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In this paper, even-even '°47106Ry isotopes have been studied the ground state bands using Matlab computer
code (IBM-1.Mat). We apply the interacting boson model-1 (IBM-1) formula for O(6) symmetry in Ru isotopes
with neutron N = 60, 62. The theoretical energy levels up to spin-parity 12+ have been obtained for 1047106 Ry,
isotopes. The yrast states, gamma band, beta band, and B(E2) values are calculated for these nuclei. The published
experimental and calculated R4/2 values indicate that the even-even 104106 Ry, isotopes have O(6) dynamic symmetry.
The present results have been compared to the published experimental data and are found good harmony with each

other. The outcome of our investigation of the potential energy surfaces (PES) of both isotopes belonging to O(6)

character.

PACS: 21.10.-k;42.40.Ht; 42.30.Kq

1. INTRODUCTION

Recently Ruthenium isotope has been a focus of the
nuclear structure of many theoretical and experimen-
tal investigations. The low-lying even nuclei had
been successfully explained nuclear collective charac-
ters using IBM-1[1]. In the first beginning the collec-
tive states can be describes by a system of identical
bosons Np. These are S-boson (L = 0) and d-boson
(L = 2). There is no discrepancy between neutron
and proton in IBM-1. There are three dynamical
symmetries indicated by U(5) analogous to spherical
vibrator, SU(3) deformed rotor and O(6) -soft. The
microscopic a harmonic vibrator approach (MAVA)
used in investigating the lower level collective states
in Ruthenium isotopes [2].

The Ruthenium isotopes have atomic number
Z = 44. Tt belongs near to closed shell Sn (magic
number Z = 50). The external forms of even
104=106 Ry, isotopes have Wg;/g (6 proton holes) and

Vg;?’;z (10 and 12 neutron particles) close to magic

number 50. This configuration has been investigated
the ground state structure from spherical to deformed
symmetry. The edifice of yrast levels and electromag-
netic strength of Ru isotopes were studied by many
scientists [3-7].

Recently, the properties of the yrast level were
studied in Pd isotopes with even neutron N = 54...64
[8]. The electromagnetic reduced transition strength
of Cd isotopes with N = 66...74 were investigated [9].
The B(E2) value of yrast band of even 1927112 Pd and
96-102 Ry isotopes were investigated by IBM-1[10,11].
The lower level of 417 and 184Os nuclei were inves-
tigated [12].

The present aim particularly focuses the struc-
ture of the yrast band, gamma band and beta band,
electromagnetic transition and the potential energy
surfaces to find the dynamical symmetry of even
104—106 Ry, isotopes by the application of IBM.

2. METHODOLOGY

The Interacting Boson Model (IBM) gives occupation
to truncated model space for nuclei with N number of
nucleons. It provides a quantitative description of in-
distinguishable particles with forming pairs of L = 0
and 2. The Hamiltonian of IBM-1[13] is given

H=36+3ZL;Vi, (1)
where ¢; indicates energy of boson, V;; indicates po-
tential energy of boson between ¢ and j. Hamiltonian
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is given from multi-pole form [14]

H = sﬁd+aop.P+a1ﬁ.i+a2Q.Q+
+ 043T3.T3 + 044T4.T4 5 (2)
where
~ - 1 - - 1
o (gt p== _ Tz =z
g = (d7,d), 2(d. ) 2(8 3),

Q=1[d" x5+s" xd® - g[(ﬁ x d|?,
Ty =[dt xd®, Ty=[d" xd®

Here P ( the pairing operator), Q (quadrupole oper-
ator), ( number of ng boson), L (operator of angu-
lar momentum), and 75 (octupole operators), and T}
(hexadecapole operators).

The Hamiltonian starting with U(6) and complete
with group O(2) as given in Eq.(2) is bringing to
a lower state of three limits, gamma-soft O(6), vi-
bration U(5) and rotational SU(3) nuclei [15]. It is
known that the limit in the O(6), SU(3) and U(5)
the parameters are «q, as, and € respectively.

