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We present the first experimental evidence of the scissors mode in the superheavy nucleus 254No 
produced in the 208Pb(48Ca, 2nγ ))254No reaction. The spectrum of γ rays emitted by the excited 
254No nuclei shows an enhanced γ -ray yield for transition energies of ≈ 2.5 MeV. By measuring 
the linear polarization properties of the emitted γ rays, we confirm that the transitions in the 
enhancement region are predominantly of magnetic-dipole character, characteristic for the scissors mode. 
To further characterize the enhanced γ -ray yield, simulations of the electromagnetic decay of 254No were 
performed. The observed enhancement is reproduced by including an M1 component in the γ strength 
function with total strength B(M1↑) = 11.8(19) µ2

N . This is in good agreement with the integrated 
M1 strength from sum-rule estimates and new calculations within the quasi-particle random-phase 
approximation presented here. Our results provide a stringent test of phenomenological formulae for 
the scissors mode currently used in stellar nucleosynthesis calculations. We find that those formulae are 
not satisfactory, and we recommend using sum-rule estimates assuming a rigid-body moment of inertia 
instead for describing the scissors mode in superheavy nuclei.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

The scissors mode is a collective excitation of deformed many-
body systems undergoing rotational oscillations. It was first pro-
posed [1] and discovered [2] in the atomic nucleus, and since 
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then, has been observed in several other many-body systems [3]. 
Measuring the strength of the scissors mode provides direct infor-
mation on the moment of inertia of the system. It is therefore an 
excellent tool to demonstrate the occurrence of superfluidity [4,5]. 
In the atomic nucleus, the scissors mode manifests itself as a broad 
peak of magnetic dipole (M1) character in the 2-4 MeV region of 
the γ -strength function (γ -SF), which is, in essence, the probabil-
ity of the nucleus to deexcite by emitting photons with a certain 
energy. The presence of the scissors mode in the γ -SF is rele-
vant for stellar nucleosynthesis processes, like the rapid neutron-
capture process (r process), as it increases the neutron-capture 
probability [6–8]. The increment of the neutron-capture probability 
depends not only on the strength of the scissors mode, but also on 
its position. In the particular case that the scissors mode lies just 
above the neutron separation energy, which is plausible for some 
of the neutron-rich nuclides in the r-process path, the inclusion 
of the scissors mode in reaction calculations could enhance the 
neutron-capture cross section by two orders of magnitude [9].

Experimental data indicate that the strength of the scissors 
mode is larger in heavier nuclides. Total reduced M1 strengths, 
B(M1↑) = 7.8-9.8 µ2

N
8 were measured in some of the lighter ac-

tinides using the Oslo method [10–12]. These values are consid-
erably larger than the ones obtained, for example, in the well 
deformed 160-164Dy nuclides: B(M1↑) ≈ 5 µ2

N [13,14]. Sum-rule 
estimates assuming a rigid-body moment of inertia [10,15] can 
describe, within errors, the B(M1↑) values measured in the ac-
tinides [10–12]. For 254No, the nucleus investigated in this work, 
the sum rules predict a scissors mode centered at 2.1 MeV 
with B(M1↑) = 12.1(13) µ2

N , based on the deformation parame-
ter β2 = 0.27(3) reported in Refs. [16–18].

Because of its larger strength, the scissors mode could play an 
important role in the heaviest nuclides produced in r-process nu-
cleosynthesis. For those nuclides with a sufficiently high fission 
barrier, an enhancement in the γ -SF due to the presence of a 
large scissors mode could boost the neutron capture channel rel-
ative to fission with subsequent consequences for the synthesis 
of the heaviest nuclides. Efforts to include the scissors mode in 
phenomenological formulae used in nuclear reaction codes started 
only recently [7,19]. The validity of these formulae in the region 
of the heaviest nuclides, however, is not clear, as the parameters 
used in the expressions are obtained by comparing to experimen-
tal data, which is scarce in this mass region. The observation of 
the scissors mode is presently not possible for most of the heavi-
est nuclides, specially for those in the r-process path. 254No is one 
of the heaviest nuclides that can be produced in the laboratory 
with a high enough rate [20] to allow for the observation of the 
scissors mode.

