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Structure of rotational bands in 253No
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Abstract. In-beam gamma-ray and conversion electron spectroscopic studies have been performed on the
253No nucleus. A strongly coupled rotational band has been identified and the improved statistics allows
an assignment of the band’s structure as built on the 9/2−[734]ν ground state. The results agree with
previously known transition energies but disagree with the tentative structural assignments made in earlier
work.

PACS. 21.10.-k Properties of nuclei; nuclear energy levels – 23.20.Lv Gamma transitions and level energies
– 29.30.Dn Electron spectroscopy – 27.90.+b A>220

1 Introduction

The systematical study of single-particle energies in heavy
and superheavy nuclei provides crucial tests for theories
which are used to predict and describe the next doubly
magic spherical shell gap. It is of crucial importance to
push the available systematics to the heaviest systems that
can still be studied with sufficient precision and a large
experimental effort has been undertaken in a number of
laboratories to do just that. The experimental methods
range from alpha-decay studies to in-beam studies (See
[1,2] and references therein). Here large gamma-ray spec-
trometers such as Gammasphere [3] coupled to efficient
recoil separators come into their own. However, in these
highly charged sytems the internal conversion coefficients
for M1 and E2 radiation are greater than one for transi-
tion energies less than 400 and 200 keV, respectively. This
makes spectroscopy of odd nuclei especially challenging as
a large fraction of the decays can proceed via highly con-
verted transitions and gamma ray spectroscopy alone will

only be able to shed light on the full level schemes in rare
cases where either statistics are sufficiently high or where
the decays proceed mainly via E2 transitions, such as e.g.
251Md [4] or 255Lr [5]. However, even in these cases it is
of prime importance to observe both E2 and M1 transi-
tions simultaneously, as the observed branching ratios in a
strongly coupled rotational band serve as a good indicator
of the g-factors of the underlying single particle orbitals
the bands are built upon.

A previous study of 253No [3] had identified two rota-
tional bands consisting of stretched E2 transitions using
Gammasphere and the FMA at Argonne National Lab-
oratory (ANL). In this study the observed spectra had
low statistics but consisted of gamma-gamma coincidence
events only. The spectra were modelled assuming two dif-
ferent neutron configurations on which the bands could
be built, i.e. the 7/2+[624]ν and the 9/2−[734]ν single
neutron configurations. There a large intensity observed
around 355 keV was observed and interpreted as an unre-
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solved multiplet. Based on the available data the bands
were tentatively interpreted as bands built on the excited
7/2+[624]ν configuration.

One further previous study using internal conversion
electron spectroscopy [6] had not reported a level scheme
but compared the observed intensities to the expected con-
version electron yields assuming the two different g-factors
associated with these two configurations and had favoured
the 9/2−[734]ν assignment.

The present experiment has been performed to clarify
the situation. It consistes primarily of a new high-statistics
in-beam gamma spectroscopy study performed using Ju-
rogam I and RITU at the University of Jyväskylä [7,8].
Furthermore, well-established transition energies allow a
fresh analysis of the previously published electron data.
From both datasets the assignment of a 9/2−[734]ν struc-
ture to the observed bands is deduced.

2 Experimental Details

The new experiment was carried out at the Accelerator
Laboratory of the University of Jyväskylä using the JU-
ROGAM gamma ray spectrometer coupled to the RITU
gas filled separator [9] and the GREAT focal plane de-
tection system [10]. The 253No nuclei were produced in
the 207Pb(48Ca,2n)253No reaction at a beam energy of
219 MeV. This reaction has a cross section of approxi-
mately 1µb, one of the largest production cross sections
for nuclei in this region. The targets were isotopically
highly enriched metallic 207Pb foils with a thickness of
600µg/cm2 which were irradiated with an average beam
current of < I >' 20 pnA of 48Ca beam.

A total of 11400 Recoils followed by a characteristic
253No alpha decay were detected during the correlation
time of roughly three 253No half lives 3×T1/2= 5.1 min.
The half-life was determined from this data set to be
T1/2=(1.56±0.02) min, consistent with earlier values given
in the literature T1/2=(1.62±0.15) min [11].

The earlier conversion electron spectroscopy experi-
ment described in [6] was also performed in Jyväskylä with
the same reaction but used the SACRED conversion elec-
tron spectrometer [12,13] in conjunction with RITU. A
total of 1840(40) Recoils followed by a characteristic 253No
alpha decay were detected. Conversion electrons recorded
in coincidence with the recoiling 253No nuclei were col-
lected. To reduce the large background from δ-electrons
produced in the target, a high voltage barrier is inserted
between the target and the detector. In this experiment
the barrier was operated at -40 kV. The efficiency of the
SACRED array is shown in figure 1 both for 0 and -40 kV
barrier voltage.

