PRL 117, 092502 (2016)

PHYSICAL REVIEW LETTERS

week ending
26 AUGUST 2016
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The p-delayed neutron emission of 833*Ga isotopes was studied using the neutron time-of-flight
technique. The measured neutron energy spectra showed emission from states at excitation energies high
above the neutron separation energy and previously not observed in the f decay of midmass nuclei. The
large decay strength deduced from the observed intense neutron emission is a signature of Gamow-Teller
transformation. This observation was interpreted as evidence for allowed 3 decay to "®Ni core-excited states
in 838 Ge favored by shell effects. We developed shell model calculations in the proton fpgy/, and neutron
extended fpgq/» + ds/, valence space using realistic interactions that were used to understand measured
p-decay lifetimes. We conclude that enhanced, concentrated f-decay strength for neutron-unbound states
may be common for very neutron-rich nuclei. This leads to intense f-delayed high-energy neutron and
strong multineutron emission probabilities that in turn affect astrophysical nucleosynthesis models.
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p-delayed neutron emission from fission fragments was
first observed in 1939 following the neutron bombardment
of uranium salts [1]. It was recognized that the delayed
neutron energies and emission probabilities, P,, are impor-
tant parameters to model environments that involve
neutron-rich isotopes. Two of the main applications are
in nuclear reactor physics [2] and r-process nucleosynthesis
[3]. Because f-delayed neutron precursors are neutron rich
and far from stability, they are always relatively difficult to
produce and study. Advances in detector capabilities
allowed for pioneering measurements of neutron emission
spectra of fission fragments [4,5]. In these experiments,
resonancelike behavior was observed in the neutron emis-
sion spectrum [4,6].
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These efforts were halted in the following decade by
several factors. First, it became increasingly difficult to
produce species with larger neutron excess. Second, the very
influential work by Hardy, Johnson, and Hansen on
“pandemonium” attributed the features of the neutron
spectra to purely statistical effects and warned
against overinterpretation of the measurements [7].
Misinterpretations of their work attributed decay observ-
ables of all heavy nuclei to gross features of the decay
strength and statistical fluctuations of the level density. A
more accurate depiction of their work is that neutron
emission characteristics cannot be interpreted without con-
sidering the effects of high level density. The pandemonium
controversy [8] arose partly from the fact that, at the time,
there was no capability to compute nuclear properties using a
sufficiently complete microscopic model of the nucleus.

State-of-the-art models are now capable of computing
decay properties of atomic nuclei, such as lifetimes and
branching ratios. It has become increasingly clear that the
p-decay observables are profoundly influenced by nuclear
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structure [9—13]. This relationship is particularly strong for
nuclei close to shell closures. In abandoning a purely
statistical treatment, it is increasingly difficult to reliably
predict decay half-lives of neutron-rich nuclei using models
tailored to reproduce the structure of species close to
stability. Needing to go beyond a statistical treatment also
impacts calculations of astrophysical r-process abundances
[3,10,14]. The r process [15] involves many neutron-rich
nuclei that are difficult or impossible to study experimen-
tally. Network calculations currently depend on predictions
made using global models [10,16]. These models contin-
uously evolve and absorb more details of nuclear structure
to improve their predictions [12,17].

The p-decay half-life depends on the decay energetics,
the masses, and the microscopic structure of the mother and
daughter nuclei. The former sets the size of the electron-
neutrino phase space, while the latter is captured in the
so-called “strength function” [18]. The best test of the
accuracy of a model is comparing the calculated strength
distribution with that determined from direct observations.
Unfortunately, measuring the strength over the entire decay
window is a difficult experimental challenge. For neutron-
rich nuclei with an increasing number of neutrons, the
decay energies increment rapidly while the neutron sepa-
ration energies decrease. As a result a significant portion of
the decay populates neutron-unbound states. Detailed
neutron spectroscopy is needed together with traditional
gamma spectroscopy in order to measure the complete
decay distribution.

