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The nature of the yrast negative-parity band and its ‘chiral’ like partner band in 104Ag is in-
vestigated experimentally and theoretically. Lifetimes of states in the negative-parity yrast band
and positive-parity band based on the 4424 keV level is measured using Doppler shift attenuation
technique. Lifetime of 3 more states have been determined along with upper limit for the lifetime
of the highest observed yrast states. Further, lifetime known from earlier studies are determined
with better precision. The level scheme of 104Ag has also been extended with the addition of new
enhanced E1 transitions linking the positive-parity band based on the 4424 keV levels and the yrast
negative-parity and its partner band. B(E1) and/or B(E1)/B(M1) values for the transitions from
positive parity band to the yrast and its partner band have been determined for the first time;
these suggest strong octupole correlation between the positive parity and the negative parity bands.
Calculations based on Triaxial Projected Shell Model (TPSM) and Covariant Density Functional
Theory (CDFT) have been performed to unravel the intrinsic structures of the partner band and
the excited positive-parity band. TPSM calculations predict that doublet bands have significant
angular momentum contributions along the three principle axis, suggesting that bands could have
chiral symmetry breaking origin. The CDFT calculations predict a π(g9/2)−1 ⊗ ν(h11/2)(g7/2,d5/2)2

aligned quasi-particle configuration for the negative-parity doublet bands with deformation param-
eters β ≈ 0.20 and γ ≈ 5o. The partner band could be interpreted as a chiral vibration mode
built on top of the yrast band. The excited positive-parity band is predicted to have aligned four
quasi-particle configuration, namely, π(g9/2)−1 ⊗ ν(h11/2)2 (g7/2,d5/2)1. Further, these calculations

predict significant octupole softness in 104Ag which could be the reason for enhanced E1 transitions
between the four quasi-particle positive-parity band and the doublet negative-parity bands.

I. INTRODUCTION1

The structure of nuclei in A∼ 100 region exhibit single-2

particle and a variety of collective features. The rich band3

structures observed and the transitions among them ren-4

der this region an ideal laboratory to test various nuclear5

structure models and the approximations used therein.6

Apart from the usual collective rotation of a deformed nu-7

cleus, many magnetic and anti-magnetic rotational (MR8
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and AMR) bands have also been reported in nuclei in9

this region [1–4]. These bands are observed in nuclei10

near the shell closures having small deformation values.11

The MR bands are understood be arising from the cou-12

pling of neutron and proton angular momenta oriented13

almost perpendicular to each other at the band head and14

the generation of angular momentum is due to the align-15

ment of these angular momenta along the rotational axis.16

This resembles closing of a pair of blades of a shear with17

neutron and proton angular momenta as the blades of18

the shear, thus these bands are also sometimes referred19

as shears band. AMR bands are interpreted to be aris-20

ing due to the simultaneous alignment of two (or more)21

symmetric anti-aligned proton hole blades along the neu-22
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tron particle angular momentum, a twin (or more) shears23