The Hamiltonian and eigen-values for the three
limits [16]:

U5):
I:IU(5) =eng + Oéli.fj + Q3T3.T3 + OL4T4.T4 s
E(ng, o, L) = eng + King(ng +4) +

+Ky0(0+3)+ KsL(L+1), (3)

with
K1 = 1/12@1,
Ky=—-1/10a1 4+ 1/7a3 —3/70ay,
K5 = —1/14&3 + 1/140,4
0(6) :
FIO(G) = Oéop.p—F OéllA/.[A/—f— 043T3.T3,
E(o,v, L) = K3[N(N +4) —o(c +4)] +
+Kyv(v+3)+ KsL(L + 1), (4)
with
Kl = 1/4(10,
Ky=1/2a3,
Ks;=-1/10a3 + a; .
SU(3) :

ﬁSU(g) = L.L+ a2Q~Qa
E\, p, L) = Ko [N 4 4 + Ap+ 3(A + )] +
+K5L(L+1), (5)

with

Ky =1/2ay,
K5 = ai —3/8@2.
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K, Ko, K3, K4, and K5 are other strength parame-
ters.

Then applying particular limit of symmetry
(O(6), SU(3), U(5)) to determine the frame of a set
of nuclei is more advantageous than full Hamiltonian
of IBM-1. It comprise multi-free parameters those
make it simple to fit the structure of a nuclei.

3. RESULTS AND DISCUSSION

The obtained results can be discussed for yrast state,
~v-band, B-band, effective charge, transition probabil-
ities B(E2), maxing ratio and potential energy sur-
faces. The calculations were done by IBM-1.

The vy-unstable limit has applied for 194:196 Ry, nu-
clei using published data of energy ratios (Eq : Ey :
Eg: Eg=1:25:4.5:6.5). In the IBM-1, the even
104,106 Ro; nuclei have 3 proton boson holes and 5 and
6 neutron boson particle respectively. Therefore to-
tal bosons numbers of 1% Ru and '°Ru nuclei are
8 and 9, respectively. The IBM-1 models carry out
with no difference between the bosons of proton and
neutron. The energy ratio R = E4;r / E2;r gives the
information of the symmetry shapes of a nucleus. The
symbol E2] and F4] are at energy level 2] and 4]
respectively. It is known that the R = B4 /E2] ~
is for U(5), R = E4f/E2} ~ 2.5 is for O(6) and
R = F4] /E2] =~ 3.33 for SU(3) [17,18]. The experi-
mental Ry /o of 104 Ry, and 196 Ru isotopes is 2.48 and
2.60, respectively. In Fig.1 shows Ry values and
found O(6) symmetry in °4Ru and 196 Ru isotopes.
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Fig.1. The arrows indicate the U(5), O(6) and

SU(3) limits. The E(47)/E(27) wvalues of ex-
perimental data [22] of the %4106 Ry isotopes are
presented as function of neutrons

The best fit was taken up to 127 of Ru isotopes
with neutron N = 60, 62. The parameters were de-
termined the experimental eigen values (E(ng4, o, L))
from the equation (4). Where ny, o, and L are quan-
tum numbers. The parameters are shown in Table 1.



Table 1. Adopted values of parameters used for IBM-1 calculations. All parameters are given in MeV
excepted N and CHQ

A N € ag ay az as Q4 CHQ(x)
104, | 8 | 0.000 | 0.1098 | 0.0180 | 0.000 | 0.1770 | 0.000 0.000
106Rw | 9 | 0.000 | 0.0990 | 0.0102 | 0.000 | 0.1513 | 0.000 0.000

The calculated energy levels as well as experimen-
tal data are presented in Table 2. According to the
weight of fitting the Ru — 104 and Ru — 106 nuclei
are good candidates of O(6) symmetry.

Table 2. g-band (in MeV ) for even 104=106 Ry,

nucles

IBM Exp. IBM Exp.

JTF
104 Ry, 106 Ry,

ot 0.000 0.000 0.000 0.000
2+ 1 0.3558 | 0.3580 | 0.2726 | 0.2700
4% | 0.8910 | 0.8884 | 0.6570 | 0.7147*
6% | 1.6056 | 1.5564 | 1.1532 | 1.2958*
8t | 2.4996 | 2.3204 | 1.7612 | 1.9734*
10 | 3.5730 | 3.1119 | 2.4810 | 2.7050
12+ | 4.8258 — 3.3126 | 3.4500*

The present data of y-bands and -bands are pre-
sented in Tables 3 and 4 and they are compared with
published measured data. From the tables, the IBM
calculations and experimental results are in good
agreements [19].

