 15
respectively) lies in the transitional region SU (3 O (6) (Eq.(2-40a)) and thHE°*®Hf isotopes (total number of
bosons 16,15 and 14 respectively), lies in the ohyoa symmetry SU (3), Eqg.(2-22a) have been caledlaising
the angular momentum, quadrupole and octoupolenpeieas &, a, ¥ and ag). The best fit values of these
parameters are given in Table (1), which show tileas of the relevant parameters. These valuestaagned by
fitting to get results of the energy levels thaattthe experimental data [8], whereas the first terms and the last
term in Eq.(2-3a)) have now included because theyiraelevant to the case of the fully weakly defed nuclei
(rotational nuclei).

Table (1): IBM-1 Hamiltonian parametersfor Y>*°Hf isotopes

| sotopes a, a, a, X
172t 0.04 -0.011 -0.07 -0.08
BAET 0.045 -0.0105 -0.064 -0.06
17ef 0.0095 -0.113 0 -0.6
17ef 0.096 -0.0146 0 -0.11
Rl 0/0101 -0.014 0 -0.26

2 Energy spectra

IBM-1 model has been used in calculating the enefgthe positive parity low-lying levels of Hafniuseries of
isotopes. A comparison between the experimentaitspg8] and our calculations, using the valueghef model
parameters given in Table (1) for the ground betd gamma bands, is illustrated in Figures (1) th (e
agreement between the theoretical and their carrefgnce experimental values for all the isotopesimaa good
agreement but for high spin states are slightihéidout reasonable.

Table (2) given the experimental and theoreticargy ratios, it has been found that tf&*"Hf isotopes are in the
transitional region SU (3)> O (6), and thé’®*"Hf are deformed isotopes (rotational nuclei) areythave the SU
(3) dynamical symmetry respecting to IBM-1.

The obtained results are given in Figures (1) th (his figures shows the groung3 and y —bands of

experimental and IBM-1 calculation fo¥?*®Hf isotopes; It shown that there in good agreemieetween
experimental energy levels and IBM-1 calculations.

Table (2) Energy ratiosfor Y**°Hf isotopes and in IBM-1 Dynamical Symmetries

+ + + + + +
E(4; 12}) E6; /2;) E@; /2))

Exp. | IBM-1 [ IBM-2 [ Exp. [ IBM-1 | IBM-2 | Exp. [ IBM-1 ] IBM-2

172t 3245| 3229| 3.249] 6596 6.414 6.614 10.892 ¥0.]3010.536

BAET 3.3 3.3 3.267| 6.67 6.66 6.88 11.21 118 11.023

17ef 3.29 3.29 3.481| 6.77 6.72 7.004 11.33 1141 3P

| sotopes

17 3.3 3.3 3.29 7 7.2 6.784 11.67 11.8 10.774
180H¢ 3.3 3.3 3.3011] 6.88 6.82 6.88]1 11.6#5 11]7 1.3
SU (5) 2 3 4
O (6) 2.5 45 7
SU (3) 3.33 7 12

Experimental data are taken fromref. [8].

The root means square deviatiomgd) [9]:

(whereN is the number of energy levels)

is used to compare the experimental and theoraditalgy levels. Tale (3) given theasd between experimental and
theoretical energy levels. In this table we seegitweind state levels the best agreement was fauhdHf isotope
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where the smallest value ohsd is equal 0.0039 and equal 0.010 for gamma banftif isotope. Howevenmsd
= 0.0099 for beta band #fi™Hf isotope.

Table (3): Theroot means squar e deviations (rmsd) between experimental and calculated ener gy levelsfor Y>*¥°Hf isotopes

root mean squar e deviations (rmsd)
I sotopes ground state band ﬂ — band J —band
IBM-1 IBM-2 | IBM-1 | IBM-2 | IBM-1 | IBM-2
BEET 0.0039 0.0031 0.059 0.047 0.014 0.018
7t 0.0046 0.0029 0.061]  0.04d 0.013  0.0131
17 0.0360 0.0030 0.054 0.041] 0.01p  0.001
e 0.0340 0.0025 0.044 0.0038 0.010 0.09
180 0.0140 0.016 0.0099  0.027 0.010  0.012
3.C
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Fig. (1): Comparison between experimental data [8] and IBM-1 calculated ener gy levelsfor Hf
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Fig. (2): Comparison between experimental data [8] and IBM-1 calculated ener gy levelsfor **Hf

Pelagia Research Library

20



Saad N. Abood et al

Adv. Appl. Sci. Res,, 2016, 7(2):16-26

2.
Hfl76
I,
/
7’
/
II
! /
/II ,’/
/ i /
/ /’ /
2.00 1 — o /
7 4”, —/: ,,,, 66— -~
- ——— —
___________ -
56, 6 345 ---
b}
5 567 _____
22—~~~ --oZoo -
—— e
U
. G =———__
15 o
- S bl
f—— "7 —
. — P
> [ e——— Rl
3
<
=
<
o,
w 1.0
N
.
N
0.5
4
0.0 o
EXp. IBMI L EXp. IBM 1 Exp. IBM[1