The present work was performed with the following goals: (1) 
The first observation of the scissors mode in a transfermium nu-
clide. The unambiguous identification of the scissors mode requires 
not only the observation of an enhancement of γ -ray intensity in 
the 2-4 MeV region of the spectrum, but also the experimental ver-
ification of its M1 character. The present work provides the first 
direct measurement of the M1 character of this enhancement,9

giving strength to the previous works on the scissors mode in the 
actinide region [10–12], in which the M1 character of the enhance-
ment was just assumed. (2) An estimation of the scissors strength 
and centroid in 254No. As discussed above, the B(M1↑) strength 
of the scissors mode and its centroid are presently extrapolated 

8 For consistency, we report here the total B(M1 ↑) values obtained from the nu-
merical integral of the γ -SF over the entire energy range. See Eq. (19) in Ref. [14].

9 The M1 character of the enhancement in the 2-4 MeV region of the γ -SF of 
172Yb [21] was inferred in Ref. [22] by comparing experimentally based, statistical-
model calculations to two-step-cascade spectra.

for the heaviest nuclides in r-process path. Although 254No is rel-
atively far from the r-process path, it is the heaviest nuclide for 
which experimental data on the scissors mode will be available to 
test currently used phenomenological formulae [7,19].

2. Experimental details

The experiment was performed for a period of two weeks 
at the Accelerator Laboratory of the University of Jyväskylä. The 
208Pb(48Ca, 2n)254No reaction was employed at two different beam 
energies of 220 and 222 MeV, with an average beam intensity of 
30 pnA, and a target thickness of ≈ 500 µ g/cm2. At these ener-
gies, competing fusion-evaporation channels amount to less than 
1% of the total fusion-evaporation cross section [23]. The 254No 
ions were separated in flight in the gas-filled recoil separator 
RITU [24,25], and implanted in a pair of double-sided silicon strip 
detectors (DSSDs) placed at the focal plane of RITU. Prompt γ rays 
were detected by the Jurogam II germanium-detector array [26], 
consisting of 15 Compton-suppressed coaxial detectors [27,28] and 
24 clover-type detectors [29]. The prompt γ rays were selected in 
delayed coincidence with recoils detected in the DSSDs. A position-
sensitive Multi-Wire Proportional Counter (MWPC) located before 
the DSSDs, allowed for discrimination between recoils and de-
cay products. Additionally, by measuring the energy loss in the 
MWPC and the time-of-flight between the MWPC and the DSSDs, 
it was possible to further discriminate between fusion-evaporation 
residues and beam or target-like ions that made it through RITU. 
The 154Sm(48Ca, 6n)196Pb reaction was also performed during the 
experiment, as a benchmark for the polarization analysis (see be-
low).

3. Prompt γ -ray spectrum

Previous in-beam measurements on 254No provided informa-
tion on γ -ray intensity only in the low-energy region [16,17,30–
32]. Here we focus on the region above 1 MeV, where the scis-
sors mode is expected. Fig. 1 (top) shows the prompt, recoil-gated, 
γ -ray singles spectrum obtained for 254No. Gamma rays detected 
within the same beam pulse in different crystals of the same 
clover were added together. A 56Co source was used in the energy 
calibration, providing calibration points up to 3.5 MeV. The spec-
trum was unfolded following the method described in Ref. [33]. A 
parametrization of the E1 strength described in Ref. [34] is shown 
in the figure to guide the eye. An enhancement of γ -ray intensity, 
a “bump-like” structure above a typical, near-exponential spec-
trum, is noticeable in the region between 1.7 and 3 MeV with 
centroid at ≈ 2.5 MeV. The singles spectrum obtained using the 
154Sm target is shown in Fig. 1 (bottom) for comparison. It orig-
inates from the mix of several reaction products: mainly 196Pb 
(65% [35]) and other Pb, Tl, and Hg nuclides. The spectrum, un-
folded in the same manner as the 254No spectrum is, in contrast, 
essentially featureless above 1 MeV and follows a near-exponential 
trend. In this case, the absence of the scissors mode is expected, 
as the spectrum originates from the mix of spherical or weakly 
deformed nuclides located near the Z = 82 shell closure.

The insets in the top panel of Fig. 1 show discrete transi-
tions present in the 254No singles spectrum. The bump at ≈
2.5 MeV appears to be formed by a large group of discrete tran-
sitions, similar to what has been previously observed in other ac-
tinides [36,37]. However, above 1 MeV, only one transition located 
at 2808(2) keV stands above the 1.645σ detection limit [38,39]. 
Below 1 MeV, all the observed transitions have been previously re-
ported [16,17,30–32,40,41].
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Fig. 1. Prompt, recoil-gated, γ -ray singles spectrum of 254No (top) and 196Pb (bot-
tom), with a bin width of 100 keV. The spectra were unfolded following the method 
described in Ref. [33]. The insets in the top panel are plotted with a bin width of 
4 keV. The dashed lines are fits to the data in the regions of 1.3-1.7 MeV and 3.0-
6.0 MeV for 254No, and 1.3-6.0 MeV for 196Pb, using a parametrization of the E1
strength described in Ref. [34].

