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Prompt o Decay of a Well-Deformed Band in >3Ni

D. Rudolph,! C. Baktash,”> M. Devlin,>* D.R. LaFosse,>" L.L. Riedinger,* D. G. Sarantites,’ and C.-H. Yu?
'Department of Physics, Lund University, S-22100 Lund, Sweden
2Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
3Chemistry Department, Washington University, St. Louis, Missouri 63130

4Department of Physics, University of Tennessee, Knoxville, Tennessee 37996
(Received 8 February 2000; revised manuscript received 16 October 2000)

Two excited well-deformed bands have been observed in the semi-magic nucleus ¥Ni. One of the
bands was observed to partially decay by emission of a prompt discrete « particle that feeds the 2949 keV
6" spherical yrast state in the daughter nucleus **Fe. This constitutes the first observation of prompt «
emission from states lying in the deformed secondary minimum of the nuclear potential. y-ray linking
transitions via several parallel paths establish the spin, parity, and excitation energy of this deformed

band in *8Ni.
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Alpha radioactivity was first explained in 1908 by
Rutherford in terms of nuclear decay by emission of a *He
nucleus [1]. Later,  emission was found to be the most
common mode of decay for the ground states of nuclei
heavier than lead. Similarly, @ emission from discrete
excited states has been observed in several nuclei situated
two neutrons beyond the N = 82 and N = 126 magic
numbers. The half-lives of these a-emitting states range
from approximately a nanosecond (e.g., the 6 state in
212po [2]) to millions of years (e.g., the 97 state in 2104
[3]). The factors that affect the a-decay probabilities are
the o formation factor, tunneling penetration through the
Coulomb barrier, and overlap of the wave functions of the
parent and daughter nuclei [4,5].

States in the second minimum of the nuclear potential
corresponding to very elongated or superdeformed shapes
were first observed in the actinide region [6]. They were
found to decay by either 7y rays into the first well of the po-
tential, or by spontaneous fission. Though small «a-decay
branches from these shape isomers are theoretically pos-
sible [7], none have been firmly established until now.
(Recently, a long-lived activity in 2!°Fr has been claimed
to represent such a decay mode [8].) This possibility, how-
ever, could be enhanced in light and medium-mass nuclei
where the Coulomb barrier is lower. In fact, we recently
reported on the observation of prompt monoenergetic pro-
ton decays from well-deformed states in the second wells
of °Ni [9] and 4Cu [10] into spherical daughter states. In
this Letter, we report on the first observation of a prompt
discrete a-decay branch from a well-deformed state in the
second minimum of the nucleus *®Ni into the spherical
2949 keV 67 yrast state in the daughter nucleus >*Fe.

In the past, mainly light-ion induced reactions were used
to study excited states in >*Ni [11]. Recently, a high-spin
study established excited states up to about 8 MeV and
spin I ~ 10 i [12]. We investigated excited states in
8Ni using the heavy-ion fusion reaction 28Si(*®Ar, 1a2p)
at 143 MeV beam energy. About 1/3 of the total cross
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section in this reaction led to ®Ni residues. The experi-
ment used the GAMMASPHERE Ge-detector array [13] in
conjunction with the 477 charged-particle detector system
MICROBALL [14]. More detailed information about the
experimental setup, data reduction, and the analysis meth-
ods may be found in Ref. [15].

