Exploring 3 decay and f-delayed neutron emission in exotic “®*"Cl isotopes
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In this paper, 8~ and f-delayed neutron decays of 447Cl are reported from an experiment carried
out at the National Superconducting Cyclotron Laboratory using the Beta Counting System. The
half-lives of both “¢Cl and *7Cl were extracted. Based on the delayed ~-ray transitions observed,
the level structure of N = 28 SAr was determined. Completely different sets of excited states
above the first 2% state in *® Ar were populated in the *®Cl 80n and *"Cl 81n decay channels. Two
new y-ray transitions in *“Ar were identified from the very weak “Cl S0n decay. Furthermore,
4601 B1n and “"Cl $2n were also observed to yield different population patterns for levels in *®Ar,
including states of different parities. The experimental results allow us to address some of the open
questions related to the delayed neutron emission process. For isotopes with large neutron excess
and high Qs values, delayed neutron emission remains an important decay mode and can be utilized
as a powerful spectroscopic tool. Experimental results were compared with shell-model calculations

using the FSU and Vjp effective interactions.

I. INTRODUCTION

Experimental investigations away from the valley of
stability have highlighted unique and interesting prop-
erties of exotic nuclei, including neutron halos, neutron
skins, and the disappearance of the standard magic num-
bers. For extremely neutron-rich nuclei, S-delayed neu-
tron emission becomes an important pathway in the de-
cay process. With increasing neutron number, the @
value for B~ decay increases and, simultaneously, the
neutron-separation energy (5,) in the daughter nucleus
decreases. This leads to an increase in the population
of neutron-unbound states in the allowed 5~ decay pro-
cess. Additionally, for nuclei with a large excess of neu-
trons, the parent and daughter nuclei often have differ-
ent ground-state parities due to the valence protons and
neutrons occupying opposite-parity shells. As a result, 1-
particle, 1-hole (1plh) states, which typically lie at high
energies, are preferentially populated in allowed 3~ de-
cay. This, in part, drives the shifting of the Gamow-Teller
strength B(GT) above the neutron-emission threshold.
These states typically decay by emitting a neutron, lead-
ing to a daughter nucleus with A—1, though, in principle,
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decay by ~y-ray emission cannot be completely ruled out.
For extremely neutron-rich nuclei, some Gamow-Teller
strength can be located above the two-neutron separa-
tion energy, which will result in the emission of more
than one neutron following 5~ decay.

The B~ -delayed neutron emission process is often mod-
eled in two steps, where the neutron-rich precursor nu-
cleus undergoes S~ decay to a highly-excited state in the
daughter nucleus which then subsequently emits a neu-
tron. It is assumed that neutron emission occurs from an
equilibrated system completely independent of the for-
mation process. Therefore, it is a statistical process and
depends only on the spin, parity, and excitation energy of
the level in the daughter nucleus. With very limited ex-
perimental information for confirmation, this assumption
may be too simplistic, especially for lighter nuclei, such as
those in the sd shell where the density of states above S,
is relatively low, putting the statistical decay assumption
in doubt [1]. For example, there is some experimental ev-
idence that points toward neutron emission proceeding
from an intermediate doorway state with a large prob-
ability for neutron decay [2]. The quantum dynamics
of sequential decay proceeding via unbound neutron res-
onances is of significant theoretical interest because the
intermediate state partially retains the memory of its ini-
tial creation. This evolving state, which comprises both
resonant and background components, is non-stationary



and therefore subject to internal mixing as well as explicit
decay [3, 4].

Thus, B-delayed neutron emission remains an impor-
tant and unresolved challenge for both experiment and
theory. Delayed neutron emission plays an important role
in the determination of elemental abundances in the r-
process and is also crucial in nuclear reactor technology.
In addition, S-delayed neutron emission from exotic nu-
clei is a powerful spectroscopic tool for the study of the
A—1 daughter nucleus. In this work, 3~ decays of 46:47Cl
were utilized to populate excited states in 4>46:47Ar, close
to the neutron magic number N = 28, by means of both
direct 8~ decay and S-delayed neutron emission.