4. Polarization analysis

With the aim of obtaining an experimental confirmation of the 
magnetic character of the enhancement of γ -ray intensity at ≈
2.5 MeV, a linear polarization analysis was performed. In heavy-ion 
reactions, the excited states populated in the compound nucleus 
have a certain degree of alignment. Transitions of electric type 
which depopulate the aligned excited states will predominantly 
Compton-scatter perpendicular to the beam direction; magnetic 
transitions, on the contrary, will predominantly scatter parallel to 
the beam direction [42]. The clover detectors of the Jurogam II ar-
ray were used in the present work as a Compton polarimeter [43]. 
Events with two (and only two) γ rays detected in different crys-
tals of the same clover were considered for the analysis. An N90
spectrum of predominantly electric transitions was built by adding 
the energies of those γ rays detected in crystals of the same ring, 
i.e., with the same zenith angle with respect to the beam direc-
tion. Also, an N0 spectrum of predominantly magnetic transitions 
was built by adding the energies of those γ rays detected in ad-
jacent crystals which were located in different rings. The spectra 
were background subtracted using events which were not in coin-
cidence with the detected 254No recoils. The same procedure was 
performed for the 196Pb data set as a benchmark for the analysis, 
given the previous linear polarization measurements performed on 
this nuclide [44]. The N90 and N0 spectra are shown together in 
Fig. 2 for both 254No and 196Pb.

In the case of 196Pb (Fig. 2 (bottom)), the N0 spectrum domi-
nates up to ≈ 500 keV, from where the N90 becomes dominant. 
This is in accordance with the previous polarization measurements 
of Ref. [44]. Above 2 MeV, there is no appreciable difference be-
tween the two spectra. In 254No (Fig. 2 (top)), three ground-state 
band transitions located at ≈ 300 keV can be observed to be more 
intense in the N90 spectrum. At ≈ 2.5 MeV, a broad peak can be 
observed in the N0 spectrum.

The predominant magnetic character of the γ rays in the 1.7-
3.0 MeV region can be clearly seen by plotting the polarization 
asymmetry [43]:

Fig. 2. N90 spectrum of transitions scattered perpendicular to the beam direction, 
and N0 spectrum of transitions scattered parallel to the beam direction for 254No
(top) and 196Pb (bottom), with a bin width of 100 keV. The insets are plotted with 
a bin width of 4 keV.

Fig. 3. Polarization asymmetry of the broad peak at ≈ 2.5 MeV, together with the 
214-, 267-, 318-, 366-, 412- and 456-keV ground-state band transitions, and the 
943-keV transition in 254No. The polarization asymmetry of the M1 314.5- and 
374.6- and the E2 679.2- and 745.2-keV transitions in 196Pb is shown for com-
parison.

A = a(Eγ )Npeak
90 − Npeak

0

a(Eγ )Npeak
90 + Npeak

0

, (1)

where Npeak
90 and Npeak

0 are the peak areas in the corresponding 
N90 and N0 spectra, and a(Eγ ) is a scaling factor obtained from 
analyzing unpolarized source data. In the present case a(Eγ ) ≈ 1.

The measured polarization asymmetry for the peak at ≈
2.5 MeV is shown in Fig. 3, together with some other discrete, 
low-energy transitions observed in the spectra. For the background 
under the peak, the parametrization of Ref. [34] was used. Electric 
transitions have a positive asymmetry, whereas magnetic tran-
sitions have a negative asymmetry. The points below 500 keV 
correspond to pure E2 transitions in the ground-state band, and 
they display a positive asymmetry. For the peak at ≈ 2.5 MeV, a 
relatively large negative asymmetry can be observed.

5. Simulations

The bulk features observed in the experimental spectrum of 
Fig. 1 are determined by the level density and the γ -SF of the nu-
cleus, together with the entry distribution, i.e., the distribution of 
initial spin and excitation energy of the nucleus, before γ decaying 
to the ground state. To investigate the influence of these quantities 
in the observed structure at ≈ 2.5 MeV, the prompt γ -ray spec-
trum was simulated using different models for the level density 
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Fig. 4. Experimental spectrum of 254No compared to simulated spectra with and 
without the M1 scissors mode. See the text for more details.

and the γ -SF, together with the entry distribution experimentally 
obtained in Ref. [45].