Coincidence, intensity balance, and summed energy re-
lations were used to establish an extensive high-spin level
scheme of ¥Ni which comprises more than 100 states con-
nected by some 250 y-ray transitions [16]. A small por-
tion of this level scheme that is relevant to the prompt «
decay of ®Ni to the low-spin yrast sequence of **Fe [15]
is shown in Fig. 1. Both rotational bands (labeled 1 and
2) extend over five transitions, and are connected by in-
terband transitions at 1171 and 1503 keV. The intensities
of the bands, relative to the 1454 keV ground-state transi-
tion, are ~2% and ~ 1%, respectively. The weak 1364 and
1385 keV transitions depopulating the level at 16 795 keV
are candidates for the continuation of band 1 towards lower
spins. They account for 25(10)% of the intensity of the
1663 keV line. The decays of the corresponding (137)
states, however, could not be resolved. We also observed
two high-energy single-step linking transitions at 3750 and
3964 keV into the irregularly spaced states in the spheri-
cal first minimum. In total, we find 67(12)% of the yield
of the 1663 keV line in seven depopulating discrete y-ray
transitions, while the sum of the yields of the 1171 and
1663 keV transitions account for about 75% of that of the
1989 keV line. The band-head of band 2 is depopulated
by the 4288 keV link which carries only 10% of the yield
of the 1685 keV transition. Figure 2(a) shows the sum of
la2p-gated y-ray spectra in coincidence with the 1663,
1989, and 2350 keV transitions (band 1). The high-energy
peaks at 3750, 3848, 3964, and 4288 keV are marked in
the inset. We have also labeled several well-known *®Ni
transitions (537, 842, 1005, 1161, 1454, and 2668 keV)
[11,12], as well as important peaks relevant to the a decay
of band 1 (Fig. 1).
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FIG. 1.
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A partial level scheme for ®Ni and low-spin yrast sequence of >*Fe. The y-ray labels are given in keV. The widths of

the arrows are proportional to their relative intensities above the dashed line at 9 MeV excitation energy. The excitation energy is

measured relative to the ground state of *®Ni.

Assignments of spins and parities of the excited lev-
els were based on the analysis of 1a2p-gated directional
vy correlations of oriented states (Rpco) and y-coincident
angular distribution data, as outlined in Ref. [15]. Transi-
tions in the bands and the most intense linking transition
at 3964 keV showed DCO ratios Rpco ~ 1.0, consistent
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FIG. 2. (a) Sum of the y-ray spectra of ®Ni in coincidence

with the lowest three transitions in band 1 and gated by one «
particle and two protons. The inset shows the high-energy por-
tion of the spectrum. (b) Same as (a) but also in coincidence
with any of the lowest three transitions in the 3Fe yrast cascade,
and an additional « particle which had to be detected in rings
1-4 of MICROBALL. At least one of the two « particles was
required to have E, . m. < 8 MeV. (c) Same as (b) but in coin-
cidence with the 1005 and 1454 keV transitions in *®Ni instead
of those from the *Fe cascade.

with stretched quadrupole character. The two interband
transitions, however, showed values of Rpco ~ 0.5, simi-
lar to the values for the intense 706 and 1116 keV transi-
tions in the first minimum, which have stretched dipole
character. It should be stressed that the high level of
interleaving 7y rays puts additional constraints on the pro-
posed spin assignments. Using the residual Doppler shift
method [17], an average quadrupole moment of Q; =
2.4(3) eb for band 1 was deduced. Assuming that the
1364 and 1385 keV lines with their summed branching
of 25(10)% form the continuation of band 1 to lower
spins and that the quadrupole moment remains constant,
a mean lifetime of 7 = 10-40 fs may be estimated for the
16795 keV state.

Most interestingly, the 16 795 keV state in band 1 was
found to decay via a 3.9(3)% discrete a branch into the
2949 keV 6% yrast state in the daughter nucleus **Fe. In
fact, the subsequent y rays at 411, 1130, and 1408 keV
are visible in Fig. 2(a). However, since the >*Fe + 2a2p
reaction channel leaks into the 1a2p-gate spectrum when
one « particle escapes detection, this coincidence could
be due to the contaminating lines in *Fe [15]. Moreover,
weak 410, 1129, and 1404 keV transitions also appear in
the extensive level scheme of 3Ni. They are in coinci-
dence with band 1 (cf. Fig. 1 and Ref. [16]).

