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Abstract The new neutron-deficient isotope 2*’No was
synthesized for the first time in the fusion-evaporation reac-
tion 204Pb(48Ca,3n)249No. After separation, using the kine-
matic separator SHELS, the new isotope was identified with
the GABRIELA detection system through genetic correla-
tions with the known daughter and granddaughter nuclei
245Fm and 2*!Cf. The alpha-decay activity of ?*No has an
energy of 9129(22) keV and half-life 38.3(2.8) ms. An upper
limit of 0.2% was measured for the fission branch of >**No.
Based on the present data and recent information on the decay
properties of >3Rf and aided by Geant4 simulations, the
ground state of 2*?No is assigned the 5/2%[622] neutron con-
figuration and a partial decay scheme from 23Rf to >*Fm
could be established. The production cross-section was found
to be 0 (3n)=0.47(4) nb at a mid-target beam energy of 225.4
MeV, which corresponds to the maximum of the calculated
excitation function. Correlations of the >*’No alpha activ-
ity with subsequent alpha decays of energy 7728(20) keV
and half-life 1.21'(1):2 min provided a firm measurement of
the electron-capture or 1 branch of >’ Fm to **Es. The
excitation function for the In, 2n and 3n evaporation chan-
nels was measured. In the case of the 2n-evaporation channel
230No, a strong variation of the ground state and isomeric
state populations as a function of bombarding energy could
be evidenced.

4 e-mail: tezekbaeva@jinr.ru (corresponding author)

1 Introduction

The investigation of the radioactive decay properties of trans-
fermium elements is one of the main directions of mod-
ern nuclear physics and has recently made great prog-ress
due to the use of efficient detector arrays. Heavy and super
heavy elements are mainly synthesized in fusion-evaporation
reactions of heavy ions with heavy target nuclei with sub-
sequent evaporation of several neutrons from the excited
compound nucleus (CN). The Separator for Heavy Elements
Spectroscopy (SHELS) [1,2] allows a separation of fusion-
evaporation reaction products on the basis of velocities and
charge states [3]. The identification of evaporation residues
(ERs) is made through temporal and spatial correlations
between registered decay events in the implantation detec-
tor of the GABRIELA detector array [4,5]. The aim of the
present experiment was to study the radioactive decay proper-
ties of nobelium isotopes produced in the fusion-evaporation
reaction of an accelerated heavy ion beam of *8Ca with a
204ppsS target.

At the FLNR, JINR, experiments directed at studying pro-
duction cross-sections and radioactive decay properties of
neutron-deficient nobelium isotopes have been previously
successfully carried out. The first report about the spon-
taneously fissioning 2°No nucleus can be found in Ref.
[6], in which 2%No was synthesized using the reaction
233U(*2Ne, 5n) at the U-300 cyclotron. In 2003, Beloze-
rov et al. used the reaction 2%*Pb(*8Ca,xn) and measured
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twenty four long-lived and fifty six short-lived spontaneous
fission (SF) events, which were assigned to >*’No and 2°No
respectively [7]. The measured half-lives of long-lived state

attributed to **No was T§S17)=54.0J_ré'32'9 ps and short-lived

/2
state attributed to 2°No was T%i; )=5.6f8:2 is. The authors,

however, did not exclude that both SF activities could be
from 2°°No. In an experiment performed at the Fragment
Mass Analyzer (FMA) in Argonne, it was shown that the
previously-observed long-lived SF activity was in fact related
to the decay of an isomeric state of 2%°No [8]. Subsequently,
in an experiment using a 3He neutron multiplicity counter
at the FLNR, the neutron multiplicities accompanying the
fission of the ground and isomeric states were extracted [9].
An experiment performed at Jyviskyld measured an internal
decay branch stemming from the isomeric state [10] evi-
dencing a considerable fission hindrance due to K isomerism
[11]. More recently, Svirikhin et al. [12] observed the decay
of the new isotope 2*°No, which was produced with a large
statistic. The same year, Ref. [13] was published, where one
decay event of >**No was observed. In this work, we present
a detailed study of the data reported in Ref. [12].