Studies on the breakdown of the conventional magic
number N = 28 below doubly-magic **Ca (Z = 20,
N = 28) have provided considerable insight into the evo-
lution of nuclear structure toward the neutron dripline
[5, 6]. At the center of the N = 28 Island of Inver-
sion [7], spectroscopic measurements have shown that
42Gi (Z = 14, N = 28) has a low first 2" energy [8-10].
Similarly, #4S (Z = 16, N = 28) has shown characteris-
tics of a diminished N = 28 gap, such as large collectivity
[11, 12] and multiple shape coexistence [13-15].

Properties of the transitional nucleus *Ar (Z = 18,
N = 28) on the other hand, have proven to be more
difficult to describe theoretically. Successful shell-model
interactions in this region of the chart of nuclides over-
predict the B(E2;0f — 2f) strength by a factor of
two [16-18] and this issue persists for 4TAr [19], 4°Cl
[20], and 344§ [12, 21]. The data on excited states
in *6Ar beyond the first 2% are limited and come from
9Be(*¥Ca,*0 Ar++v)X [22], inverse-kinematics proton scat-
tering [23], and “*Ar(¢,p) [24]. Although each study re-
ported several y-ray de-exictations, there is no consis-
tency between the respective level schemes, beyond the
21 — 0] transition and, tentatively, the 4 — 2 transi-
tion. More information on the levels in 6 Ar will provide
critical benchmarks for shell model Hamiltonians aiming
to describe the underlying mechanisms driving nuclear
shell evolution from 48Ca into the N = 28 Island of In-
version.

In the present work, the level structure of “6Ar was
obtained from both the f0n decay of “6Cl and the Bln
decay of 47Cl. From the 5~ decay of °Cl, indications
of the population of a previously-unreported negative-
parity state in 46 Ar was observed. New states were also
observed in the $1n decay of 47Cl, although no conjec-
tures on their parities could be made. The 50n decay
of 47Cl to 4"Ar was found to be very weak, with ~98%
of the total decay strength instead going toward delayed
neutron emission. Despite the very small decay branch,
we have tentatively identified two new 4-ray transitions
in 4"Ar. In addition, we observed transitions in 4°Ar
from 47Cl 2n decay. These transitions were compared
with those seen from 46Cl B1n decay and differences are
highlighted.

Shell model calculations were performed using the FSU
[25] and Vi [26] effective interactions with the valence

44p
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FIG. 1. Particle identification plot using energy loss (AE) in
the upstream Si PIN detector and timing (T'oF') of the up-
stream Si PIN detector with respect to the plastic scintillator
at the A1900 intermediate dispersive image.

space including the sd and fp shells. One particle was al-
lowed to move from the sd shell to the fp shell to create
opposite-parity states. For calculations using the V¢
interaction, both allowed Gamow-Teller (GT) and First
Forbidden (FF) transitions were included when calculat-
ing 8-decay half-lives and delayed neutron emission prob-
abilities. Inclusion of FF transitions in the calculations
had the effect of reducing the calculated half-lives and
neutron emission probabilities as they add a pathway to
the decay.

II. EXPERIMENTAL SETUP

The experiment was carried out at the Coupled Cy-
clotron Facility at the National Superconducting Cy-
clotron Laboratory (NSCL) [27]. A 140-MeV/u *¥Ca
primary beam was fragmented on a thick Be target at
the mid-acceptance position of the A1900 fragment sep-
arator [28]. The resulting secondary beam was purified
using an achromatic Al wedge degrader at the intermedi-
ate dispersive image of the A1900 to select exotic isotopes
of P, S, and Cl with neutron number around N = 28 in
two separate magnetic rigidity settings. Data from this
experiment on the decays of 4243:44P and 44165 [29], 4°C1
[30], and 43458 [31] have been published and provide fur-
ther details of the setup. Here, we report on the decays
of 4647Cl, which were produced in the higher rigidity set-
ting with a 2% momentum acceptance.

As shown in Fig. 1, particle identification was per-
formed event-by-event using energy loss in two Si PIN
detectors and their timing information relative to the
plastic scintillator at the A1900 intermediate dispersive
image. Downstream of the Si PIN detectors, the sec-
ondary beam particles, including the ions of interest,
46:47C1, were implanted in the 40 strips x 40 strips pix-
elated Double-Sided Silicon Strip Detector (DSSD) (ac-
tive area of about 40 mm x 40 mm) belonging to the Beta



TABLE I. Measured and calculated Tj,, values for 46,47,
Shell model calculations (GT only and GT+FF transitions)
were performed for 46,471 using the Vi interaction [26]. For
the parent nucleus, several calculated levels at very low ex-
citation energy E* with different spin-parity were considered
for the 8 decay and the corresponding 77,5 values are listed.
The half-lives in boldface are those closest to the experimental
values and indicate probable candidates for the spin-parity of
the parent ground state.