Nevertheless, there is strong evidence for the existence
of a discrete a branch which is summarized in Figs. 2(b)
and 3. First of all, we restricted our analysis to a par-
ticles detected in the first four rings of the MICROBALL.
This leads to a reduction of & detection efficiency from
€, = 65(1)% to 51(1)%, but implies unambiguous particle
identifications and energies [18]. Second, the Q value of
the presumed a decay amounts to 7.45 MeV [19], of which
0.55 MeV is lost to the kinetic energy of the recoiling >*Fe
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FIG. 3. Sums of « energy spectra in coincidence with any of
the lowest three y-ray transitions in **Fe and one of the three
lowest transitions of band 1 (a), or an additional transition in
34Fe (b) [15]. For comparison, a normalized spectrum of panel
(b) is shown as solid line in panel (a). The vertical dashed line
in (a) indicates the peak position.

residue. Taking into account the kinematic broadening of
the a peak [10,18], an upper limit of E,.n = 8 MeV
may be inferred beyond which « particles are not associ-
ated with the new decay mode.

Figure 2(b) shows a y-ray spectrum gated by two pro-
tons and two « particles, at least one of which was required
to have an energy of E,cm. < 8 MeV. This figure is the
sum of nine spectra in double coincidence with (i) one of
the 411, 1130, and 1408 keV transitions in>*Fe and (ii) one
of the 1663, 1989, and 2350 keV transitions in band 1 of
38Ni. Clearly, the only additional peaks in Fig. 2(b) are the
other two transitions in band 1. In particular, all other tran-
sitions from 3Ni are absent [cf. Fig. 2(a)]. The relative
intensities of the 411, 1130, and 1408 keV lines amount to
100(7), 99(9), and 95(8)%, respectively, in the sum of the
three spectra coincident with condition (ii) only. Conse-
quently, there is no apparent experimental evidence for the
population of any other than the 2949 keV 6" yrast state
in **Fe via the a decay. For Fig. 2(c) condition (i) was
replaced with the 1454 and 1005 keV transitions in ®Ni.
This spectrum provides a reference background since such
events should never occur except for pileup.

Figure 3(a) is the center-of-mass a-energy spectrum,
E4cm., for 2a2 p-gated events, subject to the same double-
y-coincidence requirements as in Fig. 2(b). This spec-
trum reveals a peak at 6.7(2) MeV, which is consistent
with the above mentioned Q value. It should be contrasted
against the spectrum in Fig. 3(b) which required coinci-
dence with (iii) one of the 780, 2097, and 2979 keV vy
rays known in >*Fe [15], instead of (ii) one of the tran-
sitions in band 1 of 3¥Ni. The latter spectrum has a dis-
tribution expected for evaporated particles. To highlight
the excess under the 6.7(2) MeV peak, we have super-
imposed a normalized spectrum of panel (b) as a solid
line on the spectrum in panel (a). The full width at half
maximum (FWHM ~ 2.0 MeV) of the peak is due to kine-
matic broadening rather than the intrinsic resolution of the
MICROBALL elements [18].

In Fig. 4 we have plotted yield ratios of the third vy
rays in 2a2p-gated spectra with and without an E, ¢ . <
8 MeV cutoff on the energy of at least one of the two «
particles. The two vy gates again correspond to (i) one of
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FIG. 4. Ratios of yields of y rays. See text for details.

the 411, 1130, or 1408 keV transitions in >*Fe and either
(i) one of the transitions in band 1 of *®Ni (filled squares
labeled as *Fe->8Ni), or (iii) one of the above mentioned
transitions in *Fe (filled circles labeled *Fe-*Fe).
Though the *Fe->8Ni data points should reach unity, the
slight mismatch [Ryiclq = 0.83(4)] can be attributed to the
loss of the high-energy fraction of the peak in Fig. 3(a).
The statistics for >*Fe->*Fe coincidences are significantly
reduced, because we have lost events where both «
particles exceeded the imposed E, . m. cutoff value. Since
83% of the « particles have energies in excess of 8§ MeV
[cf. Fig. 3(b)], one expects Ryjelq = 1.0 — 0.832 = 0.31
for 34Fe->*Fe coincidences, in perfect agreement with
Fig. 4. These observations finally confirm that the
source of the *Fe y rays in Fig. 2(b) is the a decay of
band 1 [18].

