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The decay of excited states in 2°No was investigated by applying the evaporation-residue—conversion-electron
correlation technique. Two new isomeric states were observed in 2°*No together with the previously known one.
Excitation energies of the isomeric states were estimated based on the energies of conversion electrons and y
rays from correlation chains. These results were in accord with theoretical calculations based on the mean-field
models. A tentative decay scheme of isomeric states in 2*No is proposed, and their Nilsson configurations are
discussed. The energy decrease of the 11/27[725] Nilsson level for heavy N = 153 isotones as a function of

increasing proton number is confirmed.

DOI: 10.1103/PhysRevC.106.014602

I. INTRODUCTION

Single-particle level energies are often estimated by theo-
retical models with various parametrizations when experimen-
tal data are missing. In general, typical approaches include
self-consistent [1,2] or macroscopic-microscopic (mac-mic)
models [3,4]. Mainly the latter seem to adequately describe
the order and energies of single-particle levels in general,
specifically in the region of heavy even-Z, N = 151 and
N = 153 isotones. However, in the case of the 11/27[725]
Nilsson level, experimental observations deviate significantly
from predictions of mac-mic models. Experimental energies
of this level appear to be relatively stable from 2**Cm to?>*Fm
forming low-energy short-lived isomeric states in these iso-
topes, decaying via internal transition. This plateau of the
11/27[725] state is followed by a steep decrease of its ex-
citation energies for N = 153 isotones at Z > 102, having
a significant impact on their half-life and decay mode. In
the isotope *>'Rf, the half-life of the 11/27[725] level is
comparable to the half-life of the ground state (g.s.). As a
result, it undergoes « decay. The decrease of 11/27[725]
excitation energy continues in *°Sg, where it becomes the
configuration of the ground state [5]. In contrast to such rapid
reduction in excitation energy, only a smooth decrease of its
energy from 2*Cm up to *°'Hs is predicted. According to
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experimental systematics, the turning point of the 11/27[725]
Nilsson level from *Fm to **’Rf in N = 153 isotones is
23No. Localization of its 11/27[725] state is an important
addition to complete the systematics, especially as the plateau
of 11/27[725] level excitation energy corresponds to the pre-
dicted maximum of quadrupole deformation [6].

The isotope >>>No was identified for the first time in
1967 by Ghiorso et al. [7]. Since then, studies have been
mainly focused on its « decay, which populates a low-energy
isomeric state in the daughter nucleus 25TEm [8-10]. After 50
years since the identification of >>*No, only the low-energy
3/2%[622] Nilsson level populated via a decay of PRf[11]
and a tentatively assigned isomeric state are known. The
latter was suggested on the basis of the 741- and 839-keV
y transition half-lives of 105 & 25 and 130 £25 us [12].
The investigation of the >>No deexcitation scheme and its
isomeric states usually encounters difficulties related to the
utilized reaction. Employment of the highly asymmetric
reaction 28U(#2Ne, xn)20=*"No suffers from low velocities
of recoiling nuclei, resulting in a broad angular distribution
and thus low transmission values using recoil separators. In
the more symmetric reaction 208pp(*8Ca, xn) P No the
main complication is the “contamination” by >**No, being
produced with similar or higher cross section. Long half-lives
of both isotopes and partially also the overlap of the most
intense a-decay energies in >*No (E, = 8096 + 10 keV
[12]) and *°No (E, = 8095+ 10 keV [8]) make their
discrimination challenging. Additional complications arise

©2022 American Physical Society
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from the presence of two known isomeric states in 2**No.
In such a case, we could make the distinction of °No
and *No on the basis of two experiments with different
production cross-sections of each isotope at two different
beam energies. Comparison of partial cross-section ratios of
ground and isomeric states from both experiments allowed us
to discriminate between >>*No and >»*No isomeric states. A
similar approach was used, for example, in the investigation
of 2Lr and L [13].

II. EXPERIMENT

Two experiments using the same projectile-target combi-
nation were performed at GSI in Darmstadt, Germany. The
first experiment aimed at the investigation of >*No « decay
(Expl) used a kinetic energy of Ep, = 213.6 MeV for ¥Ca
projectiles. The second experiment (Exp2) was focused on
a detailed study of isomeric states in 2*No using a higher
projectile energy (Ej,, = 218.4 MeV). Additional information
on Expl and Exp2 is given in Table I.

In both experiments, the 48Ca beam was delivered by the
ECR ion source followed by the UNILAC accelerator. The
isotopically enriched target material 2**PbS with a thickness
of 450 j1g/cm? was evaporated on a 40 pg/cm? carbon layer
facing the beam. Another 10 pg/cm? carbon layer was posi-
tioned downstream for better radiation cooling. The targets
were installed on a wheel, which rotated synchronously to
the beam macrostructure (5 ms pulse with 50 Hz repeti-
tion frequency). Reaction products were separated from the
primary beam by the velocity filter SHIP [14] and focused
onto the detector system positioned at the focal plane of the
separator. The evaporation residues (ER) were implanted into
a position-sensitive 16-strip passivated ion-implanted silicon
detector (STOP det.) [15]. In front of the STOP detector, a
six-segment (two vertical and four horizontal), 32-strip silicon
detector with box geometry (BOX det.) was placed to measure
particles escaping from the STOP detector into the backward
hemisphere [15]. Energy calibration of both silicon detectors
was performed using a-decay energies of 2>*No and the decay
products 2°Fm and *Cf. The energy resolution of the STOP
detector was 30-32 and 23-25 keV (FWHM) in Expl and
Exp2, respectively.

Behind the STOP detector, a high-purity germanium
(HPGe) clover detector was arranged to measure y and x-
rays emitted within time differences of At(particle-y) <5 us

TABLE I. Conditions of experiments in the decay study of the
2%No isomers. Beam energy (Ejp), excitation energy (E*), beam
intensity (/), duration of the irradiation (Time) and cross section (o)
for the production of No are given for each experiment. Excitation
energies (E™) correspond to the production in the middle of the target,
“Ge det.” stands for the type of clover detector used as described in
Sec. II.