Table 3. y-band (in MeV' ) for even 04=106 Ry,

nuclet
IBM Exp. IBM Exp.
JTI'
1O4RU 106Ru

2+ | 0.8868 | 0.8931 | 0.7256 | 0.7923
3t | 1.5966 | 1.2424 | 1.2610 | 1.0915*
4% | 1.5990 | 1.5026 | 1.3002 | 1.3068*
5t | 2.4870 | 1.8723* | 1.9082 | 1.6411*
67 | 2.4906 | 2.1966* | 1.9670 | 1.9078*
7t | 3.5568 — 2.6672 | 2.2841*
8t | 3.4878 — 2.7456 | 2.9600*
9t | 4.8060 — 3.6360 —

Table 4. B-band (in MeV ) for even 104=106 Ry,

nucles
IBM Exp. IBM Exp.
J‘IT
104 Ry, 106 Ry,

0t | 0.9882 | 0.9882 | 0.9900 | 0.9906
2t | 1.3440 | 1.5154 | 1.2626 | 1.3922
4+ | 1.8792 | 2.0808 | 1.6470 —
61 | 2.5938 — 2.1432 —
8t | 3.5616 — 2.7512 —
10T | 4.8120 — 3.5380 —

The reduced electric transition probabilities give
the more properties on the structure of nuclei. It is
known that the E'2 transition operator must be a Her-
mitian tensor of rank two; consequently, the number
of bosons must be conserved.

T2 = o, [dts+std]P + 8, [a*d)® | (6)

where (sT,d") are creation and (s, d) are annihilation
operators for bosons s and d. TE2 is the operator of
reduced matrix elements of the F2. «as is indicated
the effective quadrupole charge and s is dimension-
less coefficient, B2 = xas.

B(E2, J; = Jj) = (T |T22)[ 7). ()

2J; +1

The parameters, as and By of Eq.(6), ac-
commodated suitably a set to reproduce the
published B(E2;2{ — 07). The effective
charge (ep) in present calculation is shown in
Table 5. The values of ep were estimated
to reproduce experimentally (B(E2;27 — 07)).

Table 5. Effective charge for even =196 Ry nuclei

A N | eg(ed)
104 Ry 8 0.0935
106 Ry 9 0.0916
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The values 35 = 0 for 104196 Ry isotopes because
these nuclei have the O(6) property. The values of
B(E2) data are presented in Table 6 for Ru iso-
topes with neutron N = 60, 62 in this study [19].
The calculated data of IBM-1 is good agreements
with the available published experimental results.

Table 6. The B(E2) value (in €2b?) of even
104106 Ry jsotopes

IBM | Exp. | IBM | Exp.

Ji — Jf
104Ru 106Ru

27 —0f | 0.1679 | 0.1682 | 0.1966 | 0.1966
4F — 27 | 0.2273 | 0.2149 | 0.2689 -
45 — 25 | 0.1282 - 0.1541 -
67 — 4] | 0.2448 - 0.2941 -
65 — 44 | 0.1626 - 0.2000 -
87 — 67 | 0.2384 - 0.2934 —
107 — 87 | 0.2152 - 0.2747 -
105 — 85 | 0.0941 - 0.0000 -
25 — 2 1 0.2273 | 0.1957 | 0.2689 —
45 —4F ] 0.1166 — 0.1401 —
65 — 67 | 0.0759 - 0.0933 -
85 — 8 | 0.0000 - 0.0659 -

The application of potential energy surface (PES)
gives the information to find microscopic and geomet-
ric shapes such as spherical, prolate, oblate and

~-independent (v-soft)). It gives us about symmetry,
the shape of nuclei, the minimum deepness and the
change of the shape. The PES plots using Skyrme
mean field method was drawn by IBM Hamiltonian
[20-23]. The state is a product of the boson creation
operators b} with

1 N
b= (14627 {s+ + B [cosw(dé)—f—

++/1/2 sinfy(d2+ + di2)]} . (9)
The energy surface as a function of 5 and +, has
been given [1]

E(N,B,v) =
Negf3?