mechanism. Further, the phenomenon of chirality in nu-24

clei, first suggested by Frauendorf and Meng [5] is gener-25

ally accepted as one of the signatures of triaxial shapes in26

nuclei and it has been a major focus of recent studies in27

the A ∼ 100 region [6–9]. The phenomenon of chirality28

arises in nuclei due to spontaneous left-right symmetry29

breaking in triaxial shaped nuclei giving rise to a pair30

of nearly degenerate bands with identical energy states.31

These bands in odd-odd triaxial nuclei are thought to32

arise due to the alignment of angular momentum of the33

two odd nucleons along the long and the short axis of the34

nucleus for a hole and particle like nature, respectively35

and the angular momentum of the triaxial core aligned36

along the intermediate axis; thus giving rise to a left or37

a right-handed system in the intrinsic frame of reference,38

depending on which side of the short-long plane is the39

total angular momentum vector of the nucleus. How-40

ever, states in bands of different configuration could also41

have accidental degeneracy, thus to qualify as true chi-42

ral bands the states in the two bands must have very43

similar physical properties like moment of inertia, quasi-44

particle alignments, in-band B(M1), B(E2) values and45

B(M1)/B(E2) ratios. Additionally they must also have46

a smooth energy staggering as a function of spin and a47

characteristic staggering of B(M1)/B(E2) ratios for the48

in-band and out of band and energy degeneracy of states49

at same spin [10–12].50

In many cases near energy degeneracy of ‘chiral bands’51

is observed but the transition probabilities in the two52

bands are found to be different, as in the case of 134Pr53

[13] and 102Rh [14]. In the silver isotope 106Ag, chiral like54

bands were observed by P. Joshi et al. [10] based on πg−1

9/255

⊗ νh11/2 configuration. This is the only case other than56

the best known candidates for chiral bands in 126,128Cs57

[15, 16] where a crossing is observed between the chiral58

partners. However, Joshi et al. found that the bands59

have different shapes near the crossover point (I∼14~).60

These bands were further investigated by E.O. Lieder et61

al. [17] based on lifetime measurements but in conclusion62

they found that the yrast negative-parity band based on63

πg−1

9/2 ⊗ νh11/2 configuration and its proposed partner64

bands are not chiral partners. In fact, they suggested a65

different configuration, discussed in detail in the present66

work, to the partner band. Wang et al. [18] reported ob-67

servation of chiral doublet bands based on πg−1

9/2 ⊗ νh11/268

configuration in 104Ag, however, earlier study by Datta et69

al. [19] had found these bands to be magnetic rotational70

bands. Dar et al. [20] analysed such doublet bands in A71

∼ 100 (including such bands in 106,104Ag) based on Tri-72

axial Projected Shell Model (TPSM) and concluded that73

these bands have different intrinsic structures. Further,74

few relatively strong E1 transitions were observed from75

a positive-parity band with band head at 4424 keV and76

the yrast negative-parity band. The positive-parity band77

was suggested to have a four quasi-particle π(g9/2)
−1 ⊗78

ν (h11/2)
2(g7/2,d5/2) configuration in Ref. [18, 19]. In an79

effort to have a better understanding of the underlying80

intrinsic structures and interactions between the bands,81

lifetime measurements of the levels in the yrast and the82

excited bands were performed in the present work. In83

section II, the details of the experiment are described;84

section III gives the details of analysis and results includ-85

ing the observation some new interband and intraband86

γ-transitions, in section IV the results are discussed us-87

ing the TPSM and Covariant Density Functional Theory88

(CDFT); and finally section V summarizes the present89

work.90

II. EXPERIMENTAL DETAILS91

High spin excited states of 104Ag nucleus were popu-92

lated by using 76Ge (32S, p3nγ)104Ag fusion evaporation93

reaction at beam energy of 110 MeV. The 32S beam was94

delivered by 14-UD BARC-TIFR Pelletron Facility at95

Tata Institute of Fundamental Research (TIFR), Mum-96

bai. The target was fabricated by evaporating enriched97

76Ge (500 µg/cm2) on gold foil of thickness 26 mg/cm2.98

A thin layer of aluminium (11 µg/cm2) acted as adhesive99

was placed between 76Ge and gold foil. The emitted de-100

exciting gamma rays were detected by Indian National101

Gamma Array (INGA) consisting of 18 Compton sup-102

pressed clover detectors [21]. The clover detectors were103

placed at 6 different angles viz. 40◦, 65◦, 90◦, 115◦, 140◦104

and 157◦ with respect to the beam direction. Approxi-105

mately 3.2 x 109 two and higher-fold γ − γ coincidence106

event collected. The energy and efficiency calibration107

were done by using standard 152Eu and 133Ba radioac-108

tive sources placed at the target position.109

III. DATA ANALYSIS AND RESULTS110

A. Level Scheme111

The data were sorted in γ-γ symmetric and asymmet-112

ric matrices by using MARCOS program [21] and anal-113

ysed using RADWARE software packages [22, 23]. The114

symmetric matrix was used to check the published level115

scheme and to place new gamma rays in the level scheme116

by generating various gated spectra and asymmetric ma-117

trix were used to determine the multipolarities of the118

γ-ray transitions from the measurement of the ratio of119

directional correlation from oriented states (RDCO) [24].120

The asymmetric matrix with gamma rays detected by de-121

tectors at 140◦ ring on one axis and gamma rays detected122

by detectors at 90◦ on other axis was used to determine123

DCO ratios and defined as124

RDCO =
Iγ (Observed at 140◦ , gate on 90◦)

Iγ (Observed at 90◦, gate on 140◦)

The DCO ratios determined for most of the transitions125

are by using 346 keV (10− → 9−) γ-ray as gate, the126
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typical value of DCO ratio for a quadrupole transition127