In this Letter we present the first measurement of the
8384Ga p-delayed neutron energy spectrum. Gallium iso-
topes with N > 50 are good candidates to study delayed
neutron emission owing to their large decay energy win-
dows, 11.7 and 13.8(4) MeV, respectively [19], and sub-
stantial branching ratios, 62.8(25)% and 74(14)% [20,21].
We deduce their f-strength function up to 6 MeV above the
neutron separation energies. The key result presented here is
the observation of neutrons emitted with energies exceeding
2 MeV. This phenomenon cannot be explained without
invoking nuclear shell properties. Because of the proximity
of doubly magic 7®Ni the valence space is small and the shell
model should indeed be used to describe the structure of
8384Ga. We introduce a new shell model calculation that
reproduces the observed intensities by including excitations
across the N = 50 shell gap in the germanium daughters.
This model is used to calculate the decay properties for the
N > 50 gallium and nickel isotopic chains.

The 83%4Ga isotopes were produced at the Holifield
Radioactive ITon Beam Facility (HRIBF) at Oak Ridge
National Laboratory using the isotope separation online
technique [22]. The 50 MeV proton beam of 10-18 yA
intensity induced fission in a UC, target (4.2 g/cm?)
located at the ion source assembly at the HRIBF high-
voltage platform IRIS-2. Radioactive fission products were
ionized and selected using a two-stage mass separation. An

electrostatic kicker was used to periodically deflect the ion
beam after the second-stage separator. The separated ions
were transmitted to the Low Energy Radioactive Ion
Beam Spectroscopy Station for decay measurements.
The 200-keV ions were implanted into a tape in the
Moving Tape Collector (MTC) in the middle of the
p-y-neutron counting setup. The MTC was operated in
the takeaway mode with 1-second grow-in, followed by
I-second decay cycle, during which the ion beam was
deflected away by the electrostatic kicker. The MTC
transported the collected samples 50 cm away from the
shielded measuring station within 400 ms. The y radiations
were measured using two high-purity Ge (HPGe) clover
detectors from the CLARION array [23]. The clover
detectors’ photopeak efficiency was 31% at 88 keV and
4% at 1.33 MeV. The total number of 3384Ga decays
recorded in our experiment was estimated from the absolute
intensity of the 1348.2 and 247 keV lines, respectively [21].
The neutron energies were measured with the newly
commissioned TOF instrument, the Versatile Array of
Neutron Detectors at Low Energy (VANDLE) [24]. The
configuration used here consisted of 48 3 x 3 x 60 cm?
plastic scintillator modules capped by photomultiplier
tubes at both ends. The VANDLE modules were arranged
in two arcs of 24 modules of 50-cm radius each, located
above and below the implantation spot. The total angular
acceptance of the array was 27.5% of 4z and had an
intrinsic neutron detection efficiency of 40% at 1 MeV. The
close geometry of the clover detectors caused shadowing of
the neutron path in some of the VANDLE modules.
Because of shadowing, we focused the analysis of neutron
singles in a subset of 10 modules. This reduced the angular
acceptance to 5.7% of 4z, and the total efficiency to 2.3% at
1 MeV. Data from the full neutron array were used in
coincidence with the HPGe clovers for increased efficiency.
Two plastic scintillators surrounding the implantation point
detected the beta particles, providing a start signal for
VANDLE. Data were taken in f-neutron coincidence mode,
requiring both photomultipliers of a detector module and
one of the beta triggers to record the event [25]. This
triggering method allowed for the rejection of dark-current
induced events and lowered the acquisition threshold to
approximately 8 keV for photons, resulting in a 70-keV
energy threshold for neutrons. The time resolution of the
combined beta triggers plus neutron detector modules was
estimated from the width of the TOF gamma flash to be
3 ns. VANDLE modules were independently measured to
have a time resolution of 700 ps, indicating that the
observed poorer timing arises from the performance of
the beta trigger. More details of the analysis will be
presented in a future publication [26].

