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We investigated decays of >!°>3K at the ISOLDE Decay Station at CERN in order to understand the
mechanism of the f-delayed neutron-emission (fin) process. The experiment quantified neutron and y-ray
emission paths for each precursor. We used this information to test the hypothesis, first formulated
by Bohr in 1939, that neutrons in the n process originate from the structureless “compound nucleus.”
The data are consistent with this postulate for most of the observed decay paths. The agreement, however,
is surprising because the compound-nucleus stage should not be achieved in the studied  decay due to
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insufficient excitation energy and level densities in the neutron emitter. In the >*K fn decay, we found a

preferential population of the first excited state in 3*Ca that contradicted Bohr’s hypothesis. The latter
was interpreted as evidence for direct neutron emission sensitive to the structure of the neutron-unbound
state. We propose that the observed nonstatistical neutron emission proceeds through the coupling with
nearby doorway states that have large neutron-emission probabilities. The appearance of “compound-
nucleus” decay is caused by the aggregated small contributions of multiple doorway states at higher

excitation energy.

DOI: 10.1103/PhysRevLett.133.042501

Introduction—The f-delayed neutron emission discov-
ered by Roberts [1] was explained by Bohr [2] as a two-step
sequential decay process that occurs for very neutron-rich
nuclei. f decays of the precursors populate highly excited,
neutron-unbound states in the intermediate nuclei,
which decay via neutron emission. Understanding the
foundations of fn emission is crucial in diverse areas of
nuclear science, from nuclear reactors to astrophysical
nucleosynthesis [3—10], and will inform the delayed par-
ticle emission on the proton-rich side. However, because of
the challenges in both experiment and theory, our knowl-
edge of this significant process is far from satisfactory.

Because of the complicated nature of the fn emission,
theoretical descriptions have long been relying on Bohr’s
hypothesis of the compound nucleus (CN) [11], from
which the neutron emission depends only on its spin,
parity, and excitation energy and is independent of the
formation process [12]. Early studies attempted to compare
the predictions made by statistical-model calculations to
measured energy spectra of neutrons emitted from fission-
fragment precursors and to the probabilities populating the
excited states in residues [13—17]. The observed discrep-
ancies led to the conclusion that nuclear structure affects fn
emission. However, those analyses employed too simple
or unrealistic assumptions regarding the f-decay process.
Currently, the established theoretical framework calculates
the fn emission in two steps. First, the f-strength distri-
bution is computed using microscopic models such as the
quasiparticle random phase approximation or the nuclear
shell model. Then, neutron emission from the states above
the neutron separation energy (S,) in the daughter is
evaluated with the statistical Hauser-Feshbach theory and
the implicit assumption of the CN; see Refs. [18-20].
Transmission coefficients are calculated using a chosen
optical model potential (OMP). The approach has been
employed in predicting gross -decay properties such as the
inclusive fn probabilities (P,,), achieving some agreement
with the experimental data for known medium- and heavy-
mass nuclei [10,18-21]. Only recently has the underlying
CN assumption been questioned again based on exper-
imental data: it seems that the observed neutron emissions
from excited states in '3*Sn are related to the structure of
the states populated in the decay of the parent nucleus
134 [22]. If proven more broadly, a revision of f-delayed

neutron-emission models is needed with consequences in
power-generation and astrophysical applications.

Owing to the developments of intense radioactive
ion beams and the combination of high-resolution y and
neutron spectrometers, it becomes possible to comprehen-
sively study the pn process for a much broader spectrum of
nuclei. Precursors with much larger f-decay energies (Qp)
and decreasing S, can now be accessed. These advances
allow for investigating and, if necessary, revising the CN
hypothesis in # decay. In addition, the validity of the choice
of OMP could be probed for very exotic nuclei where other
methods are not available.