3 Experimental Results and Discussion

The gamma ray spectrum for 253No is shown in figure 2.
Unlike the spectrum obtained in [3], this spectrum con-
tains all gamma folds including singles and thus the ob-
served transitions stand out much better. The first thing

Fig. 1. Efficiency of the SACRED array. Experimental points
are compared to simulated curves for two different barrier volt-
ages of 0 and -40 kV.

Fig. 2. Gamma ray spectrum of 253No obtained with JU-
ROGAM. The low lying M1 transitions linking the two sig-
nature partners are clearly visible.

to note is that the observed band stuctures from [3] are
indeed present and agree with those found here to within
the statistical uncertainties. Additionally it is now possi-
ble to see some of the weak low energy M1 transitions
linking the two observed bands and thus we can fix the
relative excitation of the two bands with respect to each
other.

A key feature of the observed spectrum in [3] was the
large intensity at 350–355 keV, which formed the basis of
the assignment of the bands to an excited 7/2+[624] struc-
ture. This feature is not nearly as strong in the present
experiment and must therefore be considered to be a sta-
tistical fluctuation in the earlier experiment.

Knowledge of the gamma ray energies for both the E2
and M1 transitions from this experiment is vital to an
analysis if the conversion electron spectrum. In figure 5
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the electron spectrum is overlaid with a simulation that
takes as input the experimentally observed transition en-
ergies and a background from unresolved weakly popu-
lated high-K structures similar to those observed in 254No
[14,15]. While the electron spectrum alone is clearly not
sufficient to establish the proposed band structure, it is
not in contradiction to the observed gamma ray spectrum.

We now draw up the level scheme for 253No. To this
end we test the following hypotheses: A) The bands are
built on the ground state 9/2−[734] configuration and B)
The bands are built on the excited 7/2+[624] configura-
tion. To distinguish between them one can now draw upon
the observed M1/E2 branching ratios as well as a com-
parison of the experimental moment of inertia to those
predicted by model calculations.

In a strongly coupled rotational band with good K
quantum number in an axially deformed nucleus without
pairing the observed gamma ray branching ratios can be
written as a function of spin J , quadrupole moment Q0

Fig. 3. Proposed partial level scheme for 253No. The band is
now built on the ground state configuration, and the tentative
132 keV transition is included in the scheme.

Fig. 4. Comparison of the branching ratios obtained from the
gamma ray spectrum for cases A and B (filled and open cir-
cles, respectively) to rotational model calculations using the
gK values for the two cases. We also indicate the branching
ratios obtained from the conversion electron study (crosses) to
those taken from the gamma ray experiment. The agreement
is surprisingly good. To avoid cluttering the plot only a com-
parison to the data for case A, which differs from case B only
by 1 unit of spin, is shown.

and magnetic g-factor gK :

I(M1/E2; J → J − 1)
I(E2; J → J − 2)

=
(gK − gR)2

Q2
0

· f(J,K)

The g-factor of the core gR is taken as the usual gR =
Z/A = 0.4. To determine Q0 from the experimentally ob-
served bands one has to know the K-value for the band.
In order not to enter a circular argument we therefore
use the quadrupole moment of the neighboring 254No as

Fig. 5. Conversion electron spectrum of 253No. All electrons
are in coincidence with a recoil that has been correlated to
a subsequent characteristic 253No alpha decay. The superim-
posed line is a fit to the spectrum using the transition energies
from the gamma ray study and a background from unresolved
high-K bands analogue to that seen in 254No.
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a reference: Q0 = 13.1 eb. This value was also used in
[3]. Note that small changes to Q0 do not greatly shift
the branching ratios and thus do not adversely affect this
assignment. The g-factors for the two configurations in
question are taken as gK = +0.28 for the 7/2+[624] and
gK = −0.25 for the 9/2−[734] configurations, respectively.
These values are the same as in ref [6], where they were
obtained from a shell model calculation with deformed
Woods-Saxon potential. The resulting branching ratios
are plotted together with the experimental values deduced
from the gamma spectrum in figure 4. The 9/2− configu-
ration is clearly favoured.

It is also interesting to take the freely fitted intensities
from the electron spectrum and to compare the obtained
branching ratios to those from the gamma spectrum. This
comparison is also shown in figure 4. They agree within the
experimental uncertainties and give a lot more confidence
in the potential for electron spectroscopy.

