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Discovery of Enhanced Nuclear Stability near the Deformed Shells N = 162 and Z = 108
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In bombardments of Cm with "Ne we discovered two new isotopes, ' '106 and '""106, by
establishing genetic links between their u decays and spontaneous fussion (SF) or u decays of the

daughter nuclides. We measured E = 8.63 ~ 0.05 MeV for ' 106 and a half-life of 1.2 s for its
daughter 6'104. For ' '106 we measured E = 8.71 to 8.91 MeV. From these n energies we estimated
n half-lives of 10—3Q s for ' 106 and 2 —3Q s for ' '106. We estimated SF branches of 50% or less
for both isotopes. The decay properties of ' '106 establish the existence of enhanced nuclear stability
near the predicted deformed shells N = 162 and Z = 108.

PACS numbers: 21.10.Tg, 23.60.+e, 25.70.Gh, 27.90.+b

Recent macroscopic-microscopic calculations (see, e.g. ,

Refs. [1—5]) all show an especially large negative shell
correction for the ground states of nuclei at and near
N = 162 and Z = 108 due to a large gap in the Nilsson
levels between N = 162 and 163 and Z = 108 and 109,
which is further enhanced by considering higher order
multipolarities of deformed shapes, particularly the hexa-
decapole vibration. However, spontaneous fission (SF) is
usually the limiting decay mode for even-even nuclides in

this region and estimations of SF half-lives from barrier
penetration probabilities vary by many orders of magni-
tude. Although the calculated static barrier heights are
about equal, differences in half-life estimates can be at-

tributed to differing assumptions regarding the dynami-
cal path through the fission barrier and the consequent
inertial mass. For example, Moiler and co-workers [5],
taking 25sFm as a model for heavier nuclei, assume that
the path after the first barrier is short with the emerging

fragments being nearly spherical and close to the doubly
magic ' Sn. On the other hand, Patyk, and co-workers
[2—4] calculate dynamical barriers that show a differ-
ent path, higher inertial mass, and consequently much
longer SF half-lives. This competition between static
and dynamic features of the SF process which lead to
such large differences in stability makes experiments that
explore ground-state decay properties of nuclei around
N = 162 and Z = 108 one of the most important tasks in

heavy element research.
We report here on our experiments resulting in the first

direct evidence of nuclear stability near both the predicted
deformed shells by producing the even-even N = 160
nuclide 106 (and also 106). The only previously
known nuclide with N = 160, the 5 ms isotope 102,
provided a hint of unexpected stability against SF [6].
Prior to our work, four isotopes of element 106 had been
identified. These are the odd-A u emitters 106 [7],
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FIG. 1. Predicted partial half-lives [4] for SF and u decay
of the even-even 106 isotopes shown by the lines connecting
circles and squares, respectively. The dashed line connecting
the triangular points shows SF half-life predictions [5]. The
experimental values for 2~106 [7,10] and the results for 2ee106

from this work are shown for comparison.

'106 [7], and 106 [8], with half-lives in the range of
0.3 to 0.9 s, and the 3.6 ms even-even isotope 106 [7,
9, 10] which has a SF branch of 50 20%.

The ground-state decay properties of 66106 should
be a quite sensitive probe of the theoretical predictions
shown in Fig. 1. If there is increased stability near N =
162 and Z = 108, the isotope 106 should have a SF or
u decay half-life of tens of seconds. Otherwise, 106
should decay by SF with a half-life of -100 p, s, a Ts&

difference of -10 (see Fig. 1). Thus a distinct signature
for enhanced nuclear stability near N = 162 and Z = 108
would be the observation of the a decay of 106
followed by the SF decay of the daughter nucleus 104.
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A signature for the odd-A isotope 106 would be the
observation of its n decay followed by n decays of the
known nuclides '104 and 102.

To produce 106 and ~106 we used the complete
fusion reaction Cm + Ne at bombarding energies
of 116 and 121 MeV which are expected to provide
maximum cross sections for the 4n and 5n evaporation
channels. Beams of Ne projectiles from U400 cyclotron
of the Joint Institute for Nuclear Research passed through
rotating 3-p, m Ti foils and curiuin targets (97% ' Cm and
3% ~ Cm). Three targets with average areal densities of
240 p, gem of 8Cm and a total area of 11.7 cm were
arranged on a wheel whose rotation was synchronized
to the 150 Hz frequency of the cyclotron so that a
target was exposed to the -2 ms beam macropulse during
6.7 ms beam cycle. The targets were electrodeposited
on 710 pgcm ~ Ti foils and covered by a 30 p.g cm ~

carbon layer. The targets received a total beam dose
of about 1.6 X 10' particles with typical intensities of
1.3 X 10'3 particles/s of ~~Ne.