In this Letter, we report on measurements of the fn
branching ratios in the neutron-rich 323K (proton
number Z = 19, neutron number N = 32, 33, 34, respec-
tively) isotopes, which reside near the proton Z = 20 and
neutron N = 32, 34 closed shells [23-25]. Since the
nuclear level densities (NLD) in their daughter nuclei
are anticipated to be low, they are expected to be candidates
where the CN hypothesis is broken, similar to the '3*In
case [22]. Indeed, we observed a few neutron-emitting
states in >3Ca exhibiting nonstatistical behavior, which is
interpreted as the configuration mixing with doorway
states—the states having large neutron-emission probabil-
ities [22]. More importantly, we show, for the first time, that
the statistical model can reproduce experimental data well
after normalizing the exclusive neutron branching ratios
with p-feeding strength. However, this occurs in an energy
regime where the low NLD in the neutron-emitting nucleus
raises significant doubts about the application of Bohr’s
CN assumption. Furthermore, we present that an OMP with
a standard range of parameters can describe neutron-
emission transmission coefficients. This unexpected, appar-
ent CN decay could be explained by the absence of nearby
doorway states and caused by the contributions from small
and random configurations at higher excitation energies. It
could be the evidence for possible chaotic effects coexisting
with regular motion at low-energy nuclear excitations, which
further impact the descriptions of other nuclear processes
where the CN assumption is used [26-29].

Experiment and results—The Isotope Separator On-Line
(ISOLDE) facility at CERN [30] produced the neutron-rich
S152.33K isotopes in fission. The 1.4-GeV proton beam
from the Proton Synchrotron Booster bombarded a uranium
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carbide target with an average current of 2 pA. Following
surface ionization, the General Purpose Separator [30]
selected potassium isotopes of interest at mass number
51, 52, and 53 respectively. The radioactive ion beam
was delivered to the ISOLDE Decay Station (IDS), where
the beam was implanted on a moveable tape system. The
hybrid detection system at IDS consisted of two plastic
scintillators, four high-purity Ge clovers, and 26 VANDLE
neutron detectors modules [31]. More details of the setup can
be found in Ref. [32].

Figure 1 presents the neutron time-of-flight (TOF)
spectra taken in coincidence with the 8 decays of 3!923K.
The top row shows the full neutron-singles spectra. The
middle and bottom ones are generated requiring additional
coincidence with the y-ray de-excitations from the first and
second excited states in their respective fn residues. In
deconvoluting these spectra, we employed the neutron
response function given in Ref. [32]. Our procedure for
obtaining the -feeding probabilities (/5) and fn branching
ratios (/,) is as follows. We start with a series of neutron-
unbound states in the daughter, with the kth state at EX
excitation energy. Then, we generate all possible neutron
peaks associated with the state according to the low-lying
states in residues [33]. The neutron energies (intensities)
are denoted as EX~! (IX=1), where I stands for the Ith state in
the residue. With known S, and E., all associated EX~! can

be computed from a given EX. We extract EX and their 75~/
simultaneously from a y? analysis fitting all together the
neutron-singles and neutron-y coincidence spectra. In
Fig. 1, the resultant response functions (magenta) are
deconvoluted into individual neutron peaks feeding the
ground (red), first (black), second (blue), and higher (green)
excited states in residues. Lastly, we obtained /5, (k — 1) =
152! /Nyg and 15(k) =Y, 15,(k — 1), with N4 being the
number of f decays detected by the f scintillators.
While the extracted I, and its related physics will be
presented elsewhere [34], this Letter focuses on neutron
emissions from the daughter. Figure 2 plots the fraction of
I, (k — ) with respect to the p-feeding 1,(k) as a function
of the daughter’s excitation energy. This variable decouples
itself from the fluctuation of the preceding f-decay feeding
and reflects how the neutron emissions favor the low-lying
states in residues from a given unbound state. Although
any state lying below EX in residue can be populated, its
intensity drops quickly with rising excitation energy. This
can be seen in Fig. 1 where the green neutron peaks feeding
the states higher than the second excited state in residue are
extremely weak and almost invisible in the deconvolution.
We only accounted for the residue states with feeding
strength above our experimental limit in extracting 1(k).
Those states are drawn as inserts in the top row of Fig. 2.
Similarly, only the fractions to the ground, first, and
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Neutron TOF spectra following the “K f decays, with A = 51 (left), 52 (middle), and 53 (right). The top row (a, d, and g)

presents the full neutron TOF spectra (neutron singles) of each isotope, whereas the center (b, e, and h) and bottom (c, f, and i) rows
show the neutron spectra coinciding with the y de-excitations from the first and second excited states in 4~!Ca, respectively. The spectra
are fitted by the neutron response functions (magenta), which can be deconvoluted into individual neutron-emission peaks. The neutron
emissions feeding the ground, first, and second excited state in A~!Ca are drawn in red, black, and blue, respectively. Feedings to any
higher excited states, generally too weak to be visible in the plots, are shown in green. The individual peaks have been shifted down on