Eip E* 1 Time Ge o
Exp. (MeV) (MeV) (pud)  (h) det. (nb)
Expl 213.6 17.3 1.1 18 VEGA =400
Exp2 218.4 21.3 0.8-1.3 19 SHIP ~ 120

or At(particle-y) >25 ps with signals from the STOP or
BOX detectors. We refer these types of events as coinci-
dences [ At(particle-y) <5 us] or correlations [ Af(particle-y )
>25 us]. Different types of HPGe clover detectors (mounted
in close geometry, covering the complete area of the STOP
detector), were used in the two experiments (Table I). For
Expl, a VEGA type detector was used, consisting of four
crystals with a diameter of 70 mm and a length of 140 mm,
assembled in a block (124 x 124 x 140) mm? [16]. The same
geometry was used in Exp2 for the SHIP Clover, wherein
each crystal had a diameter of 50-55 mm and a length of
70 mm with volume (102 x 102 x 70) mm?>. Time differences
[At(particle-y )] below 5 us were measured by a TAC (STOP-
Ge) (time to amplitude converter). A continuously running
clock was used in the region above 25 us. Time resolutions
were ~200 ns in the first and &1 us in the second interval,
respectively. Energy calibration of the clover detectors was
performed by use of external y-ray sources of >>Eu and '**Ba
with an accuracy of +0.5 keV. The relative efficiency was
obtained using the same sources in both experiments. Further
details of calibration and absolute efficiencies in Expl and
Exp2 are given in Refs. [17] and [12], respectively.

III. RESULTS

In both experiments the production of 2>>No was signifi-
cantly lower in comparison to 2*No and most of its « energies
in the range of 7700-8350 keV were overlapping with >*No
and could not be resolved (Fig. 1). We attribute the dominant
peaks with energies 8088 + 10 keV and 7429 &+ 10 keV to o
decays of 2*No and 2°Fm, respectively. In addition, a few

255
10° I No I
. 12%Fm (@) | Expl 5254N0 |
10" 5" Eip=213.6 MeV/ [ |
| 48~ 208 : I
103 | Ca+%°Pb |
I I
2 | I
E) 10 I |
2 10 | :
i I ([
=~ 1 1 1 I | I i 1 | 1 T I | I 1 1 1 I II ] I
[2] 5 [
£’ (b) | Be2 a
(=] 104 IEIab=218-4 MeV 1o
O 5 | 48C3+4208pp o
I : P
10 | : |
2
10 ! :
I I
10 | I
I I
: I : :
| T LI | T T T | LI | I T T | LI I ] 1
7400 7600 7800 8000 8200 8400
E, [keV]

FIG. 1. Energy spectrum of « decays during beam pause in the
experiment with projectile kinetic energy of (a) 213.6 MeV (Expl)
and (b) 218.4 MeV (Exp2).
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TABLE II. Conditions for different types of correlation search in Expl and Exp2. Energy (Ecg | Ecgz) and time windows [Af(ER-
CE1l) | At(CE1-CE2)], number of observed (NVgy,) and expected random (Ng,q) correlation chains are given.

Exp. Corr. chain Ecg1 (keV) | Ecgs (keV) At(ER-CEl) (ms) | At(CE1-CE2) (ms) Nexp Nrnd

Exol ER-CE 0-900 | —— 0-0.5| —— 7387 88
xP ER-CE1-CE2 0-900 | 0-900 0-1.0]0-1.0 465 0.08

Exo ER-CE 0-900 | —— 0-0.5] —— 5387 95
P ER-CE1-CE2 0-900 | 0-900 0-1.0]0-1.0 155 0.07

hundreds of 2*No nuclei were produced by the reaction of
*8Ca with 2°°Pb impurities in the target material (Fig. 1).

To discriminate decays of isomeric states from a large
background of y rays, we investigated conversion electrons
(CEs) produced in deexcitation of an isomeric state via in-
ternal conversion, which followed the implantation of ERs
[18]. It has to be noted that the CE signal is usually created
as a summation of CEs, Auger electrons, and low-energy x
rays. This summation is especially important for transitions
converted on the L atomic shell because these transitions
have significantly higher probability of emission of an Auger
electron in comparison to the transitions converted on the
K atomic shell [19,20]. In addition, low-energy x rays have
higher chance to deposit part of their energy in the silicon de-
tector. Therefore, for estimating the energies of excited states,
we assume that endpoints of the CE energy distributions
correspond to the full absorption of the energy of converted
transitions. We used the time and position correlation method
[21] in order to search for ER-CE or ER-CE1-CE2 sequences
in both experiments. Because of the low CE energies, their po-
sition signals in the individual strip of the STOP detector were
often below the detection threshold and thus not registered.
Therefore, instead of using position signals, we only required
the ER and CE to be registered in the same strip of the STOP
detector. The details of the correlation search are summarized
in Table II together with the extracted experimental numbers
of correlation chains and the estimated numbers of random
correlation chains. The latter values were calculated based on
ER and CE counting rates according to the method discussed
in Ref. [22]. The number of ER-CE or ER-CE1-CE2 events
was found to be up to three orders of magnitude higher than
the random correlations (Table II). Hence, we ruled out a
possible random origin of the ER-CE or the ER-CE1-CE2
sequences.

We evaluated partial cross sections and their ratios based
on the number of ER-CE1-CE2 correlation events (Table I1I).
Minor differences in the ratios for different states in the
same isotope might reflect the average spin population in the
reaction; i.e., the probability of populating high-spin states
increases with the energy of the reaction [23]. This phe-
nomenon was also observed in the neighboring nuclei >*No
[12] and *°No [24]. The ratios of the ER-CE1-CE2 corre-
lation chains clearly follow the trend of >>>No in contrast to
234No (Table III). As a supporting argument for this tendency,
we performed HIVAP calculations [25], predicting an increase
of *No cross section by a factor of 7 with the increase of
excitation energy from 17.3 to 21.3 MeV. On the other hand,
the isotope 2>>No follows an opposite trend, where a decrease
of its cross section by a factor of 6 is obtained. Thus these

HIVAP calculations roughly agree with the experimental data
given in Table III and we assign ER-CE1-CE2 correlations
from both experiments to the deexcitation of isomeric states
in *°No.