2 Experimental details

The recent study of neutron-deficient nobelium isotopes at
the FLNR was performed using a 2*4PbS target. The 0.47(10)
mg/cm? target was made by electrodeposition on a 1.5 um
thick titanium foil backing. The enrichment of the target
material was 99.94% (2°°Pb - 0.04%; 27Pb - 0.01%; 2°3Pb -
0.01%). The *¥Ca beam was delivered by the U-400 cyclotron
with an average intensity of 0.5 ppLA. The ERs produced in
the fusion reaction of *8Ca+2%Pb were separated and trans-
ported through SHELS and delivered to the detection system
GABRIELA. For the above-mentioned reaction, the trans-
mission and detection efficiency of ERs was 20-40% [2]
depending on the ion-optical settings of the separator.

The GABRIELA system includes a 100 x 100 mm?
implantation Double-sided Silicon Strip Detector (DSSD)
with 128 x 128 horizontal and vertical strips. Upstream from
the DSSD, a Time of Flight detector (ToF) provides a marker
to the DSSD events in order to distinguish recoil implants
from subsequent decay events (« particles, electrons, SF frag-
ments). The test reactions **Ca+!7#Yb and *8Ca+'%*Dy were
used for calibration purposes. In Fig. 1 the spectrum of «
particle energies detected in the DSSD is shown. The energy
resolution of the DSSD is 15-20 keV for « particles rang-
ing from 6-10 MeV. An additional silicon array consisting
of eight DSSDs, each of 16x 16 strips, arranged in a tunnel
configuration upstream from the implantation DSSD is used
for internal conversion-electron spectroscopy and to increase
the detection efficiency for « particles and SF fragments. The
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Fig. 1 a « particle energy spectrum emitted by the nuclei produced
in the reaction *3Ca+'74Yb —222Th* and detected in the implantation
DSSD. b The inset shows the fit of the 2!°Th alpha peak at 7922.8(3)
keV from which a resolution FWHM=16.5(8) keV was extracted

Table 1 Details of target thicknesses d; used during the experiment as
well as delivered beam energies Ejqp and doses. E /; refers to the beam
energy in mid-target

E;.p [MeV] E1/2 [MeV] Projectile dose d; [mg/cmz]
2252 213.4 1.05x10'8

230.0 218.5 2.6x107

237.0 225.4 1.8x10'8 0.47(10)
242.0 231.0 6.3x1017

246.0 235.0 1.6x10"7

detection efficiency of the implantation DSSD is 50% for «
particles and 100% for fission fragments.

An array of germanium detectors is used for the detection
of y rays and X rays. It is composed of four C-window coaxial
single germanium crystals, arranged in a cross around the Si
detectors and a clover detector installed behind the implan-
tation DSSD. All the germanium detectors are surrounded
by 15 mm thick BGO Compton-suppression shields in order
to reduce the rate of background events and to improve the
peak-to-total. The detection efficiency of y rays is ~10% at
600 keV and peaks at ~30% for photon energies around 100
keV [5].

3 Results

The irradiation was performed at various bombarding ener-
gies. The details are given in Table 1.

3.1 The isotope *No and its daughter nuclei

The isotope 2*?No was produced in the fusion-evaporation
reaction *8Ca+ 2%Pb—2>2No* —2**No+3n. We searched
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Fig. 2 a The alpha-particles energy E, of ER-o1 correlations as a logarithmic function of time difference At between implanted ERs and alpha
decays detected in the same DSSD pixels. b Energy projection of a E,=9129(22) keV, FWHM=31.3(1.6) keV. ¢ Time projection of a t=55(4) ms,

T1/2=38.3(2.8)ms

for alpha decays in the energy range 8—10 MeV within a
time window of 500 ms after the implantation of ERs with
energies 1-18 MeV. Altogether 218 ER-« correlation events
in the range of 9050-9200 keV (Fig. 2a) were observed. This
new activity has a mean energy of E, = 9129(22) keV. From
a fit of the time distribution of Fig. 2c, the lifetime is found
to be to T = 55(4) ms, corresponding to a half-life 38.3(2.8)
ms. The number of observed ER-« correlations as a function
of beam energy is given in Table 2. A genetic correlation
analysis (shown in Fig. 3 and Table 3) reveals that the newly-
discovered activity correspond to the alpha decay of the new
isotope 24°No as it is followed by the characteristic alpha
decay of >*Fm and subsequently 2*!Cf. Indeed, the alpha
particle energies of 8171(20) keV and 7360(27) keV with cor-
responding half-lives of 5.5(7) s and 3.84_'(1):% min (see Fig. 4
aand b) are in agreement with the tabulated values for > Fm
and >*' Cf respectively [15-17]. Only one ER-SF event with
a decay time 344 ms was observed at the beam energy 225.4
MeV. This event cannot be unambiguously assigned to 2*?No
since this SF event also may belong to 2! No or >>?No, which
was produced in the 2n channel on the 2°°Pb impurities of
the target. Indeed, about 10 ER-a1(252N0)-a2(248Fm) corre-
lated events were detected. The alpha decay of to %*No was
also observed due to the presence of to 2%Pb impurities and
the rather large cross-section of the reaction 208pp(48Ca,2n)
254No. Therefore an upper limit for the SF branch (for one
event) of 2**No is bgr<(2.3755) x 1073,

