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Abstract: In this study, the result of calculations using rotational, translational and Galilean invariant quasiparticle
random-phase approximation is presented for the low-lying dipole excitations in the even-even 160Gd nu-
cleus. Calculations are carried out for both ∆K=1 and ∆K=0 branches. The analysis shows that the main
part of spin-1 states, observed at energy 2.4–4 MeV in 160Gd, have M1 character and are interpreted as
main fragments of the scissors mode. The calculations indicate the presence of a few prominent negative-
parity dipole ∆K=1 states in the investigated energy region, in agreement with experiment.
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1. Introduction

Low-lying electric and magnetic dipole excitations inheavy nuclei are of great interest in modern nuclear struc-ture physics [1–3]. The existence of the new class of low-lying isovector excitation with spin and parity 1+ was pre-dicted within a semiclassical two-rotor model [4] and firstobserved in 1984 in 156Gd nucleus in inelastic electronscattering experiments [5] would be a good example tothis. These observations triggered a large number of bothexperimental and theoretical work on the this so-calledscissors mode excitations [1–3, 6–8]. Nowadays this mag-
∗E-mail: guliyev@physics.ab.az

netic dipole mode has been found for isotopes with a per-manent deformation in a wide region, beginning from thelight nuclei (such as 46Ti) up to the actinides, also includ-ing the transitional and γ-soft nuclei (see Ref. [3] and ref-erences therein). These observations prove that the scis-sors mode is a fundamental excitation mode of deformednuclei. However, up until now the parity assignment is notalways defined, so experimentally observed dipole statesof unknown parity, with ∆K = 1 quantum numbers, areusually assigned using Alaga rules of M1 magnetic dipoleexcitations [9]. In the recent (γ, γ′) scattering experimentson 160Gd nucleus, the E1 electric dipole excitations with∆K=1 quantum number have been observed at energiesbelow 4 MeV [10]. This showed that not all the ∆K=1transitions are of M1 character. In addition, the paritydeterminations allow identifying the low-lying dipole ex-
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citations in the spectroscopic region. Since experimentalevidences do not establish parities of many states, theclaim that all ∆K=1 states have magnetic character isopen to question. Therefore, the ∆K quantum number doesnot provide enough information to specify a parity of the
J = 1 states.For 160Gd nuclei there is not as much theoretical data,only some works in the QPM method that was done bySoloviev and coauthors [11, 12]. In those works, theyinvestigated the 160Gd nucleus in detail using both theQPM and QRPA methods. They showed that the natureof the transition does not change in general, once thetwo-phonon states are included. Most of the strongly ex-cited low-lying QPNM states are dominated by a singleQRPA phonon. But in those works, restoration of brokenrotational symmetry is not completely solved. Thereforethe identification of electric and magnetic dipole states of160Gd needs additional theoretical analyses.The aim of the present work is to investigate the featuresof the magnetic dipole states and to see if any E1 excita-tions with ∆K=1 transitions exist in the 2–4 MeV energyregion in 160Gd nucleus. There, by selection of suitableseparable effective isoscalar and isovector forces, withoutintroducing any additional parameters, we can restore ro-tational invariance of the model Hamiltonian within QRPAfor the description of the M1 modes, as well as transla-tional and Galilean invariance for the calculation of E1excitations in 160Gd nucleus. (A detailed description of themethod was given in Ref [13].) We calculate mean excita-tion energies and the summed B(M1) value and ground-state transition widths of the dipole excitations. The re-sults of the calculations are in good agreement with ob-tained from the experimental data for 160Gd.
2. Theoretical calculation
The method of restoring broken symmetries has been de-scribed in Ref. [13], and in framework of this theory we in-vestigated the low-lying dipole mode for nuclei from differ-ent areas [8, 13–16]. Therefore, we restrict ourselves hereto a short description of the applications to low-lying M1and E1 excitations.
2.1. Magnetic dipole states
The model Hamiltonian which produces 1+ states in de-formed nuclei is given by

H = Hsqp + h0 + h1 + Vστ , (1)
where h0 and h1 describe the isoscalar and isovectorrestoring interactions respectively. Here, Hsqp is the