The branching ratio b, of the @ emission may be deter-
mined by measuring the ratio R of the yields of the band
in la2p- and 2a2p-gated spectra. Here one has to con-
sider the leak-through of 3®Ni into the first gate due to
pileup in the charged-particle array. This ratio was esti-
mated to be R(normal) = 0.13(1)% for numerous transi-
tions from the normally deformed states in ®Ni, versus
R(bandl) = 1.8(1)% for band 1. The yield Y, of band 1
in 2a2p-gated spectra amounts to

Y> = €2baRyicld (1

as we imply the above mentioned 8-MeV energy cutoff
to work under conditions as clean as possible. The yield
Y; of band 1 in 1a2p-gated spectra comprises two terms,
namely « decays of the band for which we missed the
detection of one of the two « particles, and conventional
v decays of band 1. Using b, = 1 — b, one obtains

Y = 2€,(1 — €,)by + €,(1 — b,). (2)

With R; = R(bandl) — R(normal) = Y,/Y; it is pos-
sible to determine b, by combining Eqgs. (1) and (2):

Ry
€aRyicta — Roi(1 — 2eq)

by = =393)%. ()

This is in excellent agreement with the b, = 4(2)%
value which was alternatively estimated from Fig. 2(b)
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by accounting for the y-ray doublets and comparing the
efficiency-corrected yields of the 1454 keV ground-state
transition in >®Ni with the averaged yield of the three tran-
sitions in >*Fe. Using the above estimate of 7 = 10—40 fs
for the 16795 keV state, a value of 0.25-1.0 ps for the
partial half-life of the @ branch may be inferred. Finally,
the angular distribution of the « peak is found similarly
pronounced as that of evaporated « particles. This sug-
gests a spin change of Al ~ 7-9 7 corresponding to the
average angular momentum carried away by « particles
from the compound system.

Based on predictions from Skyrme Hartree-Fock calcu-
lations a configuration can be assigned to band 1 [20], for
which two of the 30 neutrons and one of the 28 protons
of 38Ni occupy the N' = 4 go/> [440]1/2 intruder Routh-
ians, while one of the [321]1/2 or [312]5/2 levels in the
fp shell is empty. This assignment to band 1 is based on
the predicted near yrast nature in the respective excitation
energy and spin regime, and the spin alignments relative
to the band in *Cu [20].

The observation of the « decay of band 1 suggests that
the parent nucleus has a considerable overlap with a state
composed by an « particle and a spherical daughter nu-
cleus. A detailed calculation of the a-decay width in
terms of microscopic formation factor, Coulomb penetra-
tion, and the spectroscopic factor, which shall in principle
include the drastic shape change, is beyond the scope of
the present experimental study. Nevertheless, a qualita-
tive understanding of an « decay appears to be possible
based on a simple shell-model picture: The 6 state in
the spherical daughter nucleus >*Fe consists of two-proton
holes in the f7/, orbital, while the 28 neutrons reveal the
magic particle number. To achieve the largest possible
overlap with respect to occupied orbits between the re-
maining 54 nucleons after the o decay and the 6" state
in 34Fe, it is clear that both 1g9/> neutrons and the 1g9>
proton have to be part of the . This is in line with the fact
that the 1g9/, particles are shape driving, and move close
to the surface of deformed A ~ 60 nuclei. If the band con-
figuration involved already a proton hole in the [312]5/2
orbit (m = 5/2 of the 1f7 /2 shell), the second proton for
the a particle is likely to come from the [321]1/2 orbit
(m = 1/2 of the 2p3/, shell), since that needs to be emp-
tied when changing from the deformed to the spherical
shell model. In turn, if the band configuration had a hole
in the [321]1/2 orbit, the second proton should come from
the [312]5/2 orbit.

In summary, we have established two rotational bands
in 8Ni which decay via several 7y rays to spherical states
in this nucleus. A weak 3.9(3)% discrete « decay branch
connects the 16795 keV (157) state of band 1 with the
spherical 2949 keV 6" yrast state in **Fe. This consti-

tutes the first observation of prompt « decay of a state
associated with the deformed secondary minimum in the
potential. Predicted band configurations and simple shell-
model arguments suggest a consistent picture of this exotic
decay mode.
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