T12 ms
Isotope pep | U B (keV) GTJr/FF( )GT
e 201(16) ms | 0~ 0 271.4  345.9
1- 310 221.9  255.7
2” 160 240.8  287.6
3 370 333.8  400.7
TC1 109.5(25) ms|1/2T 0 82.9  103.5
3/2% 30 109.5 129.3

Counting System (BCS) [32]. An Al degrader was placed
upstream before the DSSD to ensure that implants were
stopped near the middle of the 986-um thick DSSD. Fur-
thermore, the straggling through the degrader ensured
that a large number of the DSSD pixels were illuminated.
The implantation rate was about 150/s spread over the
greater than 1000 pixels of the DSSD. This rate was suffi-
cient to allow the decay of the implanted radioactive ion
(half-lives typically 100s of ms or less) before a second
implantation in the same or neighboring pixel, enabling
clean correlations between the chosen implant and its
decay products. As the DSSD was ~1 mm thick, the
detection efficiency was only 50-60%. A Single-Sided Sil-
icon Strip Detector (SSSD) was installed downstream to
veto light particles punching through the DSSD.

The BCS was surrounded by 16 HPGe Clover detectors
to record S-delayed ~ rays. Energy and efficiency calibra-
tion was performed using standard ~-ray sources up to
3.5 MeV. The efficiency was about 5% at 1 MeV. The
setup did not include neutron detection, and, hence, in-
formation about delayed neutron emission was obtained
from delayed ~-ray transitions instead. The data were
collected using the NSCL digital data acquisition system
which provides timestamps for each channel, allowing co-
incidences and correlations to be built in the offline anal-
ysis [33].

III. EXPERIMENTAL RESULTS
A. Half-life measurements

The decay curves for 4¢:47Cl are shown in Figs. 2(a) and
2(b) respectively. These curves were generated by his-
togramming the time difference between the selected im-
planted ion (*5Cl or #7Cl) and its correlated decay event.
The B particle was required to be detected within the
same pixel as the implant or in one of the neighboring
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FIG. 2. (a) Decay curve derived for “°Cl from B-correlated
implants within a grid of nine pixels using a 2 s time corre-
lation window along with the fit used to extract the half-life.
The components of the fit are (i) exponential decay of the
parent nucleus, *6Cl, (ii) exponential growth and decay of the
daughter nuclei, “® Ar (80n) and (iii) exponential background
to account for the long-lived activities not considered explic-
itly. Known half-lives were used for the daughter nucleus [34].
(b) Same as (a) for “"Cl (c) Decay curve for *"Cl gated on the
1553-keV ~-ray transition, which is from the first excited state
in the f1n daughter “°Ar and the most intense ~ transition
in the S-delayed ~-ray spectrum correlated to 4”Cl implants.
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FIG. 3. (a) S-delayed ~-ray spectrum for *Cl using a time
correlation window of 250 ms. (b) S-delayed ~-ray spectrum
for 47Cl decay using a 100 ms time correlation window. In-
tense transitions from [0n, S1ln, and $2n are indicated for
both cases. The y-scale in (b) was clipped to highlight the
weak transitions.

eight pixels of the implant within a time correlation win-
dow of 2 s. Each decay curve was fitted with an expres-
sion which included the exponential decay of the parent
nucleus and the growth and decay of the daughter nuclei
(80n) following the Bateman equations. In both cases,
literature values of half-lives of daughter nuclei were used
[34]. As the fn daughters namely, *°Ar (t1 /> &~ 8.4s) and
45 Ar (t1/2 ~ 21.5s), are very long lived they were not
explicitly included. Instead, an additional slowly falling
exponential functional with free parameters was added
to account for long-lived activities and constant back-
ground for each isotope. The resulting half-life for 46Cl
is 201(16) ms which agrees with the previous measure-
ment of 223(37) ms [35, 36] within uncertainties and is
slightly lower than the value of 232(2) ms from Ref. [37]
but within 20. The half-life measured for 47Cl in this
work is 109.5(25) ms, which is slightly higher than the
literature value of 101(6) ms [37], but within their mu-
tual uncertainties. Additionally, the 47Cl half-life was
determined by gating on the 1553-keV ~v-ray transition
in the B1n daughter, “Ar (Fig. 2(c)). An exponential
(parent decay) and a constant (background) were fitted
to the curve, yielding a half-life of 109(5) ms, in excellent
agreement with the ungated fit.