The y transitions in coincidence with CEs or ERs from
ER-CE chains are presented in Figs. 2(a)-2(c) for Expl and
Exp2, respectively. We note that considerably higher statis-
tics of 2*No was collected in Exp2 as compared to Expl
[Figs. 2(b) and 2(a)]. Therefore, any y line observed in Expl,
but not (or with significantly lower intensity) in Exp2, could
be attributed to the decay of >>>No. Intense K and L x rays
of nobelium (K,; = 127.36 keV, K,, = 120.95 keV [26],
Lgy = 23.22 keV [27]) and a 606-keV y ray attributed to the
deexcitation of the 2>*No™? isomeric state [12] were measured
in coincidence with CEs in both experiments [Figs. 2(a) and
2(b)]. In addition, the 632-, 657-, 741-, and 839-keV y rays
were in coincidence with CEs in Expl [Fig. 2(a)]. The high-
energy 741- and 839-keV y rays were also observed in Exp2,
albeit with significantly lower intensities than in Expl [see
inset in Fig. 2(b)], and were previously tentatively assigned to
deexcitation of an isomeric state in 2°No [12]. We found weak
K and L x rays of nobelium and 355-, 632-, 700-, 741-, and
839-keV lines in coincidence with ERs in Expl [Fig. 2(c)].
In Exp2, only a very weak 741-keV y transition was
observed.

As the next step in our analysis, we searched for ER-CE1-
CE2 sequences. To enhance weak transitions, the data from
Expl and Exp2 were added together. The y rays with energies
632, 657, 741, and 839 keV, observed already in ER-CE
correlations, were coincident with the CE1. Additional lines

TABLE III. Partial cross sections (ogy,) of ER-CE1-CE2 cor-
relations, >°No, 2*No™?, 2*No™, »*No in Expl and Exp2 and
their ratios (Ogypi/0kxp2). The ER-CE1-CE2 correlation chains are
assigned to decay of isomeric states in 2’ No (see text for details).

ISOtOpS E* (MeV) GExp (nb) UExpl /JEXPZ
ER-CEI-CE2 173 2 o+ 2
(SNo™>my 213 s1 o+ 1 24 +0.61
173 398 + 50
255
No o1 1 a0 34=097
17.3 96 + 3
254 m2
No o1 o 1 s 015£005
173 157 + 30
254 ml
No 213 383 + 50 O0A41£009
17.3 619 + 60
254
No 213 1778+ 200 03P +005
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FIG. 2. Energy spectrum of y transitions in prompt coincidence
(see Sec. II) with CEs from ER-CE correlations in (a) Expl and
(b) Exp2. Inset of (b) shows the energy range 620-900 keV. (¢) y
transitions in prompt coincidence with ERs from ER-CE correlations
in Expl. Summed (Expl and Exp2) energy spectra of y transitions
in prompt coincidence with (d) CE1 or (e) CE2 from ER-CE1-CE2
correlation chains.

with energies 73, 85, 109 keV, and L x rays of nobelium
were recorded [Fig. 2(d)]. In coincidence with CE2, only L
x rays of nobelium were found [Fig. 2(e)]. No intense K x
rays of nobelium, 606-keV or other y rays originating in the
deexcitation of »*No™ were observed in coincidence either
with CE1 or CE2. Therefore, we attribute the y rays (73, 85,
109 keV, etc.) and L x rays of nobelium, found in coincidence
with CEs from correlation chains, to the deexcitation of the
isomeric state in 2°No.
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FIG. 3. Time-difference distributions in the range 80-1000 us
between implantation of ER and registration of CE1l in (a) Expl
(red), (b) Exp2 (blue), or between registration of CE1 and CE2 in
(c) Expl (red), (d) Exp2 (blue). Solid red and blue lines represent the
fits of the data with exponential functions. Dashed black lines denote
contributions from »*No™? in (b) and »*No™" in (d), respectively.

In both experiments, we extracted time-difference [ Af(ER-
CEl), At(CE1-CE2)] distributions from ER-CE1-CE2 cor-
relation chains (Fig. 3) and applied the fit by exponential
function using the maximum likelihood minimization method.
As a correction for the ~5% contribution of the >*No iso-
meric states in these correlation chains in Exp2, another
exponential function with 2*No™? half-life of 198 s [12] was
added in the fitting of Af(ER-CE1) distribution [Fig. 3(b)].
For At(CE1-CE2) distributions this correction was in the form
of a constant function as the »*No™! half-life of 275 £ 7 ms
is more than two orders of magnitude longer than the cor-
relation time of 1 ms [Fig. 3(d)]. The contribution of the
234No isomeric states in Expl was negligible (<1%). Re-
sulting half-lives obtained from Expl and Exp2 were equal
within the uncertainties (Fig. 3) and matched those extracted
from ER-CE chains (Expl) where the coincidence of CEs
with 632-, 657-, 741-, or 839-keV y transitions was required
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TABLE IV. Half-lives (T};;) in s and mean values of CE energies (Ecg) in keV from (a) ER-CE1-CE2 (assigned to >*No; see Table IIT)
and (b) ER-CE correlation chains compared to (c) corresponding values for 2*No™ and »*No™'. For the ER-CE sequences, we required a
coincidence (see Sec. 1) of the 355-, 632-, 657-, 741-, or 839-keV y ray with either ERs or CEs (denoted in bold).