N(N-1) :
(1+5%) + (1+82)% (a1 B*+a2 43 cos 3y+azf2+aua)

(10)

Here the «;’s are related to the Casimir coefficients
Cr, v, 1y, us and ug. [ were indicated the total de-
formation of a nucleus. Then, we can re-write equa-
tion (10) for O(6) limit [19]. Fig.2 shows the contour
plots in the v — 8 plane resulting from E(N, §,~) for
104 Ry and %6 Ru isotopes. The color lines show the
values of the potential energy surface in MeV. The
potential surfaces are approximately independent of
gamma only. The mapped IBM energy surfaces of
104 Ry and 19 Ru are O(6) character.
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Fig.2. Contour map of potential energy surfaces for Ru isotopes with N = 60, 62

4. CONCLUSIONS

The yrast band, gamma band and beta band, elec-
tromagnetic transition and potential energy surface
of "Ry and '% Ry isotopes have been calculated
in term of O(6) limit of IBM-1. The levels up to
12% of 104106 Ry nucleus are found by the Hamilto-
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nian of IBM-1. The analyses of the IBM-1 results
suggest a satisfactory agreement with the published
experimental data. It is established that interacting
boson approximations for 1% Ru and %6 Ru isotopes
are considered as gamma soft O(6) symmetry.
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NCCJIEAOBAHUE CTPYKTYPBI OCHOBHBIX COCTOSAHUMN YETHO-YETHBIX
MN30TOIIOB 04106 Ry,

I. Hossain, Huda H. Kassim, FadhilI. Sharrad, Mushtaq A. Al-Jubbori, A. Salam, M.Saleem

Hcnonp3ys Matlab komnbrorepusbiii kox (IBM-1.Mat), uccienoBaauch noa0cbl OCHOBHBIX COCTOSIHUI YeTHO-
gerHbrx n30TonoB 047196 Ry, Mpr mpumennmn dbopmyty momenn-1 B3ammozeitcTBytomux 6030n08 (IBM-1)
ans O(6) cummverpun Ru-uzoronos s N = 60, 62 ueiirponos. Teopernueckue 3HAUCHUs SHEPIETUUECKUX
ypOBHeiT 110 3HaMenuil ciuH-9eTHocTH 127 6pumn momydenst s uzoronos 1047196 Ry, JIna stux amep soramc-
JIEHBI yrast-COCTOAHUS, Y-ONOChl, J-momockl u B(FE2)-semmauabl. OmyGauKOBaHHBIE 3KCIEPUMEHTATLHBIE
U pacyeTHbIe BeJIMYuHbI R4/2 nokasbiBalor, 4ro erHo-uerHbie m3orombl 047106 Ry pveror O(6) aunamu-
YECKYI0 CUMMETPHUIO. DTU PE3YJIbTATHI CPABHUBAJIKUCH € OMyOJMKOBAHHBIME JAHHBIME SKCIEPUMEHTATbHBIX
WCCIIeIOBaHME, U HAMIEHO XOpolllee coryiacue Mexkay HuMu. Harrmm mncciiejoBanns MOBEepXHOCTH MOTEHITHAITb-
Hoit snepruu (ITI1D) ykaseBator Ha O(6) xapakrep 000MX H30TOIOB.

JOCJIITI2KEHHSA CTPYKTVYPU I'OJIOBHUX CTAHIB ITAPHO-ITAPHUX I30OTOIIIB
104-106 Ry,

I. Hossain, Huda H. Kassim, FadhilI. Sharrad, Mushtaq A. Al-Jubbori, A. Salam, M. Saleem

Buxkopucrosytoun Matlab komm’orepunit ko (IBM-1.Mat), mocaimskeni mosocw OCHOBHWX CTaHiB TapHO-
mapaux izoromin 147106 Ry, Mu 3acrocysanm dbopmymy momeni-1 Bzaemomiounx 6ozomis (IBM-1) aaa O(6)
cumerpii Ru-i3oromis ais N = 60, 62 neiirponis. TeopernyHi 3HaUeHHS eHEPreTUYHUX DIBHIB /[0 3HAYEHBb
crin-maprocti 12% 6yam orpumani mst izoronis %4719 Ru. Jus nux amep obuuncieni yrast-cTamm, y-CMyTH,
B-cuyru Ta B(E2)-penmaman. OmyGmikoBaHi eKCIIEPAMEHTANBHI Ta PO3paxXyHKOBl Bermawan R4/2 mokasy-
10Th, 1110 napuo-napii isoronu 194710 Ry mators O(6) qunamiuny cumerpimo. LIi po3spaxyHKH HOpiBHIOBAIMCD
3 OmyOIIKOBAaHUME JTAHUMH €KCIIEPUMEHTAIBHAX MOCTIIKEHb, 1 3HANIeHO n0Ope y3romKeHHs MixK HuMu. Ha-
i JocsTiiKeHHs oBepxHi moreHnianbrol eneprii (IIIIE) sraszyror va O(6) xapakrep 060X i30ToMiB.

18



