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Abstract. Thus far, the low-lying dipole response has been observed throughout the deformed nuclear 

chart, with the exception of the transfermium region. In addition, the spectroscopic energy region of the 
254No nucleus has recently been investigated and a broad peak at ≈ 2.5 MeV has been observed. This 

study, for the first time, explains the fine structure of this experimentally observed broad peak by 

predicting it through the QRPA framework. More specifically, the calculations revealed the 

experimentally observed peak comprises at least six dipole excitations. 
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1. Introduction   

 

The scissors mode has been investigated across a broad spectrum of nuclei, ranging 

from less-deformed transitional and γ-soft nuclei to deformed nuclei within the rare-earth 

and actinide regions, with these studies taking both experimental (Margraf et al., 1990; 

1995; Herzberg et al., 1993; Friedrichs et al., 1994; Von Brentano et al., 1996; Reif et 

al., 1997; Schwengner et al., 1997; Fransen et al., 1999; 2003; Pietralla et al., 1999; 

Linnemann et al., 2003; Von Garrel et al., 2006; Garrote et al., 2022) and theoretical 

(Hamamoto & Åberg 1986; Nojarov & Faessler 1990; Kuliev et al., 2000; 2004; 2010;  

Guliyev et al., 2001; 2006; 2022; Heyde et al., 2010; Zenginerler et al., 2013; Tabar et 

al., 2022) approaches. Recent studies of the scissors mode have tended to focus on super 

heavy nuclei, however (Garrote et al., 2022). In this context, the excitations of the super 

heavy 254No nucleus produced in the 208Pb(48Ca, 2nγ)254No reaction, where the spectrum 

of γ rays are below the 4 MeV region, were measured (Garrote et al., 2022).  By 

measuring the linear polarization properties of the emitted γ-rays, the experimental study 

observed that dipole transitions directly predicted a magnetic dipole peak at around the 
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2.4-2.6 MeV range, but it was impossible to detect its fine structure. Although the 

observation provides very important information about the scissors mode for 

transfermium nuclei, our knowledge is confined due to the lack of information about the 

fine structure of the observed peak.   

Other theoretical and experimental works in the 2-4 MeV energy region have shown 

that E1 states are also present in the spectroscopic region (Iudice & Richter 1989; 1993; 

Kneissl et al., 1996; 2006; Kuliev et al., 2000), so it is necessary to investigate the fine 

structure of the observed peak.  

Thus, for the first time, the fine structure of the experimentally observed peak at ≈ 

2.5 MeV for the 254No nucleus  is  explained in this study, with the rotational Invariant 

(RI-), Translation and Galileo Invariant (TGI-) Quasiparticle Random Phase 

Approximation (QRPA) framework being used to achieve this. Furthermore, to obtain 

detailed information about this observed peak, we investigated the electric and magnetic 

dipole excitations in the same range. 

The invariance QRPA model applied in this study has demonstrated its effectiveness 

at describing E1 and M1 transitions in deformed nuclei (Kuliev et al., 2010; Guliyev et 

al., 2020; Quliyev et al., 2021; 2023; Tabar et al., 2022). In particular, our recent research 

suggests that the invariance QRPA model is also an effective tool for investigating dipole 

excitations, such that it is on a par with the latest QRPA models that have been applied to 

investigate dipole excitations (Guliyev et al., 2023). 

 

2. Theory 

 

The Hamiltonian which produces magnetic dipole states of deformed nuclei, single 

particle Hamiltonian (Hsqp), spin-spin forces (𝑉𝜎𝜏) and isoscaler (h0) and isovector (h1) 

restoration interactions is written as follows (Kuliev et al., 2000): 
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where  and  are Pauli matrices representing spin and isotopic spin, respectively.  

The model Hamiltonian, which produces 1− states in deformed nuclei, includes Hsqp 

the single-quasiparticle Hamiltonian (Equation 2), isovector part of dipole-dipole 

interaction (W1)and the h0 and hΔ restoration interactions for broken translational and 

Galilean symmetries is (Guliyev et al., 2002; Kuliev et al., 2010): 
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Using the well-known procedure of QRPA, the eigenvalues and eigenfunctions of 

the Hamiltonian are found by solving the following equation of motion for the E1 and M1 

states. 

    iii QQH ,  .                                                       (10) 

 

The reduced probabilities of M1 and E1 transitions for even-even deformed nuclei 

can be obtained using the mathematical expression within the framework of QRPA using 

the following  
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Radiation width of E1 and M1 excitations are given as follows 

 

meV M1)(B 86,3)1( 3
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where the excitation energy ωi is in MeV, B(M1) in 22 )2/( cme nN   and B(E1) in 

10−3e2fm2. More detailed information about the expressions given in Equations (1-14) and 

the abbreviations in these expressions are given in detail in our previous studies. For more 

detailed information on the RI-QRPA and TGI-QRPA models we used for M1 and E1 

transitions, respectively (Kuliev et al., 2000; Quliyev et al., 2021; 2023; Guliyev et al., 

2023). 