(b) ER-CE (Expl)

(a) ER-CE1-CE2 (Expl | Exp2) E, (keV) 355 632 657 741 839  (c) P*Nom2m!
Ti2(ER-CE1) 77+ 6|76+ 14 Tp[ER-(CE-y)] — 7578 82 79t 79™E T,[12] 198 £ 13
Ecu 258 4+ 10263+ 10 Ecs — 282434 208+17 249+21 265+ 16 Ecg 388 + 10

T:,(CE1-CE2) 109 £ 91105 £ 18 Ti»[(ER-y)-CE)]
Ece 208 +£101203 £ 10 Ece

025

(Table IV). These half-lives of 77 =6 us and 109 £9 us
differ significantly in comparison with corresponding values
for 2*No isomeric states (see Table IV), and we attribute
them to >>No™ and >>No™, respectively. The order is es-
tablished by the coincidence behavior with ER for >»No™!
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the CE energy in keV. An arrow denotes maximum energy in keV.
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and y rays or CEs for 2°No™?, respectively. In order to search

for short-lived (~us) isomeric states, we separately evaluated
time differences [Af(ER-y) <5 us] from ER-CE sequences
in Expl based on TAC (STOP-Ge) values. In this case we
required a coincidence of ERs and y transitions with energies
355-, 632-, 741-, and 839-keV [Fig. 2(c)]. The half-life of

these events was established as 1.270% s and assigned as a

third isomeric state, 2°No™. We ruled out the contamination

of A7(ER-CE1) or Af(CE1-CE2) distributions from 2>No"
as its half-life of 1.2;*8:2 s is 2220 times shorter than the lower
limit of 25 s for members of correlation chains (see Sec. II).

Signal of decays (e.g., o decay or CEs) in the STOP detec-
tor can be summed with the tail of ER signal if they follow
shortly (up to ~500 ps) after the implantation of ERs. This
pileup effect, which depends on the time difference between
the implantation of ER and decay, can create deviation of
measured decay energy. To suppress this effect, we applied an
energy correction as discussed in Ref. [28]. For higher accu-
racy, this correction was scaled according to the energy of ERs
from correlation chains discussed in this paper. The energy
distributions of CEl or CE2 from ER-CE1-CE2 correlation
chains and their mean values were almost identical in both
experiments, suggesting their identical origin (Fig. 4). We
obtained mean values of the CE energy similar to CE2 from
such ER-CE sequences, when the coincidence of ERs with
the 355-, 632-, 741-, or 839-keV y transition was required
(Table IV). These values also relatively differ in comparison
to energies of CEs attributed to deexcitation of 2*No isomeric
states. Because of their various CE energies or different half-
lives (see Table IV), the 2>*No isomeric states as the origin of
ER-CE1-CE2 correlations can be ruled out.

The lower limit of the 2>’ No™ excitation energy can be
roughly estimated as a sum of CE energy and coinciding y
transitions. We added the energies of CEl from the ER-CE1-
CE2 correlation chains and the coincident y-ray transitions
[Fig. 5(a)], whereby a maximum of 1219 keV was obtained.
Summing only CEs from ER-CE correlations coincident with
the 839-keV y ray yielded a similar maximum [Fig. 5(b)].
Other transitions with the energies 741, 632, and 657 keV
provided lower maxima [Figs. 5(c)-5(e)].

IV. DISCUSSION
A. Decay of **No™! (T}, = 109 £ 9 us)

The narrow distributions of CE2 energies from ER-
CE1-CE2 correlations [see Figs. 4(c) and 4(d)] indicate a
relatively simple decay path of >*No™!. We roughly esti-
mated the 2°No™! excitation energy as 240-300 keV based
on the 270 keV maximum of CE2 energy distributions.
The 1/2%[620] g.s. configuration of >>No is known from
previous studies [8,9] together with the 3/27[622] level (E* =
147 keV), which promptly decays into members of the g.s.
band [11].

Below 700 keV, three “high-spin” Nilsson levels
7/2%[613], 9/27[734], and 11/27[725] are predicted for
N = 153 isotones [3,4]; two of them were also identified
as excited levels in neighboring isotopes, i.e., 11/27[725]
in 2*Fm [29] and ’Rf [30], 7/2%[613] in **Fm [29].

Thus, these “high-spin” Nilsson levels represent candidates
for the configuration of 5No™' . However, the 7/27[613]
configuration can be excluded. With E* ~ 270 keV it
would promptly decay into the 3/21[622] level via E2
transition. The 9/27[734] and 11/27[725] levels can
populate the 3/2%[622] or 7/2%[613] state. Decay into
the latter can be excluded for the 9/27[734] level as
half-lives of E1 transitions without any hindrance are
several orders of magnitude shorter than the half-life of
235No™!. For decay into the 3/2%[622] state only transitions
with AL > 3 can be expected. The energies of E3 transitions
(mostly converted on the L and M shells) are limited to
values < 300 keV due to a maximum of CE2 energies
240-300 keV [Figs. 4(c) and 4(d)] resulting in half-lives
above milliseconds according to Weisskopf estimates [31].
However, experimental half-lives are typically even longer,
by approximately one order of magnitude, than the Weisskopf
estimates [32]. As decays via E3 transitions are therefore
at least two orders of magnitude longer than the half-life of
235No™, we excluded this possibility. Because of the positive
parity of available single-particle levels, only hindered E'1
type (e.g., populating members of the rotational band) or
M2 type are available as first transitions deexciting 2>No™!
with configurations of 9/27[734] or 11/27[725]. Half-lives
of electromagnetic decays can be strongly enhanced in
comparison to Weisskopf estimates when the conservation of
the total angular momentum projection K is violated. This
feature occurs for the transitions with lower multipolarities
than the corresponding AK, and can be quantified by the
hindrance factor Fy as a ratio of experimental half-lives
to Weisskopf estimates [32]. Possible AK values for
electromagnetic transitions with given multipolarities as
a function of hindrance factors were summarized by Lobner
[32] and Kondev et al. [33]. For known initial and final
Nilsson configurations, the range of AK values for a given
transition can consequently limit the variety of deexcitation
scenarios. In addition, the absence of nobelium K x rays and
no intense y rays in coincidence with CE2 from ER-CE1-CE2
correlation chains [see Fig. 2(e)] suggests that all transitions
in the deexcitation path of >>>No™! are highly converted with
energies below the K-shell binding energy (=147 keV [26]).
We estimated AK values based on hindrance factors calcu-
lated for different energies of available E1 or M2 transitions
and the Lobner systematics. Possible scenarios for deexcita-
tion of 2No™! are summarized in Table V. Deexcitation of
23No™! via E 1 transition requires low energy (below 25 keV),
in order to be strongly converted (ICC(E1, 25 keV) = 3.6
[34]). Otherwise, we should observe intense y rays in co-
incidence with CE2, which is not the case [see Fig. 2(e)].
Moreover, if members of the 3/27[622] rotational band are
populated, we could expect ~5 counts of 97-keV and ~4
counts of 147-keV y rays in Fig. 2(e). Both of these tran-
sitions were previously observed in Ref. [11] depopulating
the 3/27[622] bandhead. As none of them are present in
Fig. 2(e), we ruled out the scenarios leading via the 3/27[622]
band. Most likely the deexcitation of *>>No™! proceeds via
M2 transition into the 7/2%[613] level or low-energy (below
25 keV) E1 transition into members of its rotational band
(Table V). Excitation energy of the 7/2%[613] level should
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TABLE V. Scenarios for deexcitation of >>No™!. The AK values
for corresponding transitions estimated based on Lobner’s systemat-
ics and hindrance factors (Fyy ) are given. Bandhead configurations for
populated states are denoted in brackets. Hindrance factors were cal-
culated as the ratio of observed half-life 109 + 9 pus and Weisskopf
estimates.