was found to be ∼ 1.6 and for a dipole transition it was128

∼ 1.0. The DCO ratios determined were found consistent129

with earlier study by P. Datta et al. [19].130

The partial level scheme of the odd-odd 104Ag nucleus131

obtained from present work is shown in Fig. 1. In Fig.132

2(a) gated gamma ray spectra are shown with gate on133

865 keV (8−→ 7+, band A), 406 keV (17+ → 16+, band134

C) γ-ray in 2(b) and with gate on 450 keV (15−→14−,135

band B) γ-ray in 2(c). The level scheme was built on136

the basis of coincidence relationship, relative intensities137

and directional correlation of gamma rays. Most of the138

γ-transitions reported in the earlier studies [[18], [19]]139

were observed, however, transitions only relevant to the140

present study are shown in partial level scheme in Fig.141

1 as listed in Table I. Four new gamma transitions 947142

keV, 1069 keV, 607 keV and 747 keV were also observed143

and placed in the level scheme. The details of gamma en-144

ergies, level energies, initial and final spin states, RDCO145

are given in Table I. In the previous study by Z. Wang146

et al. [18] the placement of 1232.6 keV γ-ray transition,147

de-exciting 6133 keV level in the yrast band was tenta-148

tive. In the present study, the placement and spin of 19~149

for the 6133 keV level based on coincidence conditions150

and DCO ratio measurements of 605 keV transition are151

confirmed. The negative-parity for 6133 keV level is be-152

cause 1233 keV transition could only be E2 since M2 or153

other higher multipolarities are much less likely. There-154

fore, for this level spin-parity adopted is 19−.155

In band B, the RDCO values of 499 keV and 329 keV156

transitions de-exciting from 2711 keV and 3040 keV lev-157

els, respectively, are found to be close to 1 with a gate on158

a dipole 175 keV transition with very little mixing [19, 25]159

thus, the spin assignments of levels 2711 and 3040 keV160

levels are confirmed, however, parities are still kept ten-161

tative following the adoption by Z. Wang et al. [18]. A162

new transition (607 keV) de-exciting from level at 3648163

keV to level at 3040 keV was observed and is placed in164

the level scheme. Two new E1 transitions from band C165

to band B from 17+ to 16− (947 keV) and from 16+ to166

15− (1069 keV) were also observed and are placed in the167

level scheme. These new transitions can be seen in Fig.168

2(c) in the gated spectra with gate on 450 keV (15−→169

14−) transition in band B with Eγ marked in red colour.170

Other gated γ-spectra are also shown in Fig. 2(a) and171

(b).172

B. Level Lifetime Analysis using the Doppler Shift173

Attenuation Method (DSAM)174

DSAM analysis was carried out to extract lifetime of175

excited states of band A and band C. Data were sorted176

into angle dependent asymmetric matrices, wherein the177

γ-rays observed at one of the four (40◦, 65◦, 140◦ and178

157◦) possible angles on the y-axis and coincident γ-rays179

detected at the 90◦ on the x-axis. The analysis was car-180

ried out by using the LINESHAPE [26] package together181

with developments reported in the Ref. [27]. The same182

is merited with the use of stopping powers of SRIM [28]183

software for simulation of residue trajectories through184

target and backing media and thus reduces systematic185

uncertainty on the lifetime results vis-a-vis that from the186

use of older stopping power models as implemented in the187

LINESHAPE package. As per the routine procedure of188

the DSAM analysis, the calculated Doppler-broadened189

lineshapes were least square fitted to the experimental190

spectra at different angles in order to determine the life-191

time of the respective level. The detailed methodology is192

described in a number of papers such as Ref. [29]. The193

parameters of fitting include the level lifetime, the side194

feeding lifetime, the spectrum background and the height195

of the transition peak along with that of the neighbouring196

contamination peak, if any. For each level of interest, a197

single feeder state was used to model the side feeding con-198

tribution to the observed experimental γ-ray transition199

peak. During the analysis χ2 minimization was carried200

out for experimental spectra beginning from the topmost201

level which was assumed to be 100% side fed. Lifetime202

of the level, the side feeding time and other parameter203

were allowed to vary for converging into a χ2 minimum.204

In the second step, the side feeding time and the life-205

time of levels were allowed to vary simultaneously while206

keeping the other (spectrum) parameters of individual207

states fixed at the values obtained in the previous steps.208

The lifetimes corresponding to those arrived at from this209

global minimization were the final values quoted herein.210

In the present DSAM analysis both spectra generated211

with gate on transition below (GTB) as well as spectra212

with gate on transition above (GTA) the transition of213

interest wherever feasible, are used. One of the spectra214

corresponding to the GTB was generated by summing215

gates on 346 keV, 333 keV and 444 keV transitions of the216

yrast band (Band A). Lifetimes of the states 15−, 16−,217

17−, 18− and 19− belonging to Band A, were extracted218

from analysis of this spectrum. The experimental spectra219

along with fitted Doppler shapes at four different angles220

for some of these de-exciting transitions are shown in Fig.221

3 (a,b). Lifetimes of the 16+ and the 17+ states of band222

C were also extracted from analysis of the same spectrum223

with GTB.224

As far as the present data are concerned, no Doppler225

shapes were observed for transition de-exciting the 14+226

and the 15+ states of Band C. Given the stopping time of227

the 104Ag residues in the target and backing media for the228

experiment is ∼ 1.3 ps, not observing Doppler shape for229

these transitions would mean that the lifetimes of the cor-230

responding levels are > 4 ps. This is consistent with the231

propositions of Datta et al. [19]. The lifetime of the 16+232

and 17+ states, as mentioned earlier, could be determined233

from the analysis of the GTB spectrum corresponding to234

the sum gates on 346 keV, 333 keV and 444 keV keV235

transitions of Band A. The lifetimes of the still higher236

(18+, 19+) states of Band C were extracted from anal-237

ysis of another GTB spectrum generated from the sum238

of gates on 361 keV , 1604 keV, 1484 keV, 926 keV and239
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TABLE I. γ energy (Eγ), level energy (Ei), relative intensity (Iγ), RDCO of the γ transitions in 104Ag obtain from the gate on
pure dipole 346 keV transition.

Eγ(keV)* Ei(keV) Jπ
i →Jπ

j Intensity(Iγ) DCO ratio(RDCO)

99.3 212 7+→6+ 120.6(60)
112.6 113 6+→5+ 162.9(81)
175.2 1253 9−→8− 126.0(63) 0.95(1)
297.2 3648 14−→13− 5.1(3) 1.06(8)
310.1 3351 13−→12− 3.7(2) 1.06(11)