The FWHM of the *°No alpha-particle energy peak (~
30keV) is larger than the one of the >*Fm peak (~ 20keV).
This indicates that the alpha decay of *No populates low-
lying excited states in the daughter nucleus. This is at variance
with the broad alpha-decay spectrum from the 7/2% ground
state of the isotone 2*7 Fm [18]. Another difference between
the 2 isotones is the fact that only one alpha-decaying state is

Table 2 Production yields of ER-« correlations (Ngg—) for the new
isotope 249No in the reaction 2%*Pb(*®Ca, 3n)2*°No. The cross-sections
o(3n) were calculated assuming a 34% transmission efficiency of
SHELS. For the point at 225.4 MeV a statistical uncertainty has been
computed, for other points of beam energies uncertainties have been
calculated according to the prescriptions of Ref. [14]. The uncertainty
of transmission was not taken into account. The quoted beam energies
E1 > are mid-target energies

E12 [MeV] NER—a o(3n) [nb]
218.5 2 0.03% 003
225.4 193 0.47(4)
231.0 2 0.15% 004
235.0 1 0.037 507
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Fig. 3 Energy spectrum of alpha particles obtained from the genetic
correlation analysis of the 24 No alpha decay into known 2*Fm (8171
keV) and 2#!Cf (7360 keV).The alpha activity with energy 7728 keV
corresponds to the decay of 2*>Es. The black histogram corresponds
to first and second generation decays following the implantation of an
ER (ER-a-a2). The red histogram includes ER-a» -3, ER-o¢1-a3 and
ER-«-a3-ae3 correlations. See text for details
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Table 3 Number of detected evaporation residue events with subse-
quent alpha particles obtained for the different correlation combinations
for the decay of 249N in the reaction 29“Pb(*3Ca, 3n)?*No

Type of correlations Number of events

ER-a 218
ER-o-a 101
ER-o1-02-03 1
ER-o-a3 4
ER-oz-a3 16

observed in 2*’No. The different low-lying structure of 2*’No
as compared to 2*’Fm is also revealed by the decay pattern
of 233 Rf [19] (see panel a) of Fig. 5). The alpha decaying
state in 253Rf has been identified as the low-spin 1/27[631]
neutron state and the corresponding alpha decay spectrum
shows 2 emissions at 9.21 and 9.31 MeV, both followed by
the characteristic o decay of 2*’No.

These features can be explained as arising from a favou-
red alpha decay to the 1/27 state, which subsequently decays
by a~125keV converted E2 transition to a 5/2™ ground state.
This decay scenario is supported by the results of Geant4 sim-
ulations, performed as described in Ref. [5] . The simulated
distribution of detected a-particle energies is shown together
with the experimental one in panel a) of Fig. 5. Despite the
obvious lack of statistics in the experimental spectrum, its
overall properties are well reproduced by a ~95% alpha
branch to the 1/2+ state. The ground state of 2*’No is there-
fore assigned the 5/27[622] neutron configuration, as in the
lighter isotones 239y, 241py and 23Cm.