Neutron time-of-flight spectra for 3384Ga, from the
unobstructed subset of VANDLE modules, are shown in
the left column of Fig. 1, panels (a) and (b). A peak in 8*Ga
at 25 ns containing 50% of the intensity stands out clearly
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Left: p-delayed 3*Ga (a) and 3*Ga (b) neutron time-of-flight (TOF) spectra. The minimum y? fit (red line) was obtained using

16 (#*Ga) and 10 (**Ga) neutron quasiresonances, in blue (see the text for more details). The inset shows the neutron time-of-flight
spectrum in coincidence with the 1348 keV line in 82Ge. Right: Gamow-Teller (GT) strength distribution above the neutron separation
energy in the decay of #*Ga (c) and #*Ga (d). The data are shown in a solid black line and the grey shaded parts of the histogram indicate
the uncertainties of the strength distribution. The strength distributions extracted from f-delayed gamma-ray spectroscopy are shown by
blue lines, enhanced by factors of 20 and 10 for #*Ga and 84Ga, respectively [29,30]. The dashed histogram shows the Gamow-Teller

strength from our shell model calculation using the *°Ni core.

from the rest of the spectrum. Because of the limited
resolution of the TOF technique this peak does not reflect a
single large resonance. Instead, it indicates that a large
fraction of the neutrons is emitted with energies above
1.5 MeV. Such large energy neutron emission observed in
both gallium isotopes is unusual for midmass nuclei.
Previous experiments in the region [6,27,28] observed
very low intensity above 1 MeV and negligible emission
above 2 MeV. The origin of the high-energy neutron
emission is discussed below.

The goal of our analysis of the neutron TOF data was to
obtain the neutron distribution as a function of energy. In
classical studies of f-delayed neutron emission in light
nuclei individual neutron-emitting states can be observed
(see, e.g., [31,32]). As indicated in the introduction, the
neutron energy distribution of midmass nuclei studied using
limited resolution devices does not correspond to individual
resonances [7]. It is determined by the f-decay feedings,
level density, and final states in the N —1 daughter.
Considering the delayed neutron emission is observed as
a continuum of lines in our experiment, we performed the
analysis accordingly. First, the full response function of our
detector system to monoenergetic neutrons was simulated
with GEANT4 and convoluted with the experimental time
resolution described above. Then, these response functions
were utilized to fit the TOF spectrum, using the minimum
possible number of them to achieve y?/d.o.f.. close to 1
[blue lines in panels (a) and (b) of Fig. 1]. This method
allowed us to describe fully the experimental neutron TOF
[red line in panels (a) and (b) of Fig. 1]. To calculate the
p-decay feedings (/5) and Gamow-Teller decay strength
[B(GT)], the fit was interpreted as describing a continuous
distribution. Each fit peak corresponded to a distribution of

unresolved neutron lines with its width determined by the
TOF resolution. We calculated /; by normalizing the
neutron intensity distribution to the total number of decays
observed during the experiment. The same fitting method
was used with the neutron spectra in coincidence with the
82Ge gamma lines at 415.7, 596.4, 727.6, 867.2, 938.8,
985.1, 1176.1, 1348.2 (see the inset in Fig. 1), 1354.0, and
1365.4 keV and the #3Ge 247 keV line [21]. The feeding to
excited states in the N-1 daughter extracted from the
coincidences was then used to correct the /4 distribution.
Finally, the GT decay strength as a function of the excitation
energy was derived from the /4 [18]; see Fig. 1 panels (¢) and
(d). The resulting strength inside the experimental energy
window corresponds to summed B(GT) of 2.0(4) and
1.4(3) MeV~! for 8384Ga, respectively.