Evaporation residues (EVRs) recoiling out of the sCm

targets were separated in-flight from beam particles and
transfer products by the Dubna gas-filled recoil separator
described in Ref. [11]. The separator was filled with

hydrogen at a pressure of 0.7 Torr. We set the magnetic
rigidity of the separator's dipole magnet for the slow
Z = 106 EVRs according to prior measurements [11]
of the average charge state in hydrogen, (q), for the
slow EVRs with Z = 100, 102, and 104 produced in
the reactions ' U + ' 0, "U + Ne, and Pu +
zzNe. The separated EVRs passed through a time-of-flight
(TOF) measurement system composed of two multiwire
proportional chainbers in a 1 Torr pentane-filled module
and were finally implanted in a position-sensitive surface-
barrier detector (PSD) array.

The PSD array consisted of three surface-barrier de-
tectors, with each detector having eight 40 inm high X
4.8 mm wide strips. We obtained horizontal positions for
the reaction products from 24 strips and vertical positions
from 40 mm high resistive back of the detectors. A parti-
cle striking a detector generated a signal in a strip and in
the resistive back of the detector. Signals from the detec-
tor strips were processed for a and implant energies. Top
and bottom signals from the back of each detector were
split into two channels to provide position signals in the
40 mm direction for a/implant events (-0.5 to 15 MeV)
and fission events (15 to 200 MeV). We calculated total
fission energies by summing the position energy signals.
With each detected event, we also recorded the strip num-
ber, TOF information, beam current, the time in p.s from
the beginning of each beam pulse to either a/implant or
fission events, and the time since the beginning of the data
acquisition cycle in 0.1 ms intervals. The data were ac-
cumulated in list mode in a LSI 11/73 computer and peri-
odically transferred to a microVAX computer for storage
and off-line analysis.
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FIG. 2. Out-of-beam n-energy spectrum from a11 detectors
at 116 MeV (1.0 x 10" particles "Ne). The spectrum at
121 MeV (0.6 x 10'9 particles ~~Ne) is very similar.

Alpha-energy calibrations were performed for each
strip using the n peaks from nuclides produced in the

Au + Ne reaction. Most of the strips had energy
resolutions of about 100 keV. An approximate fission-
energy calibration was obtained by extrapolating the n-
energy calibration and by setting the separator magnetic
rigidity so that Ne projectiles of known energy impinged
upon the detectors. We also performed a calibration
bombardment of 5U with 1.3 X 10's particles of Ne to
measure the a and SF activities from the known nuclide
~5~102 and to estimate the EVR collection efficiency.
We used known a-a, EVR-a, and EVR-SF sequences
from the calibration reactions to estimate FWHM position
resolutions of -3% of the strip length for the a-a
sequences and -9% for a-SF or EVR-a sequences.

We had low efficiencies for detecting EVRs because
the initial Z = 106 EVR energy of 7 MeV was reduced to
-2 MeV implantation energy due to losses in the target,
hydrogen gas, and the TOF module. The measured energy
was expected to be about half the implantation energy
mainly due to plasma effects and losses in the detector
dead layer. This resulted in most of the EVR signals
being below the detection threshold.

In the off-line analyses we searched for time and
position correlated n-SF and u-n event chains. We list
in Table I the observed a-SF and a-a-(u) correlations.
The out-of-beam counting rate for n's in the energy
range of interest (Fig. 2) and for SF events (Fig. 3) was
extremely low, -1 event per day per strip regardless of
the bombarding energy, providing a very high statistical
significance for all the correlations in Table I. Using our
data we calculated the probabilities that the four out-of-
beam n-SF correlations and the two Q. -SF correlations
with the a in-beam are of random origin are less than
10 '5and less than 10 4, respectively.

We attribute the six a-SF event pairs at 116 and
121 MeV with a maximum likelihood result of E
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FIG. 3. The distribution of all detected 248 out-of-beam
events at 116 MeV (open circles). Events from each three
adjacent strips are summed. The distribution at 121 MeV is
very similar. The curve is a least-squares fit to a Gaussian
distribution across the detector strips for the Fm u events
shown in Fig 2; the curve is normalized to the measured
u/SF ratio. The triangles show the location of the u/SF
and u-u —(u) correlations from both the 116 and 121 MeV
bombardments.

8.63 ~ 0.05 MeV to the decay chain 106 m 104
for which we measured a production cross section of
80 pb at 116 MeV and 60 pb at 121 MeV. %'e as-
signed the four u-u-(u) correlations at 121 MeV with
F. i

= 8.71 to 8.91 MeV to the decay chain 106 ~
~6'104 (T~/2 = 65 s, E —8.29 MeV) ~ 102 (T~/2 =
26 s, E —8.22, 8.27, 8.32 MeV) for which we measured
a production cross section of 260 pb. The cross sections
are reported with an estimated accuracy of a factor of -3.
We attribute the 8.16 to 8.17 MeV n-n correlation to the
decay chain '104 ~ 102. We note that except for the
triple correlation, one cannot distinguish between '104
and 102 due to their similar n energies and half-lives.