The calculated half-lives for 46Cl and 47Cl using the
Vmu interaction [26] for different assumptions for the
spin-parity of the parent ground state are listed in Ta-
ble I. The half-lives are calculated both with GT tran-
sitions alone and with GT+FF transitions and experi-
mental (Jg- values were used. For 461, the calculated
GT+FF values are closest to the experimental values of
223(37) ms [35, 36], and 232(2) ms [37], and 201(16) ms

from this work if the ground state is either 1~ or 27.
For 47Cl, the calculated value of 109.54 ms assuming a
3/2% ground state and using GT+FF agrees remarkably
well with the measured half-life in the present work of
109.5(25) ms. A 3/2% ground state for *7Cl is also con-
sistent with the systematics for the Cl isotopes [31].

B. [ delayed ~-ray transitions

p-delayed v-ray spectra correlated with 4647Cl im-
plants are shown in Figs. 3(a) and (b). Time corre-
lation windows of 250 ms and 100 ms were used for
46C1 and 47Cl, respectively. These time intervals cor-
respond to roughly one half-life for the two cases and
highlight decays from the parent nucleus. For “6Cl decay
(Fig. 3(a)), the spectrum is dominated by the 1553(2)-
keV and 542(1)-keV transitions which are the ground-
state decays of the first excited states in the f0n daugh-
ter (46Ar) and the B1n daughter (*°Ar), respectively. For
4TCl1 decay (Fig. 3(b)), the spectrum is again dominated
by the 1553(2)-keV transition in “®Ar (81n daughter),
signaling that the -delayed neutron emission channel is
stronger than the 5~ decay to neutron-bound states. The
1231-keV transition is from the decay of the first excited
state in 47 Ar, the S0n daughter.

+-7 coincidences observed in 47 Ar following 47C1 5~ de-
cay are shown in Fig. 4(a). A gate on the known 1231(1)-
keV transition (5/2; — 3/27) in 47Ar highlights tenta-
tive coincidences with the 1602(2)-keV and 1935(2)-keV
transitions. These transitions have not been reported
previously, and correspond to new levels at 2833(2) keV
and 3166(2) keV, respectively. The ground state of 47Cl
is conjectured to be J™ = 3/2T from the present half-
life measurement (see Table I), and, thus, these states
are candidates for positive-parity states populated by al-
lowed Gamow-Teller (GT) transitions. Fig. 4(b) shows
known 7-vy coincidences in the granddaughter nucleus
47K [38] which follows the decay of *”Ar confirming its
production in the relatively weak S0n branch of the decay
of 47Cl.

The 2+ — 0% transition in “6Ar at 1553 keV is the most
intense transition observed in both the #6Cl and 47Cl
decays (Figs. 3(a) and (b)). The coincidences observed
with the 1553-keV transition in the two cases are shown
in Figs. 5 and 6. From 5Cl 3~ decay, a 1143(3)-keV
transition was observed in coincidence with the 1553(2)-
keV transition, as seen in Fig. 5(a). This could corre-
spond to the 1140(20)-keV peak from Ref. [22]. 46Cl
[~ decay was also reported in a conference proceedings
where 2006-keV and 3350-keV v rays were observed in
coincidence with each other and with the 1553-keV tran-
sition [39]. We were able to confirm these coincidence
relationships (Fig. 5(b)) and further suggest that the
2009(3)-keV transition feeds into the 3347(3)-keV tran-
sition, although the reverse cannot be ruled out, as both
transitions are equally intense within the estimated un-
certainties. The absolute intensities of the 1553, 1141,
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FIG. 4. (a) y-ray transitions in *"Ar observed in coincidence
with the 1231-keV 5/27 — 3/2g, transition. (b) The coinci-
dences observed in the granddaughter 4K which confirm that
47 Ar was produced in the 0n decay of *"Cl. The spectrum
in coincidence with the 1742-keV transition is offset from zero
for clarity.
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transition in *®Ar as observed in the S0n decay of *°Cl. (b)
~ rays coincident with the 3347-keV transition in “®Ar from
4601 B~ decay.