 

3. Results and Discussion  

 

The QRPA calculations were performed with the single particle energies and wave 

functions that were obtained from the axially symmetric Woods–Saxon potential (Dudek 

& Werner, 1978), which used the deformation parameters taken from Garrote et al. 

(2022). The total number of two-quasiparticle magnetic and electric states, which have 

maximum energies up to 40 MeV, was 2,227 (827 for K=0 and 1400 for K=1) and 1,869 

(891 for K=0 and 968 for K=1), respectively. The pairing between the quasiparticles was 

calculated using the conventional BCS equations that can be found in Soloviev (1976). 

The chemical potentials were calculated according to Soloviev’s method (1976), while 

the theoretical parameters are presented in Table 1. 
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Table 1. Pairing Δn (Δp) and chemical λn (λp) parameters, 2 and β2 values 

 

Nucleus β2 2 
Δn 

[MeV] 

Δp 

[MeV] 

λn 

[MeV] 

λp 

[MeV] 
254

108 146No
 

0.27 0.24 0.63 0.72 -7.000 -3.437 

 

For the calculations, the isovector dipole-dipole interaction constant (χ1) for E1 

excitations and the isovector spin-isospin interaction constant (χστ) for M1 excitations 

were set at χ1=400/A5/3 MeVfm−2 and χστ=25/A MeV, respectively. These values have 

been found to be successful for explaining the scissors mode, giant dipole resonance 

(GDR) and pygmy dipole resonance (PDR) calculations for actinide nuclei (Kuliev et al., 

2010; Tabar et al., 2021). 

The calculations predict the number of electric and magnetic dipole excitations 

within the spectroscopic energy region, with both of these playing a significant role in 

forming the dipole structure of the spectroscopic region. The calculations predicted 31 

magnetic dipole excitations, of which 24 were 1+1 and 7 were 1+0. The total B(M1) 

strength of the 1+1 levels was 7.543
2

N
, whereas the total B(M1) strength of the 1+0 levels 

was 0.790
2

N
. The calculation for the E1 transition predicted 37 1- states with 

ΣB(E1)=48.722·10-3e2fm2, where 21 of them were 1-1 and 16 of them were 1-0 states with 

ΣB(E1)=38.592·10-3e2fm2 and ΣB(E1)=10.130·10-3e2fm2. 

The dipole excitation strength distribution has been experimentally investigated, 

and this study observed one well-pronounced dipole excitation at around 2.5 MeV. In 

addition, by measuring the polarization asymmetry, an M1 character was directly 

identified (Garrote et al., 2022) (See top side of Figure 1). Despite the experiment 

performing linear polarization analysis and the presence of E1 states being detected, no 

E1 spectrum was obtained for this region. The experimental points below 500 keV 

correspond to pure E2 transitions in the ground-state band. As can be seen, despite 

theoretically predicting several excitations below 2.4 MeV, no excitations were 

experimentally observed in this region. Therefore, in this study, through QRPA 

calculations, we attempt to explain the structure of the observed broad peak at 2.5 MeV 

(lower part of Figure 1). Taking into account its large structure and length in the 

experiment, the study confirmed that this peak is formed by a large group of discrete 

transitions. Thus, the theoretical calculations in this present study focus on investigating 

the fine structure of the peak at ≈ 2.5 MeV. 

As can be seen from Figure 1, the peak around 2.5 MeV was experimentally 

observed with error bars between 2.4 and 2.6 MeV (Garrote et al., 2022), so to obtain 

detailed information about this observed peak, we here investigated the electric and 

magnetic dipole excitations within the same range. 

As the units of E1 and M1 excitation differ for their transition strengths, we 

presented them in terms of the ground state radiation width. The results of the calculations 

are presented in Table 2. 
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Figure 1. Comparison of the theoretical M1 and E1 dipole spectrums with experimental polarization 

asymmetry data in the region below 2500 keV for the 254No nuclide 

 
Table 2. The dipole strengths and radiation widths of dipole excitations in the 2.4–2.64 MeV region for 

the 254No nuclide 

 

M1  E1 

Branch 
ωi 

[MeV] 

B(M1) 

[
2

N
] 

Γ(M1) 

[meV] 
 Branch 

ωi 

[MeV] 

B(E1) 

[10-3e2fm2] 

Γ(E1) 

[meV] 