E, (keV) Fy AK Scenario Bandhead

11/27[725] — 9/2* (7/2*+[613])

) 11/27[725] — 11/2* (7/2*+[613])
El 50 16x10%2,3 9/2°[734] — 9/2+ (3/27[622])
9/2°[734] — 7/2+ (3/27[622])
50 180
M2 o b0 2 1172717251 > 7/2% (7/27[613])

be close above or below the 147 keV (excitation energy of
3/2%[622] state). Otherwise, the 3/27[622] state would be
populated in the deexcitation of the 7/27[613] level.
Theoretical excitation energies of the 9/27[734] level in
23No are 470 [3] and 440 keV [4]. For the 11/27[725] level
these energies are 230 [3] and 280 keV [4], respectively. While
the former values are somewhat higher, the latter are in good
agreement with >>No™! excitation energy of 240-300 keV.
The presence of single-particle 11/27[725] isomeric states in
the neighboring isotones >>*Fm [29] and *"Rf [35] also sup-
ports 11/27[725] as the configuration of 2>No™!. In addition,
population of members of its rotational band from >>>No"? or
25No™3 should be favored over members of the 9/27[734]
band due to the lower AK value. Therefore, we tentatively
assign the Nilsson configuration of 11/27[725] to 2°No™!.

B. Decay of 2**No™? (Ty, = 77 & 6 us)

An isomeric state in >>No was previously tentatively
suggested on the basis of the 741- and 839-keV y transi-
tion half-lives of 105+ 25 and 130 £25 us, respectively,
in Ref. [12]. These high-energy y rays were observed in
coincidence with CEs correlated to ERs. Our results indicate
a somewhat lower but still compatible value of 71, = 77 &+
6 us and Ty, = 76 £ 14 pus derived from time differences of
ER-CE1-CE2 correlations in Expl and Exp2 [Figs. 3(a) and
3(b)]. These half-lives were in good agreement with half-lives
of individual y lines with energies 632, 657, 741, and 839
keV extracted from ER-CE correlation chains in Expl (see
Table IV).

The wide energy distribution of CEl from ER-CE1-CE2
sequences [Figs. 4(a) and 4(b)] suggests cascades of highly
converted transitions as a part of the *No™? deexcita-
tion path. We observed 73-, 85-, and 109-keV transitions
[Fig. 2(d)] and tentatively interpret these y rays as members of
the 11/27[725] band based on the previously assigned config-

. . . T3 keV
uration of *>No™!. Similar transitions 13/2~ ——> 11/2",

15/2= 2% 1327 and 19/2- 225Y% 17/2- of the same
type of high-spin band were observed in 2>’Rf [35]. Addition-
ally, energy differences of 98 and 109 keV derived from the
839-, 741-, and 632-keV y rays fit the energy of 17/27 —

15/27 and 19/2~ — 17/2~ transitions in the analogous

TABLE VI. Possible AK values for transitions deexciting
235No™? estimated based on Lobner’s systematics and hindrance fac-
tors (Fy ). The hindrance factors were calculated as the ratio of the
observed half-life of 77 &= 6 us to Weisskopf estimates.

Transition E, (keV) Fy AK Lobner est.
50 4.3 x 107 3or4
M1 100 4.8 x 107 3or4
150 7.6 x 107 4
50 3.4 x 10° 2,3,0r4d
E2 100 4.4 %103 2,3,or4
150 6.0 x 103 2,3,or4
50 1.3 x 10? 2
M2 100 1.9 x 10? 2
150 2.7 x 10? 2

band in 2'Rf [35]. However, according to a more recent study
of 2Rf, the first member of the 11 /27[725] rotational band
is an 86-keV transition [36]. Thus, we suggest a two different
scenarios for population of three consecutive members of the
11/27[725] band via 632-, 741-, and 839-keV transitions. In
the first scenario, the first member of the 11/27[725] band is a
73-keV transition and populated levels are 19/27, 17/27, and
15/27. In the second scenario the 17/27,15/27, 13/27 levels
are populated and the first transition has an energy of 85 keV.
These two scenarios are included in all following discussions
and in the 2°No decay scheme proposed in Sec. IV D.

The 632-, 741-, and 839-keV y lines were observed also
in coincidence [Af(ER-y) <5 us] with ERs [Fig. 2(c)]. This
observation indicates that these y rays are stemming from
an intermediate level, which is fed both by 2>*No”? and yet
another isomer with a very short half-life (see Sec. IV C).
Transitions feeding this intermediate level from 2>No™
should be mostly converted on the -shell as no intense y rays
(except for 632, 657, 741, and 839 keV) and only very weak
K x rays of nobelium were registered in coincidence with
CEl [Fig. 2(d)]. The E1 character of these transitions can
be excluded based on its low internal conversion coefficient
(ICC(E1, 25 keV) = 3.6 [34]) and lack of intense low-energy
y rays [see Fig. 2(d)]. We calculated AK values for a different
type of transition (E, < 150 keV) based on their hindrance
factors and Lobner’s systematics [32]. All possible AK values
are in the range 2—4 (Table VI).