We determined the neutron branching ratios (P,) from
the resulting fit amplitudes, obtaining 56(7)% for #3Ga and
40(7)% for 8*Ga. The literature value for 3Ga, 62.8(25)%
[20], compares well with our result. On the other hand, the
branching ratio of 74(14)% reported by Winger et al. for
84Ga [21] is larger than our value. This difference could be
explained if a substantial portion of the delayed neutrons
are emitted at energies below our 70-keV threshold.
However, recent independent measurements of the 3Ga
neutron branching ratio point to a smaller value of P, 20
(20)% [33] and 51(28)% [34], respectively. One possible
origin of the discrepancy with the work by Winger et al.
may be the uncertainty in extracting the ®Ga partial
branching ratio of neutrons decaying to the ground state
of $Ge using 3*Ge p-decay gamma lines [21]. This
hypothesis is supported by a good match between the
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reported 7.9(9)% neutron feeding to the 247 keV state [21]
and our result of 11(3)%.

The experimental strength distribution extracted from the
fit is shown in the right column of Fig. 1, panels (c) and (d).
A binning of 0.5 MeV was chosen to correspond to the
time-of-flight resolution of the 50-cm flight path. The
experimental error bars represent the combined statistical
and systematic uncertainty. The systematic error arises
from the variation of the Fermi phase-space factor f over
the 0.5-MeV binning interval. This effect is responsible for
the large uncertainty in 3Ga at energies close to the Op
value. In both gallium isotopes, the most distinct features
are an apparent threshold effect, and fluctuations forming
visible steps in the 3*Ga B(GT). Interestingly the strength
begins to increase at about 67 MeV and reaches large
values up to 0.3 MeV~!. Such large values clearly indicate
that the decay above the neutron separation energy is
dominated by allowed Gamow-Teller transitions.

To explore the connection between the observed data and
the nuclear structure, we did shell model calculations
employing the NuShellX code [35] with realistic interactions
and built-in GT operators. Our first calculations were
performed within the configuration space including proton
orbitals fs/5, p1/2, P3/2, and gy, and neutron orbitals sy 5,
ds 2, g7/2, and hyy j, with a "®Ni core and the jj45pna [36]
set of matrix elements. Our model predicts 5/2 spin parity
for the 83Ga ground state, similar to the previously observed
ground state of 8'Ga [37]. In the case of %*Ga our
calculations predict quasidegenerate 2~ and 3~ states.
We used the ground state configuration corresponding to
the 2~ state following the observation of the same ground
state spin parity in 82Ga [29,38]. For both #84Ga the
resulting calculated f-strength distributions were 2 orders
of magnitude smaller than large strength observed in the
experimentally accessible region. This observation was
perhaps not very surprising because within the chosen
configuration space only the single orbitals zgy,, and vg;/,
could contribute to allowed transitions. We found that for
the N = 52, 53 gallium isotopes the vg;/, orbital contrib-
utes very little to the ground state wave functions.

We then extended the neutron valence space to the spin-
orbit partners of the pfg proton orbitals. Here we used an
inert *°Ni core with realistic jj44b pn interactions [37]. This
configuration space corresponds to the fs/5, py/2, p3/», and
go» orbitals for protons and neutrons plus the ds/, neutron
orbital (see Fig. 2). For tractability, neutron orbitals above
the ds;, were excluded, following current experimental
evidence for ground states in the region [39,40]. This
allowed for much faster calculations while preserving
spin-parity rules in both parent and daughter nuclei.
Again, we obtained a 5/2~ ground state of #3Ga and used
the 2~ state for 3*Ga. The single particle energies were
chosen based on the empirical analysis by Grawe [41]. The
N = 50 shell gap between vds, and vgy , orbitals was set to

AE

78Ni
P n

FIG.2. Schematic of f decay of #*Ga into 3*Ge. The GT decay
proceeds via transformation of neutrons in the 7®Ni core orbitals
(f's/2» P3/2> P1/2- and gy ») into protons occupying their spin-orbit
partners outside the Z = 28 core. These transitions are coupled
with very strong matrix elements. The alternative decay mode,
through the first forbidden (FF) ds;, — f5,, transformation,
populates neutron bound states in %Ge.