1695, 2009, and 3347-keV were estimated to be 70(13)%,
2.6(1)%, 3.6(1.5)%, 7(2)%, and 7.5(2.5)% respectively.
The statistics for 46Cl B0n decay were rather low in
this experiment and no further 7-ray transitions could
be identified. The absolute 3 feeding to the observed
levels in 46 Ar from 4°Cl 8~ decay and the corresponding
log ft values are given in Table II.

From 47Cl B1n decay, several transitions were observed
in coincidence with the 1553-keV peak in “6Ar, as seen
in Fig. 6. Due to low statistics, some of these transitions
were difficult to observe in an ungated spectrum. The
2133(2), 2311(2), 2517(2), and 2699(2)-keV transitions in
the present work may correspond to the 2141(3), 2318(3),
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FIG. 6. Coincident v-ray transitions with the 1553-keV tran-
sition in *®Ar as observed from the $1n decay of *"Cl. The
inset shows that the 1143 keV transition is not seen here in
contrast to Fig. 5(a).

TABLE II. Absolute 8 feeding intensity I (per 100 decays
of *Cl) to levels in *6Ar from *°Cl S0n decay. The num-
ber of 46Cl implants were extracted from the fit to the decay
curve. The logft values were calculated using the measured
t1/2 of 201(16) ms and a Q- of 16040(100) keV [40] with the
LOGFT CALCULATOR from NNDC [34]. For the FF tran-
sitions both possibilities (unique and non-unique) are listed.
For the decay branch to the 1553-keV level, first-forbidden
unique (1FU) is not possible considering the likely spin of the
461 ground state of 1~ or 27. The first-forbidden non-unique
(IFNU) logft values have been calculated as allowed 8 tran-
sitions as recommended in Ref. [41].

Elevel [(AI) logmft

keV % GT 1IFU  1FNU
1553(2) 56(28)* - - 5.59(131)
2696(2) 2.6(7) - 9.35(1)) 6.75(10)
3248(3) 3.7(10) - 9.10(*1%) 6.51(F1%)
4900(3) ~0 - - .

6909(4) 7.5(25) 5.51(F21) - -

@ should be considered an upper limit due to possible unobserved
y-ray transitions

2518(2), 2707(2)-keV transitions cited in Ref. [24], al-
though they are somewhat lower in energy. The 2307(13)
and 2692(16)-keV ~y rays reported in the inverse kinemat-
ics proton scattering of 46Ar in Ref. [23] are similar in
energy to the 2311 and 2699-keV transitions seen here.
The 3037(2), 3197(3), 3427(3), and 3627(3)-keV transi-
tions are reported for the first time in this work. For
these transitions with low intensities, effort was made
to check them in various time correlation windows and
gates (when possible) to avoid possible misidentification,
though some ambiguity cannot be ruled out. In Ref. [23]
a 3430(26)-keV ~ ray was observed in coincidence with
the 2 — 07 transition and could correspond to the
3427-keV transition seen here. However, other decays
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FIG. 7. (a) v-ray transitions observed in coincidence with

the 542-keV transition in *°Ar from the S1n channel of “6Cl
decay. (b) «-ray transitions observed in coincidence with the
542-keV transition in *°Ar from the 82n decay of *"Cl. Two-
neutron emission from the unbound states in 47 Ar feeds only
positive-parity states in “°Ar while a negative-parity state is
strongly populated in “¢Cl S1n decay. The *¢Cl ground state
likely has J™ = 1~ or 27, see section III A while for 4"Cl, J™
= 3/27" is favored.

observed in Ref. [23] from that state were not observed
in this work, leading us to suggest that they could be dis-
tinct. The relative intensities of the v rays observed in
46 At which were possible to observe in a singles spectrum
are provided in Table III for both 46Cl and 4"Cl decay.
The Q- value for 47(1 is 15790(200) keV, while Qg2
is 4.0(3) MeV [40]. This allowed us to observe -ray tran-
sitions in the 82n daughter, *°Ar, which were also inde-
pendently populated via the 4Cl 81n channel (Qg1, =
7.96(10) MeV [40]). For both cases, clean coincidences
with the 542(1)-keV 7 ray (de-excitation of the first ex-
cited state to the ground state in *5Ar) were observed.
The 45CI B1n and 47Cl 52n delayed ~-ray spectra gated
on the 542(1)-keV transition are compared in Figs. 7(a)
and (b), and the corresponding partial level schemes are
also displayed. For 4°Ar from 47Cl 52n decay, only decays

TABLE III. Relative intensities of 7 rays observed in *0Ar
from both *6Cl1 (80n) and *"Cl (B81n) decay. The intensity
of the ~ transitions above 3.2 MeV is about 4 times smaller
than the 2699 keV transition and could not be ascertained.