328.9 3040 12−→11(−) 1.7(1) 1.07(11)a

332.8 1932 11−→10− 89.6(45) 1.01(3)
346.3 1599 10−→9− 100.0(50) 1.13(1)b

361.4 4786 15+→14+ 2.9(2) 0.91(9)
380.8 5166 16+→15+ 7.3(4) 0.99(12)
406.1 5572 17+→16+ 9.9(5) 0.92(5)
443.8 2376 12−→11− 53.9(52) 0.99(1)
444.7 2820 13−→12− 50.9(25) 0.99(1)
449.6 4097 15−→14− 5.8(3) 0.90(7)
480.1 6053 18+→17+ 10.5(5)
481.2 3301 14−→13− 40.3(20) 1.02(2)

499.3 2711 11(−)→10(−) 1.6(3) 1.02(14)a

507.8 3809 15−→14− 26.4(13) 0.93(2)
519.8 4329 16−→15− 15.6(8) 0.90(5)
521.7 1599 10−→8− 3.7(2)
527.6 4625 16−→15− 4.8(2) 1.08(11)
543.6 6596 19+→18+ 2.9(2)
564.2 7161 20+→19+ 2.7(2)
572.3 4901 17−→16− 7.9(4) 0.90(6)
604.8 6133 19−→18− 4.8(3) 0.91(9)
606.6 3648 14−→12− 0.6(2)
627.7 5529 18−→17− 5.5(3) 1.00(13)

638.9 3351 13−→11(−) 0.7(1)
678.9 1932 11−→9− 17.4(9) 1.55(3)b

746.7 4097 15−→13− ≤1
776.7 2376 12−→10− 12.3(6) 1.64(8)
796.2 4097 15−→14− 0.7(1)

827.7 3040 12−→10(−) 0.8(2)
828.1 3648 14−→13− 3.4(2) 1.13(8)
865.2 1077 8−→7+ 40.6(21)#

888.4 2820 13−→11− 15.5(8) 1.56(13)
925.8 3301 14−→12− 11.2(6) 1.49(14)
946.9 5572 17+→16− 1.0(1)

959.3 2212 10(−)→9− 2.4(2)
975.3 3351 13−→12− 2.6(2) 1.03(18)
977.1 4625 16−→14− 1.0(2)
989.0 3809 15−→13− 7.6(4) 1.40(7)
1027.3 4329 16−→14− 4.9(3)
1069.4 5166 16+→15− 1.0(1)
1091.8 4901 17−→15− 2.2(1)
1108.9 3040 12−→11− 3.3(2) 1.09(10)

1112.9 2711 11(−)→10− 1.5(1)
1200.1 5529 18−→16− 2.1(3)
1232.6 6133 19−→17− 1.8(3)
1357.4 5166 16+→15− 3.1(2) 1.10(33)
1399.3 5208 →15− 1.1(1)
1484.4 4786 15+→14− 5.2(3) 0.88(12)
1604.4 4424 14+→13− 3.0(2) 1.04(25)

aDCO ratio from gate on 175 keV dipole transition
bDCO ratio from gate on 444 keV dipole transition

* The uncertainty in γ-ray energy is within 0.5 keV and the level energies are rounded of to the nearest integer value.
# The level at 1077 keV de-excites by other transitions to lower levels as reported in [18], these were observed in the present

study but not listed in this table.
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FIG. 1. Partial level scheme of the 104Ag nucleus obtained from the present work, only γ-ray transitions relevant to the present
study are shown, see text for details. The newly added γ-ray transitions are shown in red colour and the confirmed γ-ray
transitions or spin/parity are shown in blue colour. The widths of the arrow correspond approximately to the intensity of the
γ-ray transition.

989 keV transitions. The choice of gates was such that240

there was no contribution of the 481 keV (14− → 13−)241

transition in the observed Doppler shape of the 480 keV242

(18+ → 17+) transition peak of Band C. That, because in243

this selection of gates, the 481 keV transition of Band A244

is being contributed only by the 1484 keV transition de-245

exciting the long-lived 15+ state of Band C. Thus, the246

481 keV transition peak could be defined as a stopped247

contaminant one in the analysis of the Doppler shape of248

the 480 keV transition.249250

The B(E1)/B(M1) and B(E1) values determined for251

transitions from Band C to Band A and Band B are252

given in Table III.253

Lifetimes of some of the states of Band A could also be254

determined from analysis of spectrum corresponding to a255

gate set on transition above (GTA) the levels of interest.256

Such analysis is known to eliminate the uncertainties as-257

sociated with the sidefeeding, albeit the count statistics258

in the (GTA) spectra is often sparse and the technique259

cannot be practiced at large. In the present analysis, a260

gate on the 572 keV (17− → 16−) was used to determine261

the lifetimes of the 14−, 15−, 16− levels of Band A, that262
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TABLE II. Spin (Iπ) , γ-energy (Eγ ), level energy, measured level lifetime from present work using the GTB (τGTB), side
feeding lifetime obtain from GTB technique (τS.F.) and level lifetime obtain using GTA (τGTA) technique, Adopted lifetime
(τ ), the reduced transition probabilities B(M1) for band A and band C.

Iπ Eγ Level
energy

τGTB τS.F. τGTA Adopted τ B(M1)↓ B(M1)↓

(~) (keV) (keV) (ps) (ps) (ps) (ps) µ2
N (W.u.)

