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Abstract. The ground-state band of the Z=102 isotope 25*No has been identified up to
spin 14, indicating that the nucleus is deformed. The deduced quadrupole deformation,
f# = 0.27, is in agreement with theoretical predictions. These observations confirm that
the shell-correction energy responsible for the stability of transfermium nuclei is partly
derived from deformation. The survival of 25No up to spin 14 means that its fission
barrier persists at least up to that spin.

INTRODUCTION

Experimental information about the formation and structure of heavy elementsis
of pivotal interest in the search for the long-predicted island of spherical superheavy
nuclei. Despite a vanishing liquid drop fission barrier, the elements with ZZ100 are
stable against fission. A large shell correction energy creates a fission barrier of up
to 8 MeV [1,2] and a ‘peninsula’ of stability has been found from Z=102 to 112,
where nuclei decay preferentially by o emission [3]. For the predicted ‘island’ of
superheavy nuclei at Z=114, N=184 the stability is based on doubly-closed spherical
proton and neutron shells [4]. The shell correction energy of lighter transfermium
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nuclei (TFN) is maximized for deformed shapes, with not only quadrupole, but also
higher multipole moments being important around 2**No [5]. However, hitherto
there is no direct experimental confirmation of the deformation. The observation
of the ground state band in at least one nucleus will provide important confirmation
of the models, and provide a benchmark for extrapolation to heavier systems.

Observation of high spin states provides important information about the fission
barrier at high angular momentum, which is intimately related to the formation
mechanism of heavy elements via fusion-evaporation reactions. Theoretical pre-
dictions of the barrier and the shell correction energies are calculated for only the
ground state of TFN. The barrier may decrease with increasing angular momentum
and it is not obvious that high spin states will survive due to a high fissility.

EXPERIMENTAL PROCEDURE

The unprecedented sensitivity achieved by combining Gammasphere and the Ar-
gonne Fragment Mass Analyzer (FMA) makes it possible to study the nuclear
structure of TFN with (HI,xn) reactions. The interesting reaction products are
formed with cross sections in the ub region. Prompt 7 rays are required to be in
coincidence with the very weakly produced evaporation residues, which have to be
identified from a > 10* more intense fission background in the residue separator.
Moreover, Gammasphere is an efficient detector array with high granularity, which
is suitable for determining the two-dimensional multiplicity (fold)/ sum-energy dis-
tribution of evaporation residues. From these observables, the entry spin and the
excitation energy of the residues can be obtained.

A first experiment was performed to produce ***No via the *%®Pb(*¥Ca,2n) re-
action at a bombarding energy of 215 MeV. Excitation function measurements
[6] determined a production cross section of ~ 3ub for the cold-fusion reaction
at this beam energy. The target and projectile combination of two doubly-closed
shell nuclei results in a large negative Q-value and hence, a low compound nucleus
excitation energy (19.3 MeV). As a consequence, the 2n evaporation channel is
essentially the only open one, and charged particle evaporation is not observed [6].

The Argonne superconducting linear accelerator ATLAS provided *8Ca beams of
up to 9 pnA. The ?%Pb targets (500ug/cm?) were mounted on a rotating target
wheel to prevent destruction by the beam. In addition, the beam was dispersed
vertically by #2.5mm through wobbling with a magnetic steerer.

Prompt v rays from ?**No were detected with Gammasphere, consisting of 101
Compton suppressed Ge detectors. At the FMA focal plane, charged particles were
detected using either a position-sensitive multi-channel plate detector or a parallel-
plate avalanche counter. After transmission through the focal-plane detector, the
residues were implanted in a double-sided Si strip detector (DSSD), consisting of
1600 1x1 mm pixels.
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FIGURE 1. (a) Two-dimensional spectrum of the flight time from the focal-plane detector to
the DSSD us. the evaporation-residue implant energy in the DSSD. (b) Time-of-flight spectrum
from Gammasphere to the focal-plane detector. (c) Mass/charge spectrum at the focal-plane
detector. (d) Alpha spectrum from the DSSD detector, showing the peaks from three generations
of a decay, starting with 2°4No. (The ?**Fm « peak follows two successive electron-capture decays
from 2%*No). In (a-c), the axes are in channel numbers.

DATA ANALYSIS AND RESULTS

Ground State Band and Moments of Inertia

To separate the nobelium residues from scattered beam particles and fission frag-
ments, gates were set on the two-dimensional histogram of flight time between the
focal-plane detector and the DSSD vs. DSSD implant energy (Fig. 1a). Coincidence
gates were also required on: (i) the time of flight of the residues from the the target
to the focal plane (Fig. 1b) and (ii) the focal-plane detector positions corresponding
to two charge states (q = 20 and 21) of 2%*No (Fig. 1c). After implantation of a
254No evaporation residue in a specific pixel, subsequent a-decay in that pixel is
used to identify 2**No, with additional requirements of energy (8.093 MeV) and
decay time (Fig. 1d). The measured ***No half-life t,/, = 51 & 6 s agrees with the
known 55 s half-life.

Correlations of « rays with a focal-plane signal corresponding to a properly iden-
tified No residue constitutes the recoil decay tagging (RDT) technique, whereby un-
ambiguous identification of the «-ray parentage is achieved in the spectrum shown
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FIGURE 2. (a) Gamma spectrum obtained using coincidence gates on the ‘peaks’ in Fig. 1
(a-c). The background level is 0.4 counts/channel. Peaks labelled by energy are assigned as
transitions within the grouna-state band of 24No. (b) Spectrum with an additional requirement
on the ?*No o peak shown in Fig. 1d. (c-f) Coincidence spectra from gates set on the transitions
indicated by arrows. Vertical dashed lines help visual alignment of peaks in the different panels.

in Fig. 2b. This spectrum affirms that the spectrum in Fig. 2a, which is generated
without the additional RDT requirements, contains only *No + rays. Coincidence
gates on individual transitions, are given in Fig. 2 c-f. They support the assignment
that the transitions labeled with energies constitute a cascade corresponding to the
ground-state band of ?**No.