Fig. (3): Comparison between experimental data [8] and IBM-1calculated ener gy levels for °Hf
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Fig. (4): Comparison between experimental data [8] and IBM-1 calculated ener gy levelsfor 78Hf

Pelagia Research Library

22



Saad N. Abood et al Adv. Appl. Sci. Res., 2016, 7(2):16-26

2.0 I |
,/
,/
,/
//
,/
/,/
54/
— e
1.5
0 ——————————————
- 3~~~
_______
42—’ _________
2 Wt
= — N .
(] NN e
5 l O \\\\— SS
(e
S
(]
c
L
—_
0.5
—
S —
006 o0—ee
Exp. IBM[1 Exp. IBM1

Fig. (5): Comparison between experimental data [8] and IBM-1 calculated ener gy levels for *®Hf

3. Electric Transition Probability B(E2)
The E2 transitions provide more stringent testhef iBM-1. The general E2 transition operator isegiby the Eq.

(6). The coefficientd, called the boson effective charge is an overallisg factor for all B(E2) values which is
determined from the fit to theB(E2;2] — 0;) value. The coefficient3, may be determined from the
quadrupole momer® (2; ). The ratio 3,/ @, =y =-1.32 in the SU (3) limit and is reduced to zardhe O (6)

limit. In the “FBEM” program the corresponding parameters atge= (E2SD) and £, = (1/\/5_)(E2DD) .
The used parameters in T(E2) matrix elemer{fHf isotopes are given in Table (4)

As we noticed in IBM-1 results the B(E2) fg8 — g and y — @ transitions can vanish when these nuclei are

treated as SU (3) symmetric nuclei. This problens walved by breaking this symmetry in the directidrJ (5)
and employing thee parameter. The calculated B(E2) values were ingatdwy this attempt.

In Table (5) which shows that the electric transitiprobability for 8 — gand y — g are smaller than the
electric transition probabilities betweeh — g band, and in this table shows also that, in genénate is a good
agreement between the experimental and theord&i&®) values in ground state band'*®Hf isotopes except
the transition6;, — 4, in 7*'®*Hf, where the experimental and IBM-1 results ofsthiansitions are weak in
agreement. The experimental and IBM-1 B(E2) catouta between beta and ground band and between gamm
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band in general are weakly in agreement exceptrémsition 2, — 0] in ®Hf isotope and2; — O; in Y"?Hf
isotope which gave a good agreement.

The weak agreement between experimental and theadriet some B(E2) values in those isotopes capxXmained
by the fact that many small component of the ihaiad final wave functions contribute coherentlythe value of
the reduced E2 transition probability, since thesall components are not stable enough against shaiges in
the model parameters [10]. There are no availakperdmental data to many transitions in Table {Bgrefore, it
has been predicted by IBM-1.

Table (4): The reduced matrix element parameters for *">**°*Hf isotopes

| sotopes .

Pes | B(E22] - 0]) (e*b?) | a,(eb) | B,(eb)
1t 0.92 0.046 -0.22
iyt 1.0615 0.042 -0.33
et 1.04 0.125 -0.54
eyt 0.97 0.127 -0.033
Bt 0.95 0.139 -0.031

Table (5): Electric Transition Probability B(E2; J; — J;) for **Hf in & b units

172Hf 17£Hf 17EHf 17EHf 18[Hf

J. - J; | Exp.| 1BM1 Exp. IBM-1 |  Exp. Exp. | IBM-1| Exp. | IBM-1 Ex

2, -0, |092| 00982 1.0615 1.081 1.04 1.087  0.97 0.953 0/950.93

4, - 2, - 0.0371 - 1.426 - 1.427 - 1.42 1.3 1.0p
2, -0 - 7x10% 0.012 0.016 | 0.00057 0.0007 0.0043 0.0062 0.114 70.p9
2, - 0 - 3x10% 0.027 0.029 0.023| 0072 0028 0033 0.0P3 0.031
22 = 2l - 0.072 0.0567 0.072 - 0.081 - 0.431 - 0.22
2, - 2 - 0.0073 0.042 0.028 - 0.0066 0.026 0028 0.031 5D.0
2, - 4, - - 0.00179 0.001 - - 0.026 0031 0031 0.044
24 - 4, - - >3.80<10* | 2.2x10* - -

2, -0 - - - - - - 0.013| 0.0157

6, - 4, - - - 1.269 - 1.54 1.3 1.472 137 1.302
8, - 6, - - - - - - 1.41 1.627 15 1.672
10, - 8 | - - - - - - 151 1.596 1.44| 1.621
0, -2, | - - - - - - - 0.0022| 0.0018 0.002p
1-2, - | 0.00044 - 0.0066| 0.0284  0.0007 - 0.00088

1-2, - | 0.00023 - 0.053| 0.0129 0.0034 - 0.00001 - -
1- 2, - 0.0451 - 0.128 0.098|  0.09¢ - 0.086

Q(21+) - -0.431 - -1.872 2.1 -2.21 2 2.1 2 -1.872

Experimental values are taken from Refs. [ 8, 11,12]

4- M agnetic Transition Probability and Mixing Ratio O (E2/M 1)

To evaluate the magnetic transition probability Bjivwe depend on Egs. (6) and (7), where the éffetiosong-
factor is estimated using the fact gZ#A is. The form (7) of the operator has no off-diaglomatrix elements,
implying that in this approximation MI transitiorere forbidden [2,,3,4]. Some of the transition @okties
obtained from perturbation theory are further désad in refs. [2,3].