Band A

14− 481.2 3301 0.52 +0.06
−0.06 0.52 +0.06

−0.06 0.76+0.09
−0.09 0.42+0.05

−0.05

15− 507.8 3809 0.37+0.05
−0.05 0.43+0.05

−0.05 0.40 +0.06
−0.05 0.40 +0.06

−0.05 0.85 +0.13
−0.11 0.47 +0.07

−0.06

16− 519.8 4329 0.37 +0.05
−0.05 0.35+0.05

−0.05 0.37+0.06
−0.06 0.37+0.06

−0.05 0.83+0.13
−0.11 0.46+0.07

−0.06

17− 572.3 4901 0.25 +0.05
−0.05 0.31+0.06

−0.05 0.25 +0.05
−0.05 0.95+0.19

−0.19 0.53+0.11
−0.11

18− 627.7 5529 0.29+0.05
−0.05 0.19+0.08

−0.05 0.29+0.05
−0.05 0.58+0.10

−0.10 0.32+0.06
−0.06

19− 604.8 6133 0.68 ↓ 0.68 ↓ 0.28 ↑ 0.16 ↑

Band C

16+ 380.8 5166 0.61+0.05
−0.05 0.79+0.06

−0.06 0.61+0.05
−0.05 1.08+0.09

−0.09 0.60+0.05
−0.05

17+ 406.1 5572 1.34 ↓ 1.34 ↓ 0.58 ↑ 0.32 ↑

18+ 480.1 6053 0.39+0.05
−0.05 0.41+0.05

−0.05 0.39+0.05
−0.05 1.31+0.17

−0.17 0.73+0.09
−0.09

19+ 543.6 6596 0.86 ↓ 0.86 ↓ 0.41 ↑ 0.23 ↑

TABLE III. Spin (Iπ) , γ-energy (Eγ ), branching ratio, B(E1)/B(M1) values, the reduced transition probabilities B(E1).

Iπ Eγ(E1) Br. B(E1)/B(M1) B(E1)↓

(~) (MeV) (10−4 efm/µN )2 (10−5 W.u.)

15+ 1.484 0.64 2.84+0.25
−0.25

16+ 1.357 0.27 1.03+0.09
−0.09 7.84+0.64

−0.64

1.069 0.09 0.68+0.08
−0.08 5.34+0.44

−0.44

17+ 0.947 0.09 0.88+0.10
−0.10 3.50 ↑

are respectively de-excited by the 481 keV, 508 keV and263

520 keV transitions. The fitted lineshapes to the exper-264

imental spectra at four different angles for 481 keV de-265

exciting transition is shown in Fig. 3 (c). The extracted266

lifetimes of 14−, 15−, 16− states has been tabulated in267

Table II. The lifetime values obtained for the 15− and268

16− states are in superior overlap with these obtained269

from the previous analysis using spectrum corresponding270

to the GTB. This provides a validation for the latter.271

The uncertainties on lifetime values have been calculated272

from χ2 analysis added in quadrature to the systematic273

contribution of the stopping powers that is ∼ 5% [28] .274

The reduced transitional probability was calculated275

from the measured level lifetime τ , using [30]276

B(M1) ↓=
0.05697Bγ(M1)

E3
γ(M1)τ [1 + αt(M1)]

[(µN )2] (1)

where αt(M1) is the total internal conversion coefficient277

of the transition and Bγ(M1) is the branching ratio. The278

Eγ in the above expression is in MeV and τ is in picosec-279

ond. We have assumed the values of mixing ratio to be280

negligible to estimate the B(M1) values. Further, for281

Eγ > 300 keV the total internal conversion coefficient of282

the transition αt(M1) is found to be negligible.283
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FIG. 2. γ-γ coincidence spectra with the (a) 865 keV, (b)
406 keV and (c) 450 keV gates belonging to Band A, Band
C and Band B respectively. The newly observed γ transition
from the present work are shown with energy marking in red
colour.

IV. DISCUSSION284

In the study by P. Datta et al. [19] the yrast285

Band A and Band B (Fig.1) were assigned π(g9/2)
−1

286

⊗ ν(h11/2)(g7/2,d5/2)
2 configuration with the neutron287

quasiparticle in favoured and unfavoured orbits of h11/2288

orbital respectively based on cranked shell model calcu-289

lations. These bands were further proposed to be mag-290

netic rotational bands. Wang et al. [18] claimed that291

Band A and Band B were chiral partner bands based292

on π(g9/2)
−1 ⊗ ν(h11/2) configuration, however, it was293

also stated that more experimental data were required294

to confirm this conclusion. The positive-parity Band C295

was also assigned to be a magnetic rotational band in296

Ref. [19] using tilted axis cranking calculations and in297

Ref. [18] this band was assigned a four quasiparticle con-298

figuration: π(g9/2)
−1 ⊗ ν(h11/2)

2(g7/2,d5/2)
1 based on299

comparison to four quasiparticle bands in neighbouring300

106Ag [31] and 108Ag [32] silver isotopes.301

The E1 transitions from the positive-parity Band C to302

the negative-parity bands are significantly strong as is303

evident from Table III with high B(E1) values (∼10−4
304

W.u.). In 109Te, De Angelis et al. [33] had reported305

strong E1 transitions with similar B(E1) values between306

bands with (h11/2)
2(g7/2,d5/2)