The identification of a rotational band in ***No immediately establishes that the
nucleus is deformed and confirms predictions of theories calculating shell-correction
energies of TFN. Fig. 3 shows the moments of inertia, J() and J @, for the ground-
state band of %*No. (JM = A*(2I — 1)/E,(I); T® = 4h?/(E,(I) — E,(I — 2));

hw = E., /2.) The Harris parameterization of the moments of inertia

IV =T+ Nw?, TP =T+ 3507 (1)
provides excellent fits of J(®(w) and J®)(w). From the parameters Jo and J;, we
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FIGURE 3. Moments of inertia, J() and J®), for the ground state band of 254No. The lines
are fits to the data, using Jo= 68.2 theV'l, Ji= 164.9 K2 MeV-1.

)

deduced the spins of the emitting states, using a procedure described in Ref. [7]
and the expression

I = Jow + J1w® + 1/2. (2)

The spins have even integer values between 6 and 14 (within .01), providing support
for assigning the transitions to the ground-state band.

The proposed level scheme of ?**No is shown in Fig. 4. We estimate the energies of
transitions from the 2* and 4% states as 44(1) and 102(1) keV, respectively. These v
rays were not detected because the states decay almost entirely by internal electron
conversion. The deduced transition energies also conform to those extrapolated
from neighboring lighter nuclei, providing additional support for the assigned spins.

Sum-energy/Multiplicity Distribution

The analysis of the multiplicity vs. sum-energy distribution (Fig. 5) suggests that
residues are formed with spins up to ~ 18%. At Ep,;=215MeV the 28Pb(*8Ca,2n)
cold-fusion reaction can populate excited states in a limited range above the (mea-
sured) yrast line, up to the maximum excitation energy E™*® = Egny — Sp1 — Sna,
after emission of two neutrons. The phase space is further limited by the kinetic
energy of the neutrons. The populated states after neutron emission would lie be-
low the yrast line for spins larger than 22. A new measurement at higher beam
energies, leading to higher excitation energies, would bring larger spins into the No
residue, so that the angular momentum dependence of the fission barrier can be
studied and higher-spin states of the ground-state band perhaps identified.
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FIGURE 4. Proposed level scheme for the ground-state band of 254No. Spins are deduced
using Eq. 3; the parity is assumed to be positive. The energies of the lowest two transitions,
which were not detected decay because they decay by internal conversion electrons, were deduced
by extrapolation. The 14t — 12+ assignment is tentative. The widths of the filled and open
arrows are proportional to the 4 and electron intensities, respectively; the latter were computed
by assuming that the transitions have E2 multipolarity. Note the large conversion coefficients in
nobelium. The transition intensities decrease as spin grows, as expected for a (HI,xn) reaction.

DISCUSSION AND CONCLUSION

The B(E2) values of rotors are related to the 2% level energies by empirical
formulae [8-10]. By using Eq. 4 of Ref. [9] and equations from Ref. [10] relating the
B(E2), quadrupole moment and deformation, we deduce a quadrupole deformation
parameter of 8 = 0.27(2) for 2**No. (The uncertainty is given by the systematic
deviations between measured B(E2) values in heavy nuclei and those deduced from
the empirical relationship of Ref. [9].)

This value is in agreement with a value of 0.25 given by different macroscopic-
microscopic model calculations [5,11,12], and with respective values of 0.27 and
0.26 from a Hartree-Fock-Bogoliubov (HFB) calculation with the SLy4 force [13]
and from a relativistic Hartree-Bogoliubov calculation with the NL3 Lagrangian
parameterization [14]. Other HFB and relativistic mean-field calculations with
other force parameterizations [15] predict values between 0.28 and 0.31. Hence,
the properties of TFN can, in principle, test the predictive power of the different
interactions used in HFB and relativistic mean-field calculations for nuclei far from
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FIGURE 5. Two-dimensional spectrum of the Gammasphere module multiplicity vs. the
sum-energy and the total projections. (A Gammasphere module is a combined detector unit
consisting of a Ge-detector and the surrounding BGO shield.) The measured distribution is con-
centrated between the measured yrast line and the maximum excitation energy after neutron

emission E™%* = Ecn — Sn1 — Sna.

stability.

The measured moments of inertia increase with spin, as seen in Fig. 3, probably
due to the gradual alignment of quasiparticles, specifically those occupying the
high-j proton 4,3/, and neutron j;5/, orbitals. Hence, the increase of J® and J)
with frequency can provide a stringent test of theory. However, no calculations of
finite-spin properties have been published so far.

The observation of states with spin up to 14 implies that neutron evaporation
can compete against fission up to at least that spin. A fission barrier must still exist
up to that angular momentum in ?**No. Preliminary analysis of the multiplicity
distribution from our experiment suggests that residues are formed with spin up
to ~18. Our data further imply that the shell-correction energy, which creates
the barrier, is reasonably robust with spin. They also demonstrate that high-spin
states of TFN can be studied by means of (HI,xn) reactions. For future work, it
will be interesting to investigate the fission barrier and its dependence on angular
momentum to provide better insight into the production mechanism of the heaviest
elements.
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