K=1 2.400 0.233 12.4  K=1 2.579 2.335 2.2 

K=1 2.419 2.346 128  K=0 2.598 0.223 1.4 

K=1 2.491 0.109 6.52      

K=1 2.634 1.648 116      
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As shown in our calculations, there are four M1 (K=1) and two E1 (K=1) excitations 

with total summed strengths of B(M1)=4.336𝜇𝑁
2  and B(E1)=0.597·10-3e2fm2, 

respectively, at the energy range between 2.4 and 2.64 MeV. Two of the predicted M1 

excitations are well pronounced with transition strengths of 2.346 and 1.648𝜇𝑁
2 . As the 

excitation at 2.634 MeV is very close to the experimentally observed peak, we included 

it here in our discussion. We can therefore say that the experimentally observed peak at 

2.5 MeV comprises at list six excitations, with two of them being well-pronounced 

magnetic dipole excitations that belong to the scissors mode. Based on our calculations, 

98.65% of the dipole excitations in the 2.4–2.64 MeV region have an M1 character, so 

we can conclude that the experimentally observed peak mainly comprises magnetic 

dipole excitations. We would also like to point out that when we compare our theoretical 

predictions with the experimental polarization analysis, the M1 state determined by the 

experimental polarization analysis at 2.5(1) MeV is probably the magnetic dipole 

excitations predicted here with transition strength B(M1)=2.346𝜇𝑁
2  at 2.419 MeV energy.  

Figure 2 shows the B(M1) strengths obtained in this work and the experimental 

results estimated through the simulations (Garrote et al., 2022). 
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Figure 2. Distribution of the calculated magnetic and electric dipole excitations within the 1.5–4 MeV 

energy region together with the experimentally estimated results from Garrote et al. (2022) 

 

In this present investigation, the B(π1) strength distributions for 254No in the 1.5–4 

MeV range were computed and juxtaposed with the experimental findings as well. To 

align with the histogram format of the simulation data from the experimental inquiry 

(Garrote et al., 2022), our theoretical outcomes were also presented through a histogram 

distribution in 100 keV steps, as shown in Figure 2a. Thus, to facilitate comparison with 

the experimental data, the theoretical probabilities for the E1 and M1 transitions were 

computed in 100 keV intervals in line with the experimental methodology. On comparing 

our theoretical results with the experimental data, it is clear that their distributions are 

compatible, especially for their maximums, which are very close to each other (around 

2.5 MeV). After 2.8 MeV, there is a clear decrease in the dipole spectrum. Figure 2b also 

compares the theoretical dipole strength function with the experimental histogram and 

the theoretical predictions agree with the experimental histogram distribution. 

As can be seen in the case of the theoretical results, the summed E1 and M1 

strengths are 48.722 10-3e2fm2 and 8.333𝜇𝑁
2 , respectively. While the units for the E1 and 

M1 transitions are different, we could convert between 10-3e2fm2 and 𝜇𝑁
2  units. With a 

conversion factor of 1𝜇𝑁
2 =11.06·10-3e2fm2, the total strength of the E1 transitions 

(48.722·10-3e2fm2) corresponds to 4.405𝜇𝑁
2 . When considering the M1 and E1 strengths 

of 8.333𝜇𝑁
2  and 4.405𝜇𝑁

2 , respectively, the summed M1+E1 strength in the 1.5–4 MeV 
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region is 12.738𝜇𝑁
2 . Our theoretical result agrees with the experimental data in terms of 

the experimental errors. Moreover, our theoretical value is very consistent with the sum-

rule estimate of B(M1)=12.1(13) 𝜇𝑁
2  that is cited in the experimental paper (Garrote et al., 

2022). When comparing our theoretical E1 and M1 results, we can see how E1 transitions 

contribute approximately 35%, but this contribution was treated as M1 states in the 

experimental observation. The centroid energy of the M1 states is 2.546 MeV, while the 

energy centroids of the K=0 and K=1 branches are 3.318 MeV and 2.465 MeV, 

respectively. The centroid energy value was calculated as being 2.861 MeV for the E1 

levels, while it was found to be 3.351 MeV for the 1-1 levels and 2.733 MeV for the 1-0 

levels. When considering the dipole spectrum, the centroid energy for the M1+E1 dipole 

states was calculated as being 2.655 MeV, which broadly agrees with the experimental 

prediction (≈2.5 MeV), at least within the experimental error range. 

 

4. Conclusion 
 

Using the QRPA approach, this study identified the fine structure of the 

experimentally observed broad peak in the 2.4-2.6 MeV range for the first time. 

Moreover, our calculations showed that this experimentally observed peak comprises at 

least six electric and magnetic dipole excitations, with two of them being well-

pronounced magnetic dipole excitations. The results presented here therefore contribute 

to advancing our understanding of the nuclear structure in superheavy nuclei and provide 

valuable guidance for future experimental studies in the field of nuclear physics. 
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