We can derive the character of the y lines with energies of
632, 741, and 839 keV. The possibility of all three transitions
having multipolarity L = 2 can be ruled out, as they are emit-
ted from the same level and populate three consecutive states
in a rotational band [see Fig. 6(a)]. Atleast two of them should
have multipolarity L = 1. Because of their similar energies
and intensities, the scenario with three dipole transitions being
either E1 or M1 type is the most probable. The electromag-
netic character of these high-energy y rays can be determined
based on their K x ray yields, related to the transition’s internal
conversion. If these y lines are of M1 type, we could expect,
considering Ge-detector efficiency, *16 counts of K x rays in
coincidence with CE1 (Table VII) from Expl alone, contrary
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TABLE VII. Expected yields of K x rays (Nx) and following CE1 with energy E > 600 keV (Ncg) from deexcitation of the 632-, 741-,
and 839-keV y transitions via internal conversion. Yields were calculated for ER-CE1-CE2 correlation chains in Exp1l. The probability of CE
depositing full energy was estimated using the GEANT4 simulation toolkit [38].

E, (keV) Nk(E1) Nx(M1) Nk (E2) Nk(M2) Nce(E1) Nce(M1) Nce(E2) Nce(M2)
632 0.1 35 0.4 7.1 0.2 4.1 0.6 8.7
741 0.3 5.7 0.8 11.6 0.2 34 0.5 7.1
839 0.4 6.8 1.1 13.9 0.1 2.1 0.4 45
> 0.8 16.0 23 32.6 0.5 9.6 1.5 20.3

to 4 + 2 counts, which were observed in added data from both
experiments [see Fig. 2(d)]. On the other hand, their E'1 type
would yield a more compatible value of ~1 K x rays (see
Table VII). Another useful quantity is the yield of electrons
with energies > 500 keV from the internal conversion of the
632-, 741-, and 839-keV y transitions. As a result of the long
range of >500 keV electrons (>1 mm in Si [37]) compared
to the thickness of the STOP detector of 0.3 mm, only a
fraction of these electrons will deposit their full energy. Using
the GEANT4 simulation toolkit [38], we estimated this fraction
from the internal conversion of these y transitions, depositing
their full energy in the STOP detector (Table VII). Never-
theless, the energies of these CEs will be summed with the
energies of CEs from the deexcitation of the other converted
transitions (e.g., 73, 85, 98, and 109 keV) in the cascade,
leading to an energy minimum of 600 keV. Assuming their
M1 or E1 type, we expect 10 or ~1 counts of CEl (Ecg; >
600 keV), respectively, from the ER-CE1-CE2 correlation
events in Expl. The latter value of ~1 is in agreement with
the 1 count observed for CE1 [see Fig. 4(a)]. Therefore, based
on the K x ray and CE1 (Ecg; > 600 keV) yields of the 632-,
741-, and 839-keV y transitions, we tentatively assign E'1 as
their character and I™ = 15/2%, 17/2% to the intermediate
level, which they depopulate. We estimate excitation energy
of the (15/2%, 17/2%) level as 1150-1300 keV by adding to-
gether the 839-keV transition, 240-300 keV as the excitation
energy of 2>>No™!, and the 85- or 73- and 85-keV transitions
(members of the 11/27[725] rotational band; see Fig. 6(a) and
Sec. IV B).

The 657-keV y ray is only in coincidence with CE1 [and
not with ERs; see Fig. 2(d) and Table IV], therefore it does
not stem from the 17/2" intermediate level. Presumably it
directly deexcites 255N0™?2, since a different deexcitation path
would require another high-spin intermediate level in addition
to the (15/2%, 17/2%) state. To evaluate the spin of >>>No"?
we estimated AK values for different types of 657-keV y
transition based on calculated hindrance factors and Lobner’s
systematics [32]. All possible AK values are in the range
of 4-6 (Table VIII). As K-isomeric states tend to have the
highest possible spin [12], the K value of >>No™? can be
estimated as the sum of AK of the deexciting transition and
the K value of the populated state. The K = 19/2-25/2 values
were obtained in case of the low-energy transitions (AK =
2-4) populating a member of the (15/2%, 17/2") rotational
band. Similarly, we derived values of K = 19/2-23/2 for the
657-keV y transition (AK = 4-6) leading to a member of the
11/2~ band. Therefore, we tentatively assign K = 19/2,21/2,

or 23/2 for »*No™? as the overlap of these two ranges and
denote it as presumably a three-quasiparticle (3-qp) K isomer
(see Sec. IV D).

The excitation energy of 2>>No™? can be roughly estimated
based on the maximum of the summed energies of CEls and
coincident y rays [see Figs. 5(a) and 5(b)]. Therefore, we
estimated the 2>>No™? excitation energy as 1400-1600 keV
by adding together 1160-1280 keV as the maximum of the
summed energies of the CEls and coincident y rays [see
Fig. 5(a) and 5(b)], and 240-300 keV as the excitation energy
of No™!. Because of the presumably higher number of
cascade transitions in the decay path of 2No"? in comparison
to 2°No™!, we used a larger interval of 1160-1280 keV for the
estimate of the maximum of the summed energies of the CEls
and coincident y rays.