This assignment also makes sense if one considers the
fission properties of the ground state of 2*’No. If the
ground state were based on the 7/2+[624] configuration like
24TRm, its fission hindrance should be much smaller than the
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Fig. 5 a Spectrum of « decay energies registered in the case of the «
decay of 233Rf (shaded histogram) and simulated spectrum (dashed his-
togram) assuming a 95% branch to a 1/27 state at ~125 keV excitation
energy, followed by an E2 decay to a 5/2F ground state and normalised
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Fig. 6 Decay scheme of 2Rf

<15 keV 52.8 us 7/2+

and **No derived from the SE, 100%
present experiment and data 9.9 ms
from [19] SE,83%  253Rf

1.02x 107 fission hindrance of the 7/2% ground state of the
heavier isotope 21INo (see Ref. [26] for details). This is not
the case since the fission hindrance of 2**No with respect to
its only known even-even neighbour >>°No is extracted to be
at least 40 times larger. The difference in fission hindrance
is therefore due to a different single particle structure and
the 5/2[622] configuration must be associated with a much
larger specialisation energy than the 7/27[624] configura-
tion. Finally, if one assumes that the ground state of 2*>Fm
is based on the 1/27[631] neutron orbital (from systematics
of the N=145 isotones), the broad alpha peak of *?No can
be explained if the 5/27 state in 2*>Fm lies ~40 keV above
the ground state.

Geant4 simulations show that a cascade composed of a
~30 keV MI transition to the 3/2T member of the ground
state band followed by a small ~10 keV intraband M1 tran-
sition to the ground state can account for the features of the
experimental spectrum (see panel b) of Fig. 5). The 1/2T
state cannot lie much higher than ~50 keV above the ground
state as then summing of the «-particle energy and the par-
ticles emitted in the internal-conversion process of the >40
keV M1 transition would lead to a broader apparent peak
with a low-energy shoulder. This maximal energy depends
however on the exact spacing between the 3/2% member of
the ground state band and the ground state, which is known
to vary between 5—12 keV in the lighter N=145 and 147 iso-
tones. The proposed decay scheme of 233Rf through 2*’No to
245Fm is shown in Fig. 6. The uncertainty in the >*’No decay
scheme leads to an @-decay energy Q,, of 9.28(3) MeV, which
is consistent to the value extracted from the mass evaluation
table 9170(200) keV [20].

A group of alpha particles with an energy of 7728(20)
keV and half-life 1.27 (1):2 min (see Fig. 3¢) was also found to
follow the decay of 2*’No. This activity corresponds to the
alpha decay of >*Es, which is produced by A7 or the elec-

1/2+

o [P19Mev 125 keV 12+
9031 Mey  E2 38 ms o4
sk.<02%  2*No
o
9.1MeV 40 keV 5/2+
555 1/2+
245 Fm

tron capture (EC) of *Fm. From the known alpha-decay
branch of 2*3Es, the EC or B branch of 245Fm was extracted
to be bgc,g+=(1 1.5Jjg:g)%. In an experiment performed at
GSI aimed at studying the >*>Fm isotope [21], the authors
suggested that the observation of >*Es decays may be due
to direct production of **>Es via the p2n channel of the
40 Ar+208pb— 248 Fm* reaction. At the same time, they did
not exclude a contribution of a possible EC branch of **>Fm
and deduced an upper limit of bgc= 7%, which is consistent
with our measured value.

101_: 2n 204Pb(48Ca, X,1)252-XNO
A |pn data
1 B 2n data
10°< ® 3n data
2
01075
10725
103+t e e
205 210 215 220 225 230 235 240 245 250 255
Ejp [MeV]

Fig. 7 Production cross-sections of nobelium isotopes in the xn-
channels of the reaction “8Ca+2%*Pb—22No* as a function of the mid-
target beam energy Ej>. The results of the NRV calculations are rep-
resented by solid lines [22,23]. The measured cross-sections for the 1n
channel (3'No) are denoted by green solid triangles and for the last
two energies (231 and 235 MeV) cross-section limits were pointed.
The solid red squares represent the cross-sections of the 2n channel
(®YNo). The evaluated cross-section of the 3n channel (new isotope
249No) are marked by blue circles. On the x-axis error bars represent
a measurement variability of the beam energy, on the y-axis error bars
are statistical [14]
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Fig. 8 Time distribution of correlated ER-SF events for the ground and isomeric states of 2>°No at different beam energies: a 213.4 MeV, b 218.5
MeV and ¢ 225.4 MeV. The solid red lines are the fitted two-component exponential decay curves

The measured excitation function of *?No is shown in
Fig. 7 by the solid blue circles together with theoretical cal-
culations performed using NRV [22,23] within the statistical
model. The de-excitation of the CN was simulated using the
method of nested integrals, which is capable of allowing for
channels with evaporation of a limited number of particles
[24]. The experimental data follow the shape of the theo-
retical curve for the 3n channel. A production cross-section
value of 0.47(4) nb was obtained from the number of detected
a-decay events at the beam energy E1,2,=225.4 MeV that cor-
respond to the maximum of an excitation function.