Hamiltonian of the single-quasiparticle motion. The Vστterm takes into account the spin-isospin interaction whichproduce the 1+ states in deformed nuclei, and has the form
Vστ = 12χστ∑

i 6=j (~σi · ~σj )(~τi · ~τj ), (2)
where χστ- is spin –isospin interaction strength and ~σiand
~τi are the Pauli matrices that represent the spin and theisospin, respectively.According to Ref. [13] the rotational invariance of thesingle-quasiparticle Hamiltonian can be restored with theaid of a separable isoscalar and isovector effective inter-action, of the form

h0 = − 12γ0
∑
ν

[Hsqp − V1, Jν ]+[Hsqp − V1, Jν ] (3)
and

h1 = − 12γ1
∑
ν

[V1(r), Jν ]+[V1(r), Jν ]. (4)
Here, γ0and γ1 are the isoscalar and isovector couplingparameters, respectively. Jν are the spherical componentsof the angular momentum (ν = ±1); V1 is the isovectorpotential that describes the average nuclear field.
2.2. Electric dipole states
The model Hamiltonian that produces 1− states in de-formed nuclei and includes restoring h0 and h∆ interac-tions for Transitional and Galilean symmetries is

H = Hsqp + h0 + h∆ +W1, (5)
where Hsqp is the Hamiltonian for the single-quasiparticlemotion, and the interaction W1 represents the coherentisovector, dipole vibrations of protons and neutrons. Thecentre-of-mass (c.m.) of the nucleus is taken at rest.According to [13, 17], the translational invariance of thesingle-quasiparticle Hamiltonian can be restored with theaid of a separable isoscalar effective interaction of the form

h0 = − 12γ∑µ [Hsqp, Pµ ]+[Hsqp, Pµ ]. (6)
Here Pµ is the spherical components of the linear mo-mentum for the Jπ = 1− excitations, and µ = ±1. In orderto restore the broken Galilean symmetry of the pairingpotentials U∆,we further add a term in Eq. (5)

h∆ = − 12β∑µ [U∆, Pµ ]+[U∆, Pµ ]. (7)
The coupling parameters
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γ = 〈0| [P+
µ , [Hsqp, Pµ ] |0〉 and β = 〈0| [P+

µ , [U∆, Rµ ] |0〉are determined by the mean field and pairing potentials,respectively. Rµ = ∑A
k=1 rkYlm(Θk ,Φk ) is proportional tothe c.m. coordinates of the nucleus.For the transitional invariant, dipole-dipole interaction,we use the isovector form

W1 = 32π χ1
(
NZ
A

)2 (
~Rn − ~Rp

)2
. (8)

Here, χ1 is an isovector dipole-dipole coupling constant,and (~Rn, ~Rp) are the c.m. coordinates of the neutron andproton systems, respectively.
3. Results and discussion
3.1. Numerical procedure
The numerical calculations have been carried out for theeven-even 160Gd nucleus. The single-particle energies areobtained from the Warsaw-deformed Woods-Saxon po-tential [18]. The basis contains all discrete and quasi-discrete levels from the bottom of the potential well upto 3 MeV. Except for mean-field potential parameters, themodel contains only a single parameter for the calcula-tion of either M1, the spin-isospin interaction constant,namely χστ = 40/A MeV [19], and E1 the isovector dipole-dipole interaction parameter χ1 = 300/A5/3 MeVfm−2 [15].The monopole pairing-interaction constants taken fromSoloviev [20] are based on single-particle levels corre-sponding to the nucleus studied. Values of the pairingparameters ∆ and λ are shown in Tab. 1.

Table 1. Pairing correlation parameters (in MeV) and δ2 values for
the 160Gd nucleus.

Nucleus ∆n λn ∆p λp δ216064 Gd 0.90 -6.473 0.70 -8.664 0.231
To make a detailed structure analysis for the electric andmagnetic dipole states, the calculations were carried outfor both ∆K=1 and ∆K=0 branches in the energy inter-val between 2 and 4 MeV. The analysis shows that thestrongest ∆K=1 excitations in the investigated energyrange are mainly magnetic character.
3.2. Magnetic dipole excitations in 160Gd
The present calculation indicates the presence of twenty-four ∆K=1 excitations with high summed M1 strength

Figure 1. Comparison of the B(M1) scissors mode values calculated
for the 160Gd nucleus in the rotational invariant QRPA with
experimentally observed ones. Calculated M1 transitions
strengths are shown as a solid line. Symbol >•⊥ denotes the
experimental data for M1 excitations widths with ∆K=1.
Whereas

(>◦⊥) denotes the experimental data for tentative
to parity and ∆K quantum number and

(>•⊥) experimental
data only with unknown parity assignment.