1 and (h11/2)(g7/2,d5/2)
2

307

configurations in 109Te. These were ascribed to strong308

octupole correlations due to the mixing of configurations309

induced by rotation. It is to be noted that such strong310

octupole correlations have been observed in 108Te [34],311

114Xe [35], 117Xe [36] and 124,125Cs [37] nuclei close to312

A∼100 region similar to those reported in 124,125Ba [38].313

To better understand the above band structures and314

the measured transition probabilities, we have carried out315

Triaxial Projected Shell Model (TPSM) and Covarient316

Density Functional Theory (CDFT) calculations. Pre-317

dictions of these models and their comparison with the318

data are described below:319

A. Triaxial Projected Shell Model Results320

In recent years, the TPSM approach has been demon-321

strated to reproduce the high-spin properties of well de-322

formed and transitional nuclei reasonably well [39, 40].323

In particular, it has been shown that it reproduces the324

properties of doublet bands observed in odd-odd [41],325

odd-mass [42] and also in even-even [39] systems quite326

well. In the earlier version, the basis space in the327

TPSM approach for odd-odd nuclei was composed of328

one-neutron coupled to one-proton quasiparticle config-329

urations [43]. This basis space was obviously quite re-330

strictive and allowed to study only low-lying states in331

odd-odd nuclei. To study the high-spin states in odd-332

odd nuclei around and beyond the band crossing, it is333

important to include two-neutron and two-proton states334

coupled to the basic one-neutron plus one-proton state.335

These basis states have been recently included in the336

TPSM approach and already some studies have been337

performed [41]. In order to investigate the properties338

of 104Ag, the TPSM basis states have been constructed339

with the basis deformation of ǫ = 0.142 and ǫ′ = 0.100,340

which correspond to quadrupole deformation β∼0.15 and341

γ∼35o [19, 44]. The deformed triaxial basis generated are342

projected onto good angular-momentum states through343



8

10

15

20

25

10

20

30

40

1

2

3

4

5

6

10

15

20

25

10

20

30

40

1
2
3
4
5
6

9

12

15

18

10

20

30

1

2

3

4

5

400 410

9

12

15

18

500 510 520 530

10

20

30

470 480 490

1

2

3

4

406 keV 508 and 520 keV 481 keV

157
o

140
o

90
o

40
o

157
o

157
o

140
o

140
o

90
o

90
o

40
o

40
o

Energy ( keV )

C
o

u
n

ts
 (

 1
0

0
 )

(a) (b) (c)

FIG. 3. The experimental spectra along with the fitted lineshape for the γ transitions 406 keV, 508 keV, 520 keV and 481 keV
transition of band A and C. The lineshape of the γ transition, contamination peaks and total lineshape are shown by blue,
green and red curves, respectively.

three-dimensional angular-momentum projection formal-344

ism [45]. The projected basis are then employed to diag-345

onalize the shell model Hamiltonian consisting of pairing346

plus quadrupole-quadrupole interaction terms. The pro-347

jected energies obtained after shell model diagonalization348

for 104Ag odd-odd nucleus are depicted and compared349

with the corresponding experimental data in Fig. 4. It is350

evident from the figure that overall agreement between351

the calculated and the measured energies is quite reason-352

able.353354355356

In order to shed light on the possibility that two ob-357

served negative bands may be associated with the chiral358

symmetry breaking mechanism, we have calculated the359

angular momentum projections along the three principle360

axis. As is well known that chiral symmetry results for361

a triaxial system, having finite angular-momentum pro-362

jection along all the three principle axis. The angular-363

momentum projections are plotted in Fig. 5 for the two364

doublet bands, and it is evident from the results that365

three axis have finite angular-momentum projections.366

This suggests that two negative-parity observed bands367

could be associated with the chiral symmetry. Simi-368

lar analysis have recently been carried out for 104Mo369

in ref. [48], and more details on the calculations can be370

found in the cited article.371

In Fig. 6 the experimental kinematic moment of in-372
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ertia is compared with the calculated moment of iner-373