The simulations were performed with the code RAINIER [46], 
a Monte Carlo based simulation tool for modeling γ -ray cascades. 
The code builds as a first step a set of randomly generated nu-
clear levels based on a given level density model. The known level 
scheme up to a user-defined energy can be specified, and it is as-
sumed by the code to be complete. This set of nuclear levels is 
called a “realization”. After the realization is built, levels are pop-
ulated based on a given entry distribution, and the γ -ray cascades 
to the ground state are simulated using γ -SF models for E1, M1, 
and E2 transitions. Two different models for the level density were 
used in the simulations: the Constant Temperature (CT) [47] and 
the Back Shifted Fermi Gas (BSFG) models [48,49], with parameters 
T = 0.432 MeV, E0 = −0.240 MeV for the former, and a = 25.208
MeV−1, E1 = 0.288 MeV for the latter [50]. Energy levels in the 
ground-state band up to the 10+ state [16,17,30–32] were spec-
ified. At higher energies, the level scheme cannot be assumed to 
be complete anymore and the levels were randomly generated ac-
cording to the level density model. The chosen entry distribution 
was the average of the two distributions measured in Ref. [45]
for beam energies of 219 and 223 MeV.10 The E1 γ -strength 
was modeled either with a Standard Lorentzian (SLO) or an En-
hanced Generalized Lorentzian (EGLO), using the following param-
eters for the double-humped giant dipole resonance: σ1 = 526 mb, 
E1 = 10.77 MeV, $1 = 2.39 MeV, and σ2 = 263 mb, E2 = 13.72
MeV, $2 = 3.77 MeV [51]. A standard Lorentzian of M1 character 
centered around 2.5 MeV was added to the γ -strength function. 
Over 2100 spectra were simulated with the BSFG + E1 SLO + M1
model combination, using selected values of the cross section (σ ), 
centroid (ω) and width ($) of the M1 Lorentzian. Similarly, 1000 
spectra were simulated with the CT + E1 EGLO + M1 combina-
tion. Ten different realizations were simulated for each parameter 
selection, and each realization was populated 7000 times, result-
ing in spectra with 3.8-5.8 × 104 γ -ray events. The total number 
of events in the raw experimental spectrum was ≈ 4.6 × 104. The 
total B(M1 ↑) strength added to the simulated spectra was in the 
range of ≈ 4.5-31 µ2

N . The simulated spectra were compared to 
the data by evaluating a χ2 function (see Ref. [52] for details).

Ten simulated spectra corresponding to the 10 lowest χ2 values 
(χ2 ranging from 134 to 143) are shown in Fig. 4. They corre-
spond to the BSFG + E1 SLO + M1 SLO model combination. The 
B(M1 ↑) strengths of these 10 best simulations are in the range 
of 8.6-16.7 µ2

N . The parameters of the M1 Lorentzian are in the 
ranges: σ = 1.2-2.6 mb, ω = 2.4-2.6 MeV and $ = 0.3-0.6 MeV. 
Simulations corresponding to the BSFG + E1 SLO model com-
bination, in this case with no M1 strength, are also shown for 
comparison.

10 The current data was obtained employing the same reaction and target thick-
ness, with beam energies of 220 and 222 MeV.

Large deviations can be observed in the low-energy part of the 
simulated spectra, below ≈ 1 MeV. It is difficult to describe this 
region accurately using statistical models, and the available in-
formation on the low-lying level structure of the nucleus is not 
enough to provide a sufficiently complete level scheme to the code. 
Therefore, the simulated spectra were scaled to the experimental 
spectrum in the region between 1.3 and 1.7 MeV, where there is 
no apparent excess of intensity, and the spectrum should be dom-
inated by the E1 statistical “background”.