∑
B(M1) = 4.2 µ2

N in the 1.8-4 MeV energy range. Ourorbit-to-spin ratio analysis shows that these excitationsare predominantly orbital in character belong to the scis-sors mode. Seven calculated 1+-states with ∆K=0 quan-tum number have a summed strength∑B(M1)= 0.359 µ2
N .Experimentally, for 160Gd nuclei, sixteen spin-1 excitationswere observed at excitation energies up to 3.5 MeV. Tak-ing into account only positive parity states, nine Iπ=1+states were experimentally obtained with ∆K=1 quantumnumber and summed strength ∑B(M1) = 3.38±0.35 µ2
Nat energies up to 3.5 MeV. Our calculated summed value is∑

B(M1) = 3.91 µ2
N for this energy interval, in good agree-ment with the experimental summed strength. The rela-tive contribution of the calculated positive-parity ∆K=0states to the summed B(M1) strength below 4 MeV is lessthan 10%. Experimental data [10] on 160Gd suggest thatthe ∆K=0 contributions of the magnetic dipole strengthshould be small (about 5%). Fig. 1 compares the calcu-lated magnetic dipole states with the experimental datafrom Ref. [10]. In accordance with the experiment, we ex-cluded transitions with strengths of less than 0.01 µ2

N fromthe figure.As seen from the figure the main part of the calculated M1dipole strength of the scissors mode Kπ=1+excitationsclustered in three groups around 2.1 MeV, 2.7 MeV and3.3 MeV. A similar situation arises for the experimentallyobtained states clustered around ωi = 2.7 MeV and ωi =3.3 MeV. However, the experiment did not observe muchclustering around 2.1 MeV. It would be very interesting tolook at the phonon structure of the calculated states. InTab. 2, the excitation energies, the reduced B(M1)
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Table 2. Structure of several Kπ =1+ states with largest B(M1) values
calculated with the rotational invariant QRPA Hamiltonians
in 160Gd below 3.5 MeV.

ωn(MeV) B(M1) (µ2
N ) Structure nnzΛΣ Amplitudes ψiss′1.902 1.017 nn 651↑-642↑ 0.778pp 532↑-523↑ -0.615

2.039 0.215 nn 640↑-651↑ 0.588nn 521↑-512↑ 0.245nn 651↑-642↑ -0.474pp 541↑-532↑ -0.174pp 532↑-523↑ -0.518
2.169 0.339 nn 640↑-651↑ -0.565nn 521↑-512↑ 0.349nn 651↑-642↑ -0.222nn 642↑-633↑ 0.243pp 541↑-532↑ 0.536pp 532↑-523↑ -0.277
2.206 0.138 nn 640↑-651↑ -0.522nn 521↑-512↑ 0.188nn 642↑-633↑ -0.328pp 541↑-532↑ -0.693pp 532↑-523↑ -0.161
2.557 0.110 nn 521↑-521↓ 0.181nn 532↓-523↓ -0.149nn 521↑-512↑ -0.374nn 642↑-633↑ 0.174pp 411↓-411↑ -0.809pp 411↑-402↑ 0.142pp 532↑-523↑ -0.143
2.617 0.521 nn 521↓-532↓ 0.144nn 521↓-521↑ -0.145nn 521↑-512↑ -0.538nn 523↓-514↓ 0.352nn 642↑-633↑ -0.459pp 420↑-411↑ 0.355pp 411↓-411↑ 0.290pp 422↓-413↓ -0.142pp 413↓-404↓ 0.150
2.855 0.535 nn 523↓-514↓ 0.634pp 420↑-411↑ -0.745
3.213 0.241 nn 532↓-523↓ -0.668pp 422↓-413↓ -0.199pp 411↑-402↑ -0.702
3.287 0.45 nn 521↓-532↓ 0.829pp 413↓-404↓ -0.540
3.461 0.107 nn 541↓-521↑ -0.841nn 521↓-532↓ -0.237pp 422↓-413↓ 0.214pp 413↓-404↓ -0.256pp 523↑-514↑ -0.230