tia for bands A and B. The moment of inertia for the374

two bands are quite different at spins below 15~, how-375

ever they tend to become similar at higher spins. The376

transition probabilities have also been evaluated using377

the projected wave functions after diagonalization with378

the expressions given in Ref. [43]. The parameters of379

gπl = 1, gνl = 0, gπs = 5.586× 0.85, gνs = −3.826× 0.85380

and the effective charges of eπ = 1.5e and eν = 0.5e have381

been employed as in our earlier work [43].It is evident382

from Fig.7 that B(M1)/B(E2) ratios of the yrast and the383

partner band are in good agreement with the experimen-384

tal data. The calculated transition probabilities B(M1)385

and B(E2) versus spin are compared with the experimen-386

tal data in Fig. 8. Individual calculated values are com-387

pared with the known values from various experimental388

measurements. The TPSM calculated B(E2) values are389

slightly higher than the measured ones. To investigate390

positive-parity states in 104Ag, TPSM approach needs to391

be generalised to include two major shells for the valence392

space. This development is presently under progress and393

the results will be published in a separate communica-394

tion.395

B. Covariant Density Functional Theory Results396

To understand the structure of the bands in 104Ag,397

calculations based on the covariant density functional398

theory (CDFT) [49–51] have been carried out. The en-399

ergy spectra, angular momenta and electromagnetic tran-400

sition probabilities have been calculated by the three-401

dimensional cranking covariant density functional the-402

ory (3DTAC-CDFT) [52–54]. The octupole deformation403

of the ground state in 104Ag has been examined based404

on CDFT in 3D lattice [55–57]. The relativistic density405

functional PC-PK1 [58] is used, which has demonstrated406

high predictive power to describe nuclear masses [59–61],407

magnetic and antimagnetic rotations [62–64] and chiral408

rotations [52], etc. For the 3DTAC-CDFT calculation,409410411412

the Dirac equation is solved in a 3D harmonic oscilla-413

tor basis in Cartesian coordinates with 10 major shells414

which provide convergent results for nuclei in A ∼ 100415

mass region [52]. The configuration-fixed constrained tri-416

axial CDFT calculations similar to those in Ref. [65] were417

performed for various low-lying particle-hole excitations418

in 104Ag. Detailed results are listed in Table. IV. Three419

positive-parity configurations are labelled as α+, β+ and420

γ+. Two negative-parity configurations are labeled as421

α− and β−.422

The energy spectra based on these configurations are423

shown in Fig. 9 in comparison with the experimental424

data. For the negative-parity band A, the configuration425

β− can be excluded because its energy is too high. The426

possible configuration is α−. At the rotational frequency427

~ω = 0.0 MeV, the alignment of the valence neutrons in428

(g7/2, d5/2) orbits of α− is roughly zero, indicating they429

are fully paired. As the rotational frequency increases,430
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FIG. 9. Calculated rotational energies as function of the an-
gular momenta in comparison with the data.

two of the valence neutrons in (g7/2, d5/2) orbits align431

toward each other and contribute an angular momentum432

of roughly 6~ at the rotational frequency ~ω = 0.4 MeV433

(I∼12~). There is no proper configuration for band B in434

the present calculations. Considering the fact that bands435

A and B are lying close to each other, band B might be436

a chiral partner band of band A.437

To justify the chiral nature of bands A and B, the mag-438

nitude of triaxial deformation and the orientation angles439

θ and φ of the total angular momentum J in the intrin-440

sic frame are examined. The obtained results are very441

similar its neighbouring odd-odd nucleus 106Ag [53]. In442

Fig. 10(a), the potential energy surface of 104Ag at the443

rotational frequency ~ω = 0.4MeV is shown with the444

configuration fixed to α−. Although the triaxial defor-445

mation is only γ ≈ 5◦ at the minimum, the potential446

energy surface is soft in the triaxial direction; the energy447

rise is less than 1.5 MeV with the change in triaxial de-448

formation of 22◦. For the orientation angles of the total449

angular momentum J in the intrinsic frame, the polar450

angle θ varies from 64◦ to 80◦ driven by the increasing451

rotational frequency from 0.1 MeV to 0.6 MeV, while452

the azimuth angle φ vanishes at all rotational frequen-453

cies. Although this corresponds to a planar rotation, the454

angular momentum J can execute a quantal motion, os-455

cillating around the planar equilibrium into the left- and456

right-handed sectors, which leads to the so-called chiral457

vibration. The experimental observation of chiral vibra-458

tion requires a relatively low vibrational energy, which in459

turn requires a slow rise in Routhian curve along the φ de-460

gree of freedom. In Fig. 10 (b), the total Routhian curve461

at rotational frequency ~ω = 0.4MeV for the configura-462

tion α− is shown as a function of the azimuth angle φω of463

the angular velocity ω. It can be seen that the Routhian464

grows very slowly with the increasing φω; rising only sev-465

eral tens of keV from φω = 0◦ to 30◦. This indicates that466

the chiral vibration around the planar equilibrium into467
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the left- and right-handed sectors should be substantial,468

and a pair of chiral vibrational bands can be generated469

based on the configuration α−.470

Amongst the positive-parity configurations, α+ corre-471

sponds to the low-lying states with single-particle nature472

as suggested in Ref. [18]. Both configurations β+ and473

γ+ are possible for band C from the energy spectra and474

the final result needs the help from the angular momenta475

and B(M1) results in Fig. 11.476

The angular momentum vs. rotational frequency and477

B(M1) vs. spin curves for configurations α−, β+ and478

γ+ are also compared with the data as shown in Fig.479

11. The calculated angular momenta and B(M1) values480

based on α− reproduce the data reasonably well, thus481

the configuration assignment to bands A and B is vali-482

dated. For band C, the angular momenta and B(M1)483

values are reproduced well based on the configuration484

β+. Even though the calculated angular momenta based485
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TABLE IV. Binding energies, deformations β and γ, and the corresponding configurations for the minima α+, β+, γ+, α−
and β− in 104Ag obtained in the configuration-fixed 3DTAC-CDFT calculations with PC-PK1.