4601 Bon decay 46C1 B1n decay

Ey (keV) I, | E, (keV) I,
1553(2) 100(15) | 1553(2)  100(12)
1143(3) 3.7(10) | 2133(2)  3.0(5)
1695(3) 5.2(15) | 2311(2)  2.5(5)
2009(3)  10(2) 2517(2)  5.3(10)
3347(3)  11(3) 2699(2)  10(2)
- - 3037(2)  6.5(15)
- - 3197(3)  7(3)

TABLE IV. Relative intensities of 4 rays observed in *°Ar
from both *¢Cl (81n) and *"Cl (32n) decay.

4601 B1n decay 17C1 B2n decay

Ey (keV) I, | E, (keV) I,
542(1)  100(12) | 542(1)  100(12)
799(1)  30(4) 1193(1)  14(3)
1193(1)  13(2) 1230(1) a
1230(1)  35(5) 1525(1)  18(3)
1341(1)  10(3) | 2755(2)  40(6)
1525(1)  20(4) - -
2755(2)  6.5(15) - -

@ intensity could not be extracted due to mixing with the 1231
keV transition from 47Ar.

from positive-parity states above the 542-keV level were
observed [30, 39]. For #Ar populated from #5Cl Bln
decay, the v rays from the same set of positive-parity
states are seen along with a strong 799(1)-keV transi-
tion. Based on the *°Cl 80n decay scheme reported in
Refs. [30, 39], this v ray is assigned to the de-excitation
of the 3/27 state at 1341(1) keV. The direct decay from
the 1341-keV state is also observed as seen in Fig. 3(a).
The relative intensities of the y-ray transitions observed
in 45Ar are provided in Table IV for both 46Cl and 47Cl
decay.

IV. DISCUSSION

A. Ay

The level scheme of 46Ar, which is the S0n daughter
of #6CI and the 1n daughter of 4"Cl was established
using v-v coincidences (Fig. 5 and Fig. 6) and energy and
intensity balance. The partial level schemes with states
in 46 Ar populated in *6Cl B0n decay (left) and 7Cl B1n
decay (right) are shown in Fig. 8. Interestingly, though
not a complete surprise, the levels beyond the first 2%
observed from “6Cl 80n decay and *"Cl S1n decay are
completely different. The low spin states predicted from
shell model calculations using the FSU interaction [25]
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FIG. 8. A Partial level scheme of “6Ar from this work following the S0n-decay of “®Cl is shown on the left. The level scheme
deduced from B1n decay of *"Cl is shown on the right. Alongside are predictions from shell model calculations using the FSU
[25] and Vv interactions [26]. The positive-parity states are OpOh states while the negative-parity states are 1plh states with
excitations across the N = 20 shell gap. The first ten positive-parity states are shown for both, while negative parity states
(07, 17,27, and 3~ only) are shown up to 7.0 MeV. The neutron separation energy S, is 8071.8(24) MeV for “¢ Ar [40].

and the Vi p interaction [26] are displayed alongside for
comparison.

Both interactions predict 1plh negative-parity levels in
46 A1 occurring above an excitation energy of 4.5 MeV.
The level at 6909(4) keV which is directly fed in the g~
decay of 46Cl is a very likely candidate for a negative-
parity state. The “6Cl ground state likely has J™ = 1~
or 27, as was discussed in section III A. The intensity
observed (Table IT) for this level corresponds to a logft
value of 5.51 which is consistent with an allowed GT tran-
sition. Logft values from shell model calculations using
the Vs interaction are listed in Table V assuming dif-
ferent J™ values for the *Cl ground state. The decay
from a 1~ ground state to a 0~ level at 6902 keV has
a logft value of 5.63 and to a 27 state at 6369 keV has
a logft value of 5.61, making both possible candidates.
The 2~ state at 6369 keV can also be populated from
the decay of a 2~ ground state in *°Cl and is predicted
to have a logft of 5.48. Since the 4900-keV level is fed

by this probable negative-parity state and decays to the
21 level at 1553 keV, it will likely have a spin of 1 or 2
with either parity possible.