the y axis for visualization purposes.
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FIG. 2. Exclusive n branching ratios of “K, with A = 51 (left), 52 (middle), and 53 (right). The x axis is the excitation energy of the
ACa** states (** stands for neutron unbound) populated in # decay, while the y axis is the fraction of / sn from that state to the ground
(bottom, red), first (center, black), and second (top, blue) excited states in 4~'Ca* (* means either the ground or low-lying excited state).
The 4~!Ca states involved in the analysis are shown in the partial level scheme. The dark color bands represent the Hauser-Feshbach
predictions covering all spin scenarios in the GT decay, including AJ = 0 (solid curves), —1 (dash-dotted curves), and +1 (dotted
curves). The light color bands indicate additional uncertainty from OMP (see main text). The experimental data that strongly deviate
from theory (more than 3¢ of combined experimental and theoretical uncertainties) are highlighted by the vertical dashed lines.

second excited states are discussed in more details in the
following sections.

Comparison with statistical decay—We employed stat-
istical model calculations using the Hauser-Feshbach (HF)
formalism [35] to compare with our data. The model inputs,
such as the excitation energies, spins, and parities of residue
states, are taken from literature whenever available [36].
Starting from the 3'K (J* = 3/2%), 3K (J* = 27), and >*K
(J™ =3/2%) ground states [33,37], we considered three
possible spin scenarios in the daughters according to the
selection rule of allowed Gamow-Teller (GT) transitions
(AJ = 0,=£1), which are the major f-decay modes pop-
ulating the observed neutron-unbound states [34]. The
results are shown in Fig. 2. Since an observed peak may
consist of multiple states due to the finite energy resolution,
we draw the dark color bands between the upper and lower
limits of different spin scenarios to simulate the averaging
effects. Furthermore, we studied the sensitivity of our
results to the OMP being used. The nominal calculations
were done with the Koning-Delaroche (KD) OMP [38].
Then, we varied the parameters in the KD OMP coherently
following the procedure outlined in Ref. [39]. The impact

on the Iy, fractions is indicated by the outer bands in
light color.

The most striking feature in Fig. 2 is the overall good
agreement between the experimental data and the model
predictions across the measured energy range, even though
31:52.53Ca are considered to be semi- or doubly magic nuclei
with low NLD. This was corroborated by our large-scale
shell-model (LSSM) calculations [40,41] with the sdpf-mu
interaction [42], which yield the NLD of >!>33Ca 10-20
states per MeV in the energy range of interest. These values
are 5-20 times smaller than the Gilbert-Cameron formula
prediction [43], which was used to provide NLD for the
statistical calculations. The agreement in Fig. 2 suggests a
nucleus with considerably lower NLD than what the HF
model assumes may undergo apparent statistical neutron
emission if there is no other direct channel available. It is
also noteworthy that for cases where the data agree with
the statistical model, this comparison allows for model-
dependent spin assignments for those neutron-unbound
states. Examples are the states at 7.3 MeV in >!'Ca
(J=1/2), 9.5 MeV in ¥Ca (J=1), and 7 MeV in
3Ca (J = 3/2).
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Doorway-state decay—In Fig. 2, there are a few outliers
in 33Ca, highlighted by the vertical dashed lines, whose
decays do not follow statistical neutron emission even if the
theoretical uncertainty from the OMP is included. The
strongest deviation is seen at 6.48 MeV, which is about 3.29
(0.73) MeV above the ground (first excited) state of 32Ca.
Because of the huge phase space, the HF calculation
predicts a significant amount of ground-state population
(~40%), which contradicts the preferential feeding to the
first excited state observed experimentally (> 90%).
Between 7 and 8 MeV, there are two more states manifest-
ing ground-state feedings that are stronger than the HF
model predictions.