probabilities, the single-particle asymptotic Nilssonquantum numbers (NnzΛΣ), and the two quasiparticle am-plitudes ψiss′ are given for ∆K=1 states. There we listthe largest two-quasineutron nn and two-quasiproton ppcomponents of the wave function of the one-phonon state.Notice that here we present only two-quasiparticle ampli-tudes (ψiss′ ) which contribution more than 1% to the normof the phonon wave function.The table shows that relevant one-phonon wave func-tions of the 1+-excitations are shared by a number oftwo-quasiparticle configurations. Several states have arelatively large number of two-quasiparticle configura-tions. This shows that low-lying, magnetic-dipole statesare strongly collectivized.
3.3. Electric dipole excitations in 160Gd

The calculation predicts thirteen ∆K=1 dipole states withhigh summed E1 strength ∑B(E1) =29.5× 10−3 e2fm2 inthe energy interval 1.8-4 MeV. For the ∆K=0 states, weobtained a summed strength ∑B(E1)=1.58 × 10−3e2fm2,with six states in the energy interval 1.8-4 MeV. For neg-ative parity E1 electric dipole excitations the theory pre-dicts a summed strength of ∑B(E1)=31.1× 10−3 e2fm2.Experimentally, six states of the 160Gd nuclei obtainedwere electric-dipole in character in the energy interval1.8 - 3.5 MeV. But in that experiment the exact spin andparity were determined only for two dipole states. So herewe avoided presenting any summed strengths for experi-mentally observed electric dipole states. We stress thatthis is one of the rare situations where it is possible tomeasure negative parity in this region. In many exper-imental cases, unknown-parity dipole states with ∆K=1were considered as magnetic dipole states. The presentobservation shows that not all states with ∆K=1 quantumnumber has M1 character. This supposition was discussedin our previous work [21]. In agreement with experimentalobservations, our calculations have shown some E1 exci-tations with ∆K=1 quantum number in the 3.2-3.6 MeVenergy region (see Fig. 2, solid lines). The theory predictssome more E1 levels around 2 MeV as well. In this region,only two E1 dipole states are experimentally observed,one of them with an unknown K quantum number. Ourcalculations show that electric dipole states with ∆K=0play a relatively weak role.We calculated the phonon structure of the electric dipolestates. In Tab. 3, the excitation energies, the reduced
B(E1) probabilities, the single-particle asymptotic Nils-son quantum numbers (NnzΛΣ), and the quasiparticle am-plitudes ψiss′ are given for the ∆K=1 branches of the E1excitations. As seen from the table, all calculated E1 ex-citations are single two-quasiparticle states contributing
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Figure 2. Comparison of the calculated B(E1) dipole strengths with
experimentally observed ones. Calculated E1 transitions
strengths with ∆K=1 are shown as a solid line and ∆K=0 is
a dashed line. Symbol >•⊥ denotes the experimental data for
E1 excitations with ∆K=1. Whereas >◦⊥ denotes the exper-
imental data with ∆K=0 and symbol >◦+⊥ denotes the exper-
imental data tentative to parity and ∆K quantum number.

Table 3. Structure of several Kπ =1− states with largest B(E1) val-
ues calculated with transitional and Galilean invariant QRPA
Hamiltonians in 160Gd below 4 MeV.

ωn(MeV) B(E1) (10−3 e2fm2) Structure nnzΛΣ Amplitudes ψiss′1.91 9.61 nn 523↑-642↑ 0.992.10 2.69 nn 512↑-642↓ 0.992.24 5.15 nn 521↑-651↓ 0.993.19 7.11 nn 532↑-651↑ -0.993.29 0.25 pp 532↑-402↓ 0.993.40 1.19 nn 514↑-633↑ 0.993.57 0.65 pp 523↓-404↓ -0.993.85 1.83 pp 541↓-422↓ -0.99

more than 99% to the wave function norm.As some of experimentally observed states are parity, andthe ∆K quantum number is unknown, it would be bet-ter to compare reduced transition widths of the low-lyingM1 and E1 dipole excitations. The reduced dipole transi-tion width is especially useful in this case, where par-ity determination of the individual excitations becomesquite difficult. Here, the calculated reduced transitionwidths Γred0 (M1)[10−3 MeV−2] = 3.86 · B(M1)[µ2
N ] andΓred0 (E1)[10−3 MeV−2] = 0.349 ·B(E1)[10−3 e2fm2] are com-