In Ref. [22] the 2 energy was reported as 1570(5) keV,
while the energy of the 2] is quoted as 1558(9) keV in
Ref. [23], 1554(1) keV in Ref. [24], and 1553(2) keV in this
work. The 4] state is tentatively placed at 3892(9) keV
in Ref. [22], at 3866(16) keV in Ref. [23], and at 3872(3)
keV in Ref. [24]. The transition analogous in energy in
the current work (2311 keV) would place the 4] state
at 3864 keV. The shell model calculations place the 47
at 3306 keV (FSU) or 3741 keV (Vjsy) in reasonable
agreement.

The first excited 07 level was tentatively placed at
2710(21) keV through comparison with level energies
from shell model calculations in Ref. [22]. On the other
hand, based on angular distribution analysis in the study
of #*Ar(t,p) [24], the level at 3695(3) keV was proposed
as the 07 state instead, while the state from Ref. [22]



TABLE V. Calculated logft values for GT and FF transitions using the Visy interaction for selected levels in 46 Ar. Different
spin-parity possibilities are considered for the parent “Cl. Only levels below 7 MeV excitation energy and with a logft value

lower than 6.0 are listed for GT transitions.

GT:*6Cl1 (07) GT:*%C1 (17) GT:*¢Cl1 (27) GT:*%Cl (37)

J" E, (keV) logioft ‘ J7 E, (keV) logioft ‘ JT  Eg (keV) logioft ‘ J*  E; (keV)  logioft

1~ 5570 5.37 0~ 5860 5.94 1~ 5570 5.64 3 5370 5.70

1~ 6759 5.39 0~ 6902 5.63 1~ 5932 5.98 - - -

- - - 1- 5570 5.27 2” 5116 5.86 - - -

- - - 1- 5932 5.81 2” 6022 5.60 - - -

- - - 2” 6369 5.61 27 6369 5.48 - - -

- - - 27 (FF) 1443 771 |2f (FF) 1443 6.82 |2/ (FF) 1443 7.32
0 (FF) 3496 6.89 |0F (FF) 3496 8.62 - - - - - -

was not seen. In the current study, levels with similar
energies to both the prior candidates, 2696 keV and 3686
keV, are observed in 6Cl 30n decay and 4"Cl B1n decay,
respectively. Shell model calculations generate several
yrare 07 states with both interactions agreeing on 0T
being the third excited state, although differing in en-
ergy. The 03 (2948 keV) and 05 (3623 keV) predictions
from the FSU interaction agree well with the two exper-
imental states in question. In our previous paper on 5~
of ¥ Cl [30], we had identified the 03 in **Ar produced
again in the 81n channel at 2978 keV, while the FSU in-
teraction predicted the state at 2717 keV, a difference of
261 keV. Similarly assigning the 2696 keV as 05 in 46Ar
compared to the calculated 2948 keV would be an energy
difference of 252 keV making it a very plausible scenario.
Of course, more experimentation is needed to definitively
clarify the position of the excited 07 states, which will
impact our understanding of shell structure in this region
and can be correlated to nuclear size and deformation.

Based on the experimental information we have, it is
not feasible to comment on the spin or parity of other
states populated in the *"Cl 81n decay. With decays to
the Q;r state, their spins can be constrained to be within 0
and 4 if they have positive parity and likely within 1 and
3 if they have negative parity. Based on relative intensi-
ties (see Table III), it appears that the levels at 4070 keV,
4252 keV, and 4590 keV are favored over the others in
the neutron emission process, though a definitive deter-
mination of the spin-parity cannot be made. In Ref. [24],
these states were populated in a (t,p) reaction on *Ar
and were thought to have positive parity, although no
spin assignments were made. A positive parity is consis-
tent with their population in the S1n process, as will be
discussed in Section IV C.