We therefore assign the observed band to be built on
the 9/2−[734] ground state configuration. However, that
by itself does not necessarily fix the spins as it is not
guaranteed that we have observed the transitions down
to the band head. Here it is instructive to compare the
experimentally observed moments of inertia to those cal-
culated in Cranked Relativistic Hartree-Bogoliubov calcu-
lations by A. Afanasiev [16] and Skyrme Hartree- Fock-
Bogoliubov calculations by M. Bender et al. [17]. Good
agreement is found for the dynamic moment of inertia in
both calculations. To fix the spins we have taken the level
populated by the 156 keV transition as a reference and var-
ied its spin until the observed kinetic moment of inertia
matches that of Cranked Relativistic Hartree-Bogoliubov
calculations by A. Afanasiev [16]. An important feature is
the observed “crossing” of the dynamic and kinetic mo-
ments of inertia at low frequencies around h̄ω ' 150 keV.
We find that the best agreement between theory and ex-
periment is obtained if one assumes a spin of 11/2 for
the 156 keV level. The comparisons are shown in figure
6. This necessitates a further transition to be placed un-
der the other signature band. Extrapolations with the ro-
tational model would indicate that a transition with an
energy of 132 keV could continue the band. This energy
unfortunately is obscured by the strong K X-rays so that
a strongly converted transition at that energy can not
be readily identified in the gamma ray spectrum. The
electron spectrum, however, gives a better fit if one in-
cludes a strong E2 transition at 132 keV in the fit. We
therefore tentatively assign a transition at 132 keV as the
13/2→ 9/2 ground state transition and propose the level
scheme shown in figure 3.

A number of recent studies of 253No have focussed on
isomeric states [20,21]. We confirm the existence of an
isomeric state in 253No with a half-life of T1/2 = (28±3)µs,
in agreement with the value T1/2 = (31.1 ± 2.1)µs given
in [20]. We have, however, not achieved a level of statistics
sensitive to the 167 keV transition observed in [20,21].

The alpha decay from the ground state of 253No has
been used to study excited states in 249Fm [21–23,2] and

Fig. 6. Comparison of the experimental moment of inertia
to two different model calculations. Top: Dynamic moment of
inertia compared to the Skyrme Hartree-Fock-Bogoliubov cal-
culations of M.Bender et al. [17]. Bottom: Kinetic and Dy-
namic moment of inertia compared to the cranked relativistic
Hartree-Bogoliubov calculations of A.V. Afanasjev [16].

we confirm their findings without being able to improve
on their statistics.

4 Outlook and Summary

It is obvious that even in this favourable case gamma ray
spectroscopy struggles to reveal the full picture. The exist-
ing conversion electron studies can help investigate nuclei
in this mass region, but so far have only been able to stand
on their own in the experimentally more straightforward
even-even cases [12,13,18]. However, the data presented
here gives us great confidence that the goal of compre-
hensive internal electron spectroscopy is within reach. To
achieve it, we are currently building and commissioning
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the SAGE spectrometer which will be optimised for simul-
taneous gamma ray and internal conversion electron spec-
troscopy. It builds on our experience with the SACRED
spectrometer which placed the detector at backward an-
gles to reduce Doppler broadening and suppress the very
high background due to δ electrons. SAGE will combine
the Jurogam 2 Germanium array with a highly segmented
(90 segments) Si detector in a near 180 degree geome-
try. Electrons will be transported to the Si detector by a
solenoidal magnetic field which has been integrated into
the Jurogam 2 geometry to have no adverse effect on the
germanium efficiency. Both the Ge and the Si parts will
be instrumented using digital electronics allowing count
rates of up to 30 kHz per channel into the upgraded Total
Data Readout (TDR) data acquisition system [19]. This
will finally allow electron-gamma cross coincidences, pre-
cise determination of conversion coefficients, multipolari-
ties from subshell ratios and should open a new chapter
in the book on spectroscopy of transfermium elements.

To summarise we have performed a new high statis-
tics gamma ray experiment on 253No. The observed band
structures match those reported earlier, but the addition-
ally observed M1 crossover transitions now allow their
assignment to the 9/2−[734] ground state configuration.
The branching ratios obtained from a reanalysis of an
earlier conversion electron study agree with this assign-
ment. An isomeric state with a half-life of T1/2 ' 30µs is
confirmed, as is the previously observed alpha decay into
excited states of 249Fm.
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