Our assignment of the six n-SF correlations to the
decay of 106 is based on the following observations.
The n-SF correlation chains with F. = 8.63 MeV and
short time intervals from 0.2 to 6.5 s are unique; for
the synthesis reaction that we employed, one cannot
identify any candidate n-SF decay sequences with other
Z, A values which would have similar decay properties.
Furthermore, the 8.63 MeV n energy is in agreement
with both predictions and systematics [3,4] as is the SF
decay mode for the Z = 104 daughter. The six n-SF
correlation chains were detected by using the gas-filled
recoil separator which strongly suppresses beam particles
and many kinds of background reaction products relative
to compound nucleus products. The n-SF and n-n
chains were broadly distributed across the detector array
as expected for products of the ( Ne, 4 5n) reactio—ns,
while the largest number of single SF and n events,
which come from transfer products like Fm and lighter
Fm isotopes, occurred closer to the end of the detector
array that corresponds to lower magnetic rigidity values

{Fig. 3). From our data, we estimated the average charge
state (q) of the slow Z=106 EVRs in hydrogen to

Decay
mode

energy,
MeV"

8.60
105
8.54
89

8.59
96

8.74
118

8.69
103
8.60
118
8.85
8.20
8.81
8 ~ 31
8.17
8.91
8. 12
8.71
8.14
8.16
8.17

Strip
number

116 MeV
16
16
22

24

121 MeV
la

Jl
13

1

]2
13

8
8

interval

215 ms

2011 ms

334 s

60 s

3.0

0.3
1.0

'The quoted fission fragment energies are measured values. No
estimate was included for the pulse-height defect or the frac-
tion of the total kinetic energy deposited in the detectors.

Event occurred during the beam pulse.
'Position signals were not detected for this event.

be 2.0 o'3 at (v/vo) = 1.0 (vo = 2.2 x 10~ m s is the
Bohr velocity), in full agreement with the previous

(q) measurements [11] for Z = 100—104. Finally, the

production cross sections for the n-SF correlations at both
116 and 121 MeV agree with systematics.

We assigned the four n-n correlations with F. ] = 8.71
to 8.91 MeV to the decay of '- 106 using arguments
similar to those given above for 6 106. Especially
convincing is the triple-n correlation.

The above observations and arguments provide consis-
tent evidence for the assignment of the correlation chains
to the n decay of 6 106 and 66106. The correlation
times for the six n-SF chains give a half-life of 1.2+o& s

for 104. A SF activity with Ti(2 —47 ms was tenta-

tively assigned by Somerville et al. [12] to ~62104. In

fact, an unassigned 1.3 s SF activity was also produced
at the near-barrier bombarding energies 89 and 95 MeV
in the Cm+ ' 0 reaction [12]. Moreover, Hoffman et
al. [13] produced a 1.S s SF activity and measured its
fission properties in the same Cm + ' 0 reaction at

TABLE I. The measured parameters of the u-SF and e-e
correlation chains observed in the " Cm + '-Ne reaction. A11

events are out-of-beam except for those three indicated.

Particle
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95 MeV. Since the alpha decay of even-even nuclides is
ground state to ground state our findings establish that the
total half-ljfe pf the grpund state decay of 104 js 1.2 s.

We estimated the partial a-decay half-lives of 106
from the measured a-decay energies. For the even-even
nuclide ~106 this estimation is straightforward. Using
the phenomenological formula of Viola and Seaborg in
Ref. [3], we determined a partial u half-life for ~106 of
10 to 30 s. Similarly, we obtained an a half-life of 2 to
30 s for 2ss106 assuming a hindrance factor between 1

and 3.
The n-branching ratios are probably ~50% for both

106 nuclides based on our cross-section evaluations which
are about the expected values for the 4n and 5n evapora-
tion channels. We set a very conservative n-branching
lower limit of 15% for 2 s106 from the beam-off data at
116 MeV by assuming that all of the observed fissions
detected in strips numbered 16 to 24 (Fig. 3) are from
SF decay of 2~106 or its daughter, 2sz104. Most of the
observed SF events are actually from the transfer prod-
uct ssFm, based on their distribution across the strips
and on their yield compared to that of u-emitting Fm iso-
topes [14].

The ground-state decay properties that we established
for 106 reveal a significantly increased stability near
N = 162 and Z = 108 and are in agreement with the
theoretical predictions made in Refs. [1—4]. The half-
ljfe of 1.2 s for 104 alsp sjgnals the trend tpward
greater nuclear stability with N approaching 162. The
short SF half-lives predicted by Moiler and co-workers
[5] are inconsistent with our results.

The enhanced nuclear stability near N = 162 and Z =
108 discovered in the present work can be compared with
the enormous infiuence of the N = 152 deformed shell
on SF half-lives and creates new opportunities for many
further explorations at the edge of the nuclear domain.
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