3.2 The isotopes 2>°No and >3'No

The isotope **No was produced in the 2n channel of the reac-
tion *8Ca+2%Pb. A total production cross-section for the 2n
evaporation channel was extracted considering the total num-
ber of detected ERs followed by spontaneous fission in the
same pixel of the DSSD (solid red squares in Fig. 7). The ER-
SF correlations for 22°No represent events of the short-lived
ground state Tq,2 =4.7(1) s and long-lived high-K isomeric
state Ty = 37.2(9) ps, most likely of spin 1=K=6T £ [10].
Part of the decays of the short-lived state are missed (Fig. 8)
because the half-life is comparable with the average flight
time t=2.19(15) s through the separator (from the target
to the implantation DSSD). The fraction of produced nuclei,
which decay in flight, is estimated to be (28(2))%. Moreover,
a large difference in the relative populations of the ground
and isomeric states is measured at low and high beam ener-
gies (Fig. 8). The Fig. 9 shows the variation of the ratio of the
isomeric state to the total population with beam energy. As
pointed out by He3berger et al. [25], in the case of the rela-
tive populations of the long-lived and short-lived isomers in
234No, this behavior is attributed to the contribution of higher
partial waves to the fusion cross-section. Unfortunately, the
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statistics collected at the 235 MeV beam energy did not allow
us to extract a reliable ratio at that energy. Therefore, it is
not clear whether the increasing trend of Fig. 9 continues or
whether a saturation is reached, which would signify that the
contribution of even higher partial waves is cut off by fission.

The isotope > No was produced in the 1n channel of the
reaction *8Ca with 2°4Pb. An excitation function was mea-
sured taking into account the contribution from the 3n chan-
nel of the reaction *®Ca with 2°°Pb impurities in the target
material. The contributions from the other admixtures (2°7Pb,
208Pb) in the target were ignored due to their negligible val-
ues and low evaporation probability [7]. Thus, the excita-
tion function deduced from the measured number of ER-oy
decays is shown in Fig. 7 by the solid green triangles. We
have observed two a-lines E, (2!'No0)=8616(13) keV and
Eo (P1"N0)=8669(11) keV, which are in a good agreement
with the results from Ref. [18]. The cross-section of 1.1(2) nb
was measured at 213.4 MeV for the reaction 2%Pb(*8Ca, 1n)
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25INo. For the last two points of beam energy, it was possible
to indicate only cross-section limit values.

The experimentally measured excitation functions for the 1n
and 2n channels have quite extended tails. A similar behav-
ior was already observed in our early work [7] and can be
explained in part by the large energy losses and straggling in
the rather thick titanium backing.

4 Summary and conclusion

Neutron-deficient nobelium isotopes produced in the fusion-
evaporation reaction *8Ca+2%Pb were investigated at the
focal plane of the SHELS separator. The study was per-
formed at different beam energies ranging from 213 to
235 MeV in order to measure the excitation functions of
the xn evaporation reaction channels. A new alpha activity
(T1/2=38.3(2.8) ms, E,=9129(22) keV) was observed and
unambiguously assigned to the decay of 2**No, produced in
the 3n evaporation channel. Given the properties of the decay
of 23Rf to 2**No and ?*’No to 2*Fm, the ground state of
249No is assigned the 5/27[622] neutron configuration and
a tentative decay scheme has been established. The upper
limit of the spontaneous fission branch extracted for 2**No
(bs p=(2.3f3:g) x 1073) indicates a strong hindrance towards
fission and is understood as being due to a large specialisa-
tion of the 5/2%[622] orbital. In addition, the EC/8" decay
mode of *Fm was clearly evidenced, confirming previous
estimates [21]. In the case of 2>°No (2n evaporation channel)
a strong relative enhancement of the isomeric state popu-
lation over the ground-state population was observed as a
function of incident beam energy. More data at higher beam
energies is required to determine the maximum spin that the
compound nucleus can withstand.
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