The results shows that the transitions betweenlyowg-collective states are weak. This is becaddbaincrease of
antisymmetric component in the wave functions. Thegnitude of M1 values increase with increasing $pr
y - g andy — J transitions, see Table (6).
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The E2/M1 multiple mixing ratios for'’?*®Hf isotopes,d(E2/M1), were calculated for some selected transitions
between states afJ = 0. The sign of the mixing ratio must be chosetoeting to the sign of the reduced matrix
elements. The equations used are (7) for M1 tiansitand (8) for the mixing ratios. The results lgsted in Table
(7). The agreement with available experimental f8tés more than good especially in the sign & thixing ratio.
However, there is a large disagreement in the mixatios of 3— 2°, due to the small value of M1 matrix
elements.

The present high-precision measurements indicates tisagreements and these would not change sigmilfy if
the O value recommended by Langt al., [13] were used. The most serious disagreemeatirscfor the

3" - 4" transition which has the same initial state as3he— 2" reference transition. possible conclusion is
that one or both of the ground-state band levelgaio admixtures. The difference between the measand

deducedd values for the2® — 2" transition may be due to mixing in either or boftthe levels.

Band mixing, and in particular & = 1 admixture within theK = 0 ground state band, has previously been
considered necessary in order to explain the M1poom@nt in transitions linking th¢ and ground-state bands. An

analysis following the Mikhailov formulation andviolving the lower-spin states indicates a substhiti = 1

admixture. The approximately equal valdgE2/M1) obtained for all such transitions suggests that mixing is
uniform within the ground-state band.

The IBM-1 formalism predicts essentially the sami@ slependence for M1 transitions'fi **Hf isotopes as does a
geometrical approach, and is thus capable of giaingast an equally good description of the dataddition, the

IBM-1 model yields the simple prediction th&(E2/M1) values ofy — y and y — g transitions should be
equal for the same initial and final spins, and thiediction seems to be borne out empiricallyrad been shown
that different signs fol3 - g and y — g A(E2/M1) values can be reproduced by the IBM-1 model.

Table (6): Magnetic Transition Probability B(M 1 J: - Ji+) for 72184t jsotopesin ,u,i

J' - 37 2t g Tt et 190y
2, - 2, 0.0038 0.028 0.0077 0.0035 0.0279
2, - 2 0.0773 0.024 0.0139 0.079 0.0732
3, - 2, 0.0034 0.0091 0.0089 0.00078 0.00039
3 -2, 0.037 0.025 0.0022 0.0062 0.00062
3,-2 0.017 0.0031 0.0065 0.0067 0.00048
4, - 4, 0.0035 0.0037 0.006 0.0045 0.0029
1, -0 0.814 0.822 0.768 0.834 0.88
1L -2 0.0018 0.0037 0.0173 0.002 0.0026
1 -2, 0.0138 0.0271 0.00162 0.0052 0.0031
1 - 2, 0.0971 0.093 0.023 0.0237 0.012

Table (7): Mixing Ratio O(E2/ M 1) for **™Ht in eb/,uN units

J . J . 172Hf 174Hf 176Hf 178Hf 180Hf

I 7Y [Exp. [1BM-1 Exp. IBM-1 Exp. IBM-1 Exp. IBM-1 |  Exp. IBM-1

22 - |oo0431| -2 | .3779 |5| >4 | 6431 0.410 0.621 9.8i§'g 10.761

2% -2 - | 10227 - 2.551 - 102| 0<32 20 6.8i§'§ 5.257

3 2 - | 4762 - 4.530 - 2.098 - -0.471 - 1.334

3i-4 . 1.320 - - - -

4y 8y - | 0007 | =25 | 185 |6| >07 | 122 - - 45(1.1) | 6573

2 4 . . 0.00039 | 0.0752 0.022 287 — 074701 | -0.931

62— 61 - | 3272 0.92(8) | -7.420 0.04 0.0073 - 0.761 - 32112
25
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CONCLUSION

Theoretical calculations df>**Hf (with Z=72) were performed by using IBM-1. TH&*"Hf total numbers of
bosons 14,15 respectively (weakly deformed) liethéntransitional region SU (3) O (6) and thé”®*®Hf isotopes
(total number of bosons 16,15 and 14 respectividg,in the dynamical symmetry SU (3) (deformedlei).

The low-lying levels and electromagnetic transitimobabilities of thé"?**Hf isotopes by using interacting boson
model-1 are compared with the available experimaf#ta. A good agreement was obvious.
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