State E(MeV) β γ Configurations

α+ 886.9 0.189 0.0◦ π(g−3
9/2) ⊗ ν(g7/2, d5/2)7

β+ 883.7 0.240 7.5◦ π(g−3
9/2) ⊗ ν(h2

11/2)(g7/2, d5/2)5

γ+ 884.5 0.220 19.4◦ π(g−2
9/2)(p1/2, p3/2)−1 ⊗ ν(h1

11/2)(g7/2, d5/2)6

α− 885.7 0.220 0.0◦ π(g−3
9/2) ⊗ ν(h1

11/2)(g7/2, d5/2)6

β− 883.4 0.242 39.0◦ π(g−1
9/2)(p1/2, p3/2)−2 ⊗ ν(h1

11/2)(g7/2, d5/2)6

FIG. 12. Plot of the quasiparticle alignment as a function of
spin for 104Ag and 106Ag. The Harries parameters used are
ℑ0=7.0 ~

2/MeV, ℑ1=15.0 ~
4/MeV [46].

on γ+ reproduce the data satisfactorily, γ+ should be486

excluded because it strongly overestimates the B(M1)487

values. The theoretically suggested configuration is con-488

sistent with the one suggested in Ref. [19], however, the489

deformation parameters predicted from present calcula-490

tions are β=0.24 and γ=7.5o while in Ref. [19] it was491

suggested to be β=0.18 and γ=25o.492

The quasiparticle alignments of bands A and B can be493

compared with those of bands 1-3 from the neighbour-494

ing odd-odd nucleus 106Ag [17, 53] as shown in Fig. 12.495

The configuration of band A can be assigned as πg−1
9/2 ⊗496

νh11/2 at low spins and as πg−1
9/2 ⊗ νh11/2(gd)

2 at high497

spins. The configuration of band B can be assigned as498

πg−1

9/2 ⊗ νh11/2(gd)
2. Bands A and B are probably chiral499

doublet bands based on πg−1

9/2 ⊗ νh11/2(gd)
2, similar to500

the bands 2 and 3 in 106Ag.501

Experimentally, there are a few relatively strong E1502

transitions connecting the positive-parity band and the503

yrast negative-parity band. To explore the octupole cor-504

relations in 104Ag, the potential energy surface in the505

β20 − β30 plane for the ground state of 104Ag is calcu-506

lated by CDFT in 3D lattice and shown in Fig. 13. For507
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FIG. 13. The potential energy surface of 104Ag calculated
using 3D lattice CDFT. The energies are normalized to the
ground state with (β20, β30) = (0.195, 0.0). The contour sep-
aration is 0.2 MeV.

the CDFT calculations, the step sizes along the x, y and508

z axes are chosen as 1.0 fm. The grid numbers are 24509

for the x and y axes and 28 for the z axis. The size of510

the space adopted here is sufficient to obtain converged511

solutions. Although the octupole deformation β30 = 0◦512

at the minimum, the potential energy surface is rather513

soft in the octupole direction; the energy rise is less than514

0.4 MeV with change in octupole deformation of 0.05.515

Similar to the interpretation for the chiral doublet bands516

with octupole correlations in 124Cs [37] and 78Br [66], the517

octupole soft nature predicted in 104Ag is expected to be518

responsible for the enhanced E1 transitions between the519

positive and negative-parity bands.520

V. SUMMARY521

High spin structure in 104Ag nucleus has been investi-522

gated through the fusion evaporation reaction 76Ge(32S,523

p3n) at beam energy of 110 MeV. In the present study,524

lifetime measurements have been done for various states525

in the negative-parity yrast band and positive-parity526

magnetic rotational band at an excitation energy of 4424527
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keV. Lifetimes of 7 states and upper limits on lifetime528

of 3 states were obtained using the DSAM technique.529

Lifetime of 3 states (17−, 18−, 19−) of yrast band and530

16+ state of positive band based on 4424 keV have been531

determined for the first time. In case of states where532

lifetime have been known from earlier studies, the errors533

have been reduced significantly. From our directional534

correlation measurements of gamma rays (DCO) we have535

also been able to confirm some of the spin-parity assign-536

ments which were tentatively assigned before. We have537

observed enhanced E1 transitions (three known from ear-538

lier studies and two more from the present study) from539

the positive-parity band based on 4424 keV to the yrast540

and its proposed (from earlier study) chiral partner band.541

We have performed calculations based on TPSM and542

CDFT approaches to understand the above mentioned543

band structures. It is evident from the presented re-544

sults that TPSM provides a reasonable description of all545

the properties of the two observed negative-parity bands.546

Further, it has been shown that two bands have finite547

angular-momentum projections along the three princi-548

ple axis, which indicates that two bands could be asso-549

ciated with the chiral symmetry breaking. The CDFT550

calculations suggest assignment of πg9/2
−1 ⊗ νh11/2 for551

the yrast band and above spin of ∼12~, π(g9/2)
−1 ⊗552

ν(h11/2)(g7/2,d5/2)
2 aligned quasiparticle configuration553

for the yrast and the partner band. The deformations554

predicted for the yrast and the partner band are β ≈555

0.20 and γ ≈ 5o at higher spins. The partner band556

can be thought to be a chiral vibrational mode built557

on top of the yrast band. The positive-parity band558

based on 4424 keV state is predicted to have π(g9/2)
−1

559

⊗ν(h11/2)
2(g7/2,d5/2)

1 aligned quasiparticle configura-560

tion. The potential energy surface calculations based on561

CDFT predicts significant softness with respect to oc-562

tupole deformation and this could be the reason for the563

enhanced E1 transitions from the above positive-parity564

band to the yrast and it’s chiral partner band. This565

is analogous to the octupole correlations observed along566

with chiral doublet bands in 78Br and 124Cs.567
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