C. Decay of 2*No™ (Ty; = 1.210:¢ us)

The presence of fourteen 632-, 741-, 839-keV y rays in
coincidence with the implanted ERs [Fig. 2(c)] cannot be
explained via decay of >>No™?. In that case, only 177 coinci-
dence events are expected because of the much longer half-life
of 2>No™? than the coincidence time. This large difference
indicates that another isomeric state, feeding the intermedi-
ate level, must be populated in the reaction. The half-life of
23No™ should be >1 us to survive the flight through the
separator. Indeed, we obtained a half-life of 77, = 1.2 fg:g us
based on the TAC (STOP-Ge) values of the 355-, 632-, 741-,
and 839-keV y transitions found in coincidence with ER from
ER-CE correlation chains (see Sec. III). The decay path of
25N o™3 proceeds via the 632-, 741-, and 839-keV transitions

TABLE VIII. Possible AK values for the 657-keV y transition
deexciting > No™ estimated on the basis of Lobner systematics
and calculated hindrance factors (Fy ). The hindrance factors were
calculated as the ratio of partial half-life of the 657-keV y transition
~540 s and corresponding Weisskopf estimates. In the calculation
of the 657-keV y transition partial half-life, the ratio of the 657-keV
and the sum of the 632-, 657-, 741-, and 839-keV y transition
intensities (*1/7) was included.

Transition E, (keV) Fy AK Lobner est.
E1l 9.3 x 10" Sor6
M1 8.8 x 10° Sor6
E2 657 12 x 107 4ors
M2 1.4 x 10° 4or5
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and feeds >No™!. Such a decay path is supported by the
excellent agreement of half-lives [A7((ER-y)-CE)] extracted
from ER-CE sequences with the half-life of >>>No™! based on
ER-CE1-CE2 correlation chains. In addition, mean values of
the CE energy from these ER-CE chains are in good accord
with CEI attributed to deexcitation of 2°*No™! (see Table IV).

We assign the 355-keV y line to the decay scheme of
235No™ as it was observed only in coincidence with ERs
[Fig. 2(c)]. Otherwise, it should be present also in coincidence
with CE1 from ER-CE1-CE2 correlations, which is not the
case [see Fig. 2(d)]. However, it cannot be unambiguously
attributed to the decay of the 2>No™ and its placement in the
decay scheme is only tentative [see Fig. 6(a)]. Consequently,
we estimate a lower limit of the 2> No™ excitation energy
as > 1500 keV being the sum of the (15/2%, 17/2%) level
excitation energy 1150-1300 keV and the 355-keV transition.
We denote >»No™ as a 3-qp K isomer based on its excitation
energy, similar to known K-isomeric states in neighboring iso-
topes with E* > 1000 keV (see, e.g., [28,36,39,40]). 2> No™
populates the (15/2%, 17/2%) level or members of its rota-
tional band with a half-life of 1.2 fg:i us. Such a half-life
can be achieved either by the AK > 2 hindrance for L = 1
transitions [32] or via transitions with L = 2 according to
Weisskopf estimates [31]. Therefore, we tentatively assign
I >19/2 for 2®No™. No additional information about the
spin or parity of this isomeric state can be extracted from our
data.

D. Decay scheme of 2No

Based on the analysis above, we propose a tentative de-
cay scheme of >*No in Fig. 6(a). Neighboring isotone »'Rf
shares a similarity with >*No in the deexcitation of high-K
isomer, as shown in Fig. 6(b). For »'Rf, feeding the members
of the rotational band built on the low-energy (E* = 70 keV)
single-particle isomeric state 11/27[725] via an E'1 transition
from a high-energy, high-K, 3-qp isomer was suggested [36].
For heavy N = 151 isotones, a systematics of short-lived low-
energy isomeric states with Nilsson configuration 5/2%[622]
was found. However, high-K isomeric states identified in
235Rf and >*No populate only rotational members of the g.s.
band. In >>>Rf, two high-energy (900-1450 keV) presumably
K-isomeric states are feeding one another and also the g.s.
band with the Nilsson configuration 9/27[734] [28]. In 23No
the g.s. band is fed from a K-isomeric state with excitation en-
ergy < 1380 keV [40]. A summary of the properties for these
high-K isomeric states with their tentative 3-qp configurations
is given in Table IX.

Energies of possible 3-qp configurations were previously
calculated for 2’Rf [36] using the axially deformed Woods-
Saxon potential with the set of universal parameters [41] for
the single-particle orbitals and the Lipkin-Nogami approach
[42] with the average gap method [43] for pairing corre-
lations. The total energy of a state was achieved with the
standard liquid-drop model [44] and Strutinsky-shell correc-
tion with blocking effects. Five of these 3-qp configurations
have K = 19/2, K = 21/2, or K = 23/2, which we also
suggest for 2>No™2, all formed by coupling of the two-
quasiproton (?) or two-quasineutron (v*) configuration to

5132772T/652“823/2) 1.2%54us ()
1400-1600 >1500(219/2)
25N ~ 5No™ 2
& (15/2%, 17/2™)
1150-1300
106+6us
(21/2%)1081
Scenario
(19/2) S S |
(109) )
17/2)yw—Y—— (21/27)
1577 (98): [(109)
E13/2‘) (85)] 4(98) (19/27)
240300 2 m(fS)(Yéé/igZSD (17/2)
NO™ ~ HS @s2)y— 4.7+0.4s
3/2%[622] 1147 (13/2)- ¢ — 257R_fml
2 70—Y—v:11/27[725]
1/2+[620]_2'55N_o ----- 9:Semm g 1/2¥1620]

FIG. 6. (a) Tentative decay scheme of isomeric states in 2**No.
Blue dotted lines represent previously observed levels and transi-
tions [11]. Dashed lines indicate only tentative assignments. Roman
numerals and rectangles at the end of horizontal lines correspond
to different scenarios where various members of the 11/27[725]
rotational band are populated via 632-, 741-, and 839-keV transitions
(see Sec. IV B). (b) Decay scheme of the isotonic neighbor ZTRE[36].
Energies are in keV.

the v 11/27[725] single-particle state. It is not possible to
pinpoint the 3-qp configuration of *>>No”? based on these
calculations alone. A deformed neutron shell gap is expected
at N = 152 [45]. The 3-qp configurations formed from only

g.s. 255\ om2 g.s. 255\ M2
5/27[512] ]
1/27[521] P P 171£2+[gf§]
92t [624] —— —@ 3;2+{622}
7/27[514] -0—& —— & ——1/2*[620]
100 152

7/27[633] 6—6- 6—6- ©—6- 6—e- 9/2[734]
3/27[521] @& €€ €@ 6@ 527[622]
€—6 6—@- 7/21[625]

Proton Neutron

FIG. 7. Ground-state configuration of ***No and tentative
2No™? 3-qp configuration. Given single-particle levels for protons
and neutrons were calculated in Ref. [46] with nuclear deforma-
tions taken from Ref. [47]. The neutron Nilsson levels 1/27[620],
3/2%[622], and 5/2%[622] were placed based on the experimental
results from Refs. [8,9], [11], and [5], respectively.
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TABLE IX. Spin-parity assignments, excitation energies (E*), half-lives (7}), and tentative Nilsson configurations of high-K 3-qp

isomeric states in N = 151 and N = 153 isotopes.