The analysis [52] of the simulated spectra indicates that the 
data is best reproduced by adding an M1 Lorentzian with total 
B(M1 ↑) = 11.8(19) µ2

N . This value agrees very well with the sum-
rule estimate B(M1↑) = 12.1(13) µ2

N . It is important to remark 
that the former B(M1 ↑) value was obtained from those simula-
tions based on the SLO model for the E1 strength. It is therefore 
model dependent and should only be considered as an estima-
tion. The simulations performed with the EGLO model do not seem 
to converge in an optimal B(M1 ↑) strength [52], as it was the 
case for the SLO model. The most likely reason is the absence of 
spin-flip and pygmy resonances in the simulations. The γ -SF in 
the case of the lighter actinides [10–12] was fit using the EGLO 
model, but spin-flip and pygmy resonances were introduced to fit 
the experimental points. The summed strength of these resonances 
accounted for about 1/3 of the total strength at ≈4 MeV. In our 
case, without experimental values of the γ -SF, it is not prudent 
to add spin-flip and pygmy resonances to the model. However, the 
SLO model provides a relatively larger E1 strength in the 1-4 MeV 
region that can compensate for the absence of spin-flip and pygmy 
resonances [52]. The very good agreement with the sum-rule es-
timate (in line with the results of the lighter actinides [10–12]), 
together with the results of the QRPA calculations (see below), 
gives us confidence in our estimated B(M1 ↑) value.

6. Comparison with theory and phenomenological formulae

The estimated B(M1 ↑) strength is shown in Fig. 5 together 
with Gogny axially-symmetric-deformed Hartree-Fock-Bogolyubov 
(HFB) plus quasi-particle random-phase approximation (QRPA) [53]
results. The present calculations were performed with the D1M 
effective interaction using N0 = 15 major shells and an energy 
cut-off of 90 MeV that ensures the convergence. After applying 
a shift toward lower energies following Ref. [54], the centroid is 
found at 2.4 MeV in good agreement with the experiment. The 
summed QRPA B(M1 ↑) strength is 9.0 µ2

N . The integrated B(M1 ↑)
strength of the estimated Lorentzian in the region where the cal-
culated states are found (1.8-2.9 MeV) is 9.2 µ2

N , which com-
pares very well with the QRPA summed strength. QRPA calculated 
states, however, are normally folded by Lorentzian functions and 
the total strength is renormalized for their use in nuclear reaction 
codes [6,8]. In Ref. [8], after this procedure, the γ -SF in the region 
of the scissors mode is underestimated by a factor of ≈ 2 in the 
actinides.

Fig. 5 also shows the B(M1 ↑) strengths obtained using the phe-
nomenological formulae described in Refs. [7,19]. The total B(M1 ↑)
strength obtained from Ref. [7] is 28.2 µ2

N , largely exceeding our 
estimated value, and the centroid is found at 3.4 MeV. The reason 
for the large B(M1 ↑) strengths obtained in Ref. [7] is the use of 
the GLO model that gives a much lower E1 strength in the region 
of the scissors mode. In the case of the formula from Ref. [19], 
the total B(M1 ↑) strength is 6.3 µ2

N , and the centroid is found at 
2.9 MeV. This formula is obtained by performing a fit to QRPA val-
ues from Ref. [8], therefore, the underestimation by a factor of ≈ 2
of the B(M1 ↑) strength in 254No can be expected.
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Fig. 5. B(M1 ↑) strength estimated from the simulations together with the results of 
the QRPA calculations and the parametrizations in Refs. [7,19].

7. Conclusions

In this work, we have evidenced an enhancement of the γ -
ray yield in the 1.7-3.0 MeV region of the 254No spectrum. A 
linear polarization analysis has demonstrated the predominant 
magnetic character of the excess yield, suggesting that the ob-
served enhancement of γ -ray intensity is due to the M1 scis-
sors mode. The total estimated strength of the scissors mode, 
B(M1↑) = 11.8(19) µ2

N , is in good agreement with the sum-rule 
estimates. QRPA calculations were presented in this work, and 
were in agreement with the estimated strength in the 1.8-2.9 MeV 
region, where the calculated states are found. These results give 
support to the previous works in the lighter actinides [10–12], 
where the strength of the scissors mode in the quasi-continuum 
region was measured, but its magnetic character was just assumed. 
The results of two phenomenological scissors-mode formulae that 
are currently used in nuclear-reaction codes do not compare well 
with our estimate for the total M1 strength. Sum-rule estimates for 
the scissors mode using the approach of Ref. [19] seem to provide 
a better description of the γ -SF for the heaviest nuclides. However, 
using the sum-rule estimates would also require applying a differ-
ent model for the E1 strength in the case of Ref. [7]. More data on 
other nuclides in the region, like 250Fm, would be highly desirable 
to confirm that the sum-rule estimates assuming a rigid-body mo-
ment of inertia are indeed appropriate for the heaviest nuclides, 
and to encourage its use in astrophysical calculations.
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