pared with experimentally observed ones for dipole exci-tations with ∆K=0 and ∆K=1 (Fig. 3).As seen from the figure, the main part of the calculateddipole strengths with ∆K=1 are clustered in three maingroups. Also in the 3.3 MeV energy region experimen-tally observed two electric dipole excitations with a ∆K=1quantum number. In this region, theory predicts one wellpronounced electric dipole state with ∆K=1. As seen fromthe figure, contributions of dipole states with ∆K=0 arevery small.We also calculated the summed reduced dipole transitionwidths. Comparison of calculated and experimentally [10]observed summed reduced dipole transition widths Γred0for the 160Gd, in the energy interval 2-4 MeV are given inTab. 4.
Table 4. Calculated ground-state M1 and E1 dipole transition widthsΓred0 [10−3 MeV−2] are compared with each other and ex-

perimental [10] data in energy region 2-4 MeV, in 160Gd.

K Theory Experiment [10]Γred0 (M1) Γred0 (E1) Γredtot.K Γred0 (M1) Γred0 (E1) Γredtot.K0 1.39 0.56 1.95 - 2.27 2.2701 12.27 6.85 19.12 13.82 3.32 17.14Γredtot.0 13.66 7.41 21.07 13.82 5.59 19.41
As can be seen from the table, the calculated magneticdipole reduced width with ∆K=1 quantum number is well-described experimental data. But in the case of E1 exci-tations, there appears some discrepancy. This may be anexcess number of unknown parity excitations. But as canbe seen from table, the calculations describe the total re-duced dipole width comparatively well. Comparison of re-sults shows a contribution of the calculated M1 transitionswith ∆K=1 about 1.7 time larger than the correspond-ing calculated E1 transitions. The relative contribution ofthe calculated M1 excitation widths with ∆K=1 is about57% of the calculated total dipole width (Γred.tot.0 = 21.0710−3 MeV−2) of the 160Gd nuclei, which is supported by nu-clear fluorescence experiments. Thus, many spin-1 stateswith ∆K=1 quantum number observed in 160Gd [10] haveM1 character, and may be interpreted as being a mainfragment of the scissors mode. Thus, our results show thatin 160Gd, almost all stronger M1 transitions have ∆K = 1character, as in the well-deformed nuclei [22].
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Figure 3. Experimental reduced dipole ground-state transition widths distributions in 160Gd [10] compared to the QRPA calculations. Calculated M1
transitions strengths are shown as a solid line and E1 transitions as a dashed line, respectively. Symbol >•⊥ and >◦⊥ denotes the experimental
data for M1 and E1 respectively, whereas

(>◦-⊥) and
(>◦+⊥) denote the experimental data for tentative IπK = 1−0 and IπK = 1+0 excitations

with unknown parity assignment, respectively. The
(>@⊥) denote the experimental data for tentative to parity and ∆K quantum number

and
(>•⊥) experimental data only with unknown parity assignment. Here experimental error bars are symbolical.

4. Conclusion

QRPA calculations with the rotational, translational andGalilean invariance model are made to investigate thelow-lying, electromagnetic dipole excitations in 160Gd.The calculations provide detailed information on the ex-citation energies, transitional probabilities and structureof low-lying dipole excitations using the QRPA approach.The theoretical calculations are compared with the exper-imental ones. As in many deformed nuclei, we observed in160Gd a concentration of the scissors-mode strength in theinterval 2.4-3.7 MeV. Our orbit-to-spin ratio calculationshows that M1 excitations have mainly an orbital charac-ter, where the contribution of states with spin character isrelatively small. The results of the calculations also showthat the relative contribution of ∆K=0 transitions to thetotal dipole decay width below 4 MeV is very small. Thisresult is in suitable agreement with experimental obser-vation.
As indicated in Ref. [10] the appearance of the dipole∆K=1 states with negative parity is confirmed by ourtheoretical calculations as well. From this point of view,the calculations indicate the presence of a few prominentnegative-parity ∆K=1 states in the 2-4 MeV energy in-terval.
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