Nucleus " E* (keV) Ti/p (1) Tentative configuration (p-p-n) Reference
23No (25/2%) < 1380 706 + 24 7/27[514] ® 9/27[624] ® 9/27[734] [40]
BRE (=19/2) 900-1200 15:? 1/27[521]1 ® 9/27[624] ® 9/27[734] [28]
5Rf (=19/2) 1150-1450 3871 — [28]
25No (19/2,21/2,23/2) 1400-1600 77+ 6 1/27[521 1® 9/27[624] ® 11/27[725] This work
25No (= 19/2) > 1500 1.2%9¢ — This work
TRf (21/2%) 1081 106+ 6 1/27[5211 ®9/27[624] @ 11/27[725] [36]

unpaired neutrons require a neutron to be excited across this
gap (see Fig. 7). Therefore, the excitation energies of V> ®
v 11/27[725] 3-qp states will then be higher in comparison
to 72> ® v 11/27[725] 3-gp states which do not require exci-
tation across a shell gap. Thus, coupling of two-quasiproton
configurations with the v 11/27[725] level is favored. The
3-gp configuration with the lowest excitation energy and K =
19/2,K =21/2, or K = 23/2, which consists of a proton pair
and v 11/27[725], is 1/27[521] ® 9/27[624] ® 11/27[725]
(see Fig. 7 and Table IX). However, as calculations of
2-qp states excitation energies can differ significantly (see,
e.g., Refs. [48-50]), other 3-qp configurations of 2*No™? are
possible. Some additional assumptions can be made for the
deexcitation of > No™. Its decay path should proceed via the

lowest possible AK, and it should preferentially not involve a
change of the unpaired neutron 11,/27[725]. The 3-qp config-
uration of the (15/27%, 17/2%) state being preferably populated
from 2>>No™? should include this neutron configuration. Nev-
ertheless, further experimental data are needed to determine
the exact 3-qp configuration of 2> No™?

E. Quasiparticle level systematics of N = 153 isotones

Experimental and theoretical single-particle level energies
in N = 153 isotones are presented in Figs. 8(a)-8(e) [51].
We added the assignment of the 11/27[725] state in >>>No
from this work. Clearly, the excitation energy of 11/27[725]
state decreases from >>>Fm to >%No, being in line with the

7007 (a) 70071 (b) 700, (©)
600 - — 600 - |
. 5/2t[622]_::"»—~— 600 ]
500-. 1/27[750]— 500 - 5004
= 400 13 ¢ . ] —_—
e 11/2'[725%w";§£.“5 400 4001, s —
200 : 3/2 [622]—\,_\ P - 200 - 200 B2 622]
100 - 49 iﬁ . 100 4 . 100 T /2+[620]_"‘:\:‘ =
0d1/27620] — —. — . . __0Als 01270 — =" A _——===

Z49Cm Zslcf 253Fm ZSSNO 257Rf ZSQSg

Z49Cm 251Cf 253Fm 255NO

247Pu 249Cm 251Cf 253Fm ZSSNO 257Rf

7007 (d) — 7007 (e)

600 4 9/2*1615]— = 600 9/TsT

500 L 500+
S e | e 400
g 4002 BI— 0071281
=300 — 300

3/2*[622] =i __ — 1
1001 ="l
0_1/2*[620] _______ 0- /271629]

249Cm 251Cf 253Fm ZSSNO 257Rf 25959 261Hs

247Pu 249Cm 251Cf 253Fm ZSSNO 257Rf ZSQSg 261HS

FIG. 8. (a) Experimental single-particle level systematics of N = 153 isotones. Theoretical calculations of single-particle levels based on
self-consistent models (b) [1] and (c) [2] or macroscopic-microscopic models (d) [4] and (e) [3] are given for comparison. Dashed horizontal
line denotes the excitation energy for the 11/2~[725] level (240-300 keV) in 2*No assigned in this work.
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theoretical predictions of mac-mic models, although followed
by a more steep decrease to 2TRf [see Figs. 8(d) and 8(e)]. It
has to be noted that self-consistent models are not predicting
the 11/27[725] level in the range 0—700 keV [Figs. 8(b) and
8(0)].

V. CONCLUSIONS

The technique of CE correlation was applied to the study
of excited states in 2>No. We studied three isomeric states
in 2°No; two of them were identified for the first time. In the
case of 2°No™!, we estimated its range of excitation energy as
240-300 keV and assigned tentatively the 11/27[725] Nils-
son configuration, partially based on N = 153 experimental
systematics. Such assignment is in agreement with theoreti-
cal calculations of quasi-particle level systematics [3,4]. The
monotonic decrease of the 11/27[725] level energy from
23Fm to Z’Rf was confirmed. For the previously tentatively
assigned isomeric state (in the present paper denoted as
255No’"z), an improved half-life value of 77 & 6 us, a range
of excitation energy 1400-1600 keV, and possible spins of

I =19/2,21/2, and 23/2 were extracted. Regarding > No"?,
a half-life of 1.24_'8:2 us was measured, and lower limits of
E* > 1500 keV and I > 19/2 were proposed for its excita-
tion energy and spin, respectively. Concerning >>>No™? and
235No™3, both were assigned as K-isomeric states and are an
important addition to the systematics of high-K, high-energy
isomers in the transfermium region.
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