3.9 MeV as predicted by Moller et al. [42]. It was necessary
to construct a new set of residual interactions enabling the
couplings between vds;, and fpg-shell protons and neu-
trons. An additional set of matrix elements was added to
build the new hybrid interactions in a schematic way,
utilizing interactions for the fs/, orbital. Our hybrid inter-
action has also been tested to interpret the -decay gamma
spectroscopy from decays of other N > 50 nuclei [29,43].

The right column of Fig. 1 shows the experimental
B(GT) values for 8334Ga, panels (c) and (d), respectively,
superimposed with our B(GT) calculations. We incorpo-
rated a quenching factor of 0.5 in the theoretical strength of
both 338Ga. The quenching is necessary due to the
incomplete neutron configuration space in our model
affecting the normalization of the wave functions after
diagonalization [44]. For completeness, we included the
strength feeding neutron bound states, taken from [29,30].
These matrix elements to bound states are 1 order of
magnitude smaller and therefore likely to be forbidden
transitions and are not included in our calculations. We
obtain good agreement between the experimental B(GT)
distributions and our model. The total amount of strength,
its location above the neutron separation energy, and the
steplike fluctuation in the strength are all well reproduced.
These fluctuations arise in our model from the changes in
the density of GT allowed states in 3>84Ge. The first
substantial increment of the decay strength, at around
the neutron separation energy, is associated with opening
the vf5/, orbital. It must be noted that the large increase in
B(GT) with energy naturally explains the large energy
neutron emission observed in both gallium isotopes. The
good agreement with the data indicates that our model
includes the relevant configuration spaces.

We tested the applicability of our model by calculating
the decay lifetimes and neutron branching ratios for
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FIG. 3. (Top) Half-life predictions for N > 50 gallium (solid
line) and nickel (dashed line) isotopes. (Bottom) One (P,,, solid
line) and two (P,,, dashed line) f-delayed neutron branching
ratio predictions for gallium isotopes. For both panels GT-only
predictions are blue diamonds, GT + FF predictions are red
circles, and the data are black. Experimental values were taken
from [29,30,45,47].

51 < N <56 gallium isotopes. Figure 3 displays the
experimental -decay half-lives (upper panel) and neutron
branching ratios (lower panel) compared to calculations
including only GT strength (blue stars) and calculations
with both GT and forbidden strength included (red circles).
In all cases, the forbidden strength was either directly taken
or extrapolated from experimental values. The two neutron
emission probabilities were determined using a schematic
model that did not take into account the partial decay width
to one neutron emission. Excluding this effect is known to
overestimate the two-neutron emission rate [45,46].

Finally, we employed the same model to estimate the
lifetimes of very exotic, N > 51, nickel isotopes and
compared them with the recent measurements at RIKEN
RIBF [47] (top panel of Fig. 3). Here, we followed the same
“empirical” procedure where the forbidden strength was
extrapolated from the better-known #*Ga data [30]. The
error bars correspond to a 500-keV uncertainty in the
currently unknown Qj values. The calculated half-lives and
neutron emission probabilities match well the experimental
values for both gallium and nickel isotopes.

In conclusion, we observed for the first time high-
intensity, high-energy f-delayed neutron emission in

8384Ga. The large decay strength associated with these
transitions indicates that they are allowed Gamow-Teller
transformations. Because of the nature of the orbitals above
the N = 50 gap, GT transitions must involve the decay of
neutrons associated with orbitals in the N = 50 "8Ni core. A
shell model approach capable of dealing with such cross-
shell transformations was developed, and its predictions are
in excellent agreement with the experimental data. Our
model also reproduces the decay lifetimes and delayed
neutron branching ratios calculated for the most exotic
observed isotopes of gallium and nickel. In particular, the
presence of large GT strength at high excitation energies
favors high-energy neutron emission and two-neutron
emission. Such a large two-neutron branching ratio was
recently observed in 8Ga [45]. Large GT strength at high
excitation energy resulting in high-energy delayed neutron
emission and large two-neutron emission probabilities
might be typical for most exotic neutron-rich nuclei, in
particular, those along the r-process path of nucleosynthesis.
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