Recently, we suggested that fn emission may involve a
doorway state—the state having strong spectroscopic over-
lap with the residue at low energy [22]. In >*Ca, a doorway
state can be written as nj @ [*>Ca*), where *Ca* stands for
a low-lying state of the 32Ca core and n ; a neutron on the
single-particle orbital j outside. To mix with the states in
3Ca populated in the GT decay, of which J* = 1/2F,
3/2%, or 5/27, the parities of doorway states need to be
positive. On the other hand, the low-lying states in >’Ca
have positive parities as well, restricting the parity of the
neutron orbital j to be positive and excluding the configu-
rations with pf orbitals. The lowest energy candidates
fulfilling the requirement are the vgy/, and vds, orbitals
beyond N = 40; see Fig. 3 (left). Interestingly, if j is vgy >,

0.6
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FIG. 3. Left: schematic drawing of the single-particle orbitals in
3K relevant to the Sn emission. The gray (blue) box represents
the occupied proton (neutron) orbitals below the Fermi surface.
Outside the '%0 core, the neutron orbitals contributing to the GT
decay and the doorway-state neutron emission are shown in blue
and red, respectively. See text for more details. Right: calculated
fractions of /5, following the K decay based on the doorway
states with J = 5/2 (solid lines), together with the experimental
data (solid square). Red, black, and blue represent the feeding to
the ground, first, and second excited states of >*Ca, respectively.

only a 3*Ca core at J* = 2% allows mixing between a state
populated in f decay and a doorway state, both of which
have J* =5/2%. Such mixing will drive a significant
amount of neutron emission to the 2% state, as observed
for the 6.48-MeV state in the 2K decay.

Unlike vgg/, an n; with vds;, allows for various
coupling schemes of the doorway states. Quantitative
interpretation of their /4, requires developing a microscopic
model capable of calculating the configuration mixing
between the states from GT transitions and doorway states,
which is beyond the scope of this Letter. Instead, we invoke
a simple model introduced in Ref. [22]. This model relies
on the realization that the spectroscopic overlaps between
states in the residue and the neutron-emitting states
populated in # decay are minimal. Here, the LSSM predicts
spectroscopic factors below 1073, In our model, the neutron
emission can be described as due to configuration mixing
with tails of neutron-emitting resonances. In brief, we write
the energy profile of the broad doorway state in the form
of a normalized Breit-Wigner function. Its full width is
determined as the sum of partial decay widths, with the
latter defined as the neutron transmission coefficient to a
lower residue state scaled by the spectroscopic factor for
single-neutron removal. The fraction of /5, of the doorway
state is simply the ratio of the partial to total width. For the
states from S decay residing at E"., the fractions of / i are
obtained as the weighted average of the nearby doorway
states. Given the centroid energy of doorway states E%Y,

the weights are computed as their amplitudes at Efc. We
calculated the neutron transmission coefficients with the
KD OMP. The E? and related spectroscopic factors in °>*Ca
are given by LSSM in the sdpf-g9d5 model space as shown
in Fig. 3 (left). The single- and two-body matrix elements
are obtained as a subset of the sdpf-sdg interaction [44].
In the model space, the spin of the doorway states that can
decay to all three lowest-lying states of 3Ca, which have
J =0, 2, and 1, respectively, is constrained to J = 5/2.
In spite of their limited precision, the new calculations
reproduce the trends reasonably well, suggesting the door-
way-state decay is indeed a promising solution to under-
stand fn emission when it deviates from the HF model.

Lastly, we note the existence of doorway states cannot be
completely excluded in the 32K decays. There are a few
candidates, such as the states around 9 MeV in °!Ca and
8.8 MeV in >*Ca, not fully following the HF prediction with
a given spin or average of spins. However, the deviation is
only between 1- and 3-o, preventing us from drawing
strong conclusions. Future measurements with either more
statistics or definite spin assignment will be helpful in
identifying these states in 71*2Ca or finding more doorway-
state decays in Ca.

Conclusions and perspectives—In summary, we studied
the pn branching ratios of 23K at IDS using high-
resolution y-ray and neutron TOF spectroscopy. The
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experimental results show overall good agreement with the
statistical model predictions, with only a few clear devia-
tions in the >’K decay. We conclude that despite the low
NLD, neutron-rich 3!323K nuclei follow mostly statistical
pn emission. However, when an open channel such as a
doorway-state decay appears in the relevant energy region,
strong deviations from statistical decay emerge locally. An
advanced theoretical framework that includes nuclear shell
structure or is based on the time-dependent methods is
desired to fully understand the fn process across the
nuclear chart [45,46].
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