B. “"Ar

The -7 coincidences observed in 47Ar following 47Cl
B0n decay were shown in Fig. 4(a). Based on these co-
incidences, a very tentative level scheme for 47Ar is pro-
posed and shown in Fig. 9. Selected states predicted by
shell-model calculations using the FSU interaction [25]

and the Vi p interaction [26] are displayed alongside for
comparison. The neutron separation energy in 47Ar is
3667(3) keV and, therefore, Gamow-Teller decays from
the likely 3/2% ground state of 4"Cl would feed levels
predicted to be close to or above the neutron separation
energy. For example, the logft value to the shell-model
3/2] state at 3499 keV (Varr) is 5.66 and the logft value
to the 5/27 state at 4202 keV is 5.77. These predicted
positive-parity states are higher in energy than the ex-
perimentally observed states. Alternatively, the observed
levels may have been populated by First Forbidden (FF)
decay. The logft values to the shell-model states with
J7 of 7/25 (2281 keV), 3/25 (2550 keV), 5/2; (3479
keV) calculated using Vi are 6.79, 6.55, and 6.86 re-
spectively, making all of these predicted states possible
candidates for the observed levels.

A 7/27 state was reported at 1745 keV in a prior
in-beam ~-ray spectroscopy experiment following one-
proton knockout [42]. The same experiment proposed a
3/25 state at 2188 keV and 5/27 states at 1231 keV,
2761 keV, and 3438 keV [42]. These states are indi-
cated by green lines in Fig. 9 and as can be seen they
align closely in energy to levels with the same J™ pre-
dicted by Va;py and FSU interactions. The previously-
observed 7/27 level at 1745 keV nicely corroborates with
the shell-model 7/2] state at 1371 keV from the Visy
interaction and 1890 keV state as predicted using the
FSU interaction. The V) y interaction provides candi-
date for the 2188 keV and 2763 keV states in the 3/25
and 5/25 states. This would leave open the possibility
of the present 2833-keV and 3166-keV levels tentatively
being the 7/25 (2281 KeV) and 3/25 (2550 keV) states
though somewhat lower in energy. The equivalent states
calculated using the FSU interaction are at 2365 keV
(7/25 ) and 3074 keV (3/25).

C. [-delayed neutron emission

In prior studies, the reported experimental probabil-
ities for p-delayed neutron emission showed dramatic
changes as a function of neutron number: 24(4)% for
45C1, 60(9)% for 4°Cl, and then, very surprisingly, less
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FIG. 9. A Partial level scheme of " Ar from this work following S0n-decay of *"Cl. Alongside are predictions from shell model
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the positive-parity states are 1plh states with excitations across the N = 20 shell gap. The first 10 negative-parity excited
states are shown. For the positive-parity levels, two states of each of the spins 1/2%, 3/2% and 5/2" from the calculations are
shown. The logft values for the positive-parity states correspond to allowed GT transitions, while for negative-parity states
they correspond to FF transitions. The neutron separation energy S, is 3667(3) keV for *"Ar [40]. The experimental states
shown in green and indicated by italics are from Ref. [42] for comparison with the calculations.

than 3% for 47Cl [35]. From the present work, following
the activity in the granddaughter nuclei from the three
branches, 50n, S1n, and #2n, we have estimated the P,
values to be 75(15)% for “6Cl and 98(12)% for 47Cl. This
smooth and increasing trend is what one would expect
as neutron number increases. The measured P, values
are compared with those from shell model calculations
(Varr) with and without the inclusion of FF transitions
in Table VI. Although the Vj;y calculations reproduce
the trend of increasing P,, with neutron number, it is in-
teresting to note that the P, values are underestimated
in both cases. For 47Cl, the P, value becomes much
smaller than the experimental value with the inclusion
of FF transitions, suggesting that the FF contribution
is overestimated in the calculation. Revisiting Fig. 3(b)
emphasizes that FF transitions are weak for 4"Cl decay,
as the spectrum is dominated by ~ rays from the S1ln
daughter. In contrast, the measured 77, values were
better reproduced when FF transitions were included.
This conflict needs to be explored further with higher-
precision measurements of the neutron emission proba-
bilities and the investigation of even more neutron-rich
nuclei.

As noted before, a different set of excited states in 6 Ar
were populated in the 81n decay of *”Cl than those pop-

TABLE VI. . Measured and calculated delayed neutron emis-
sion probabilities in percent. Qg values for “°Cl and *"Cl are
also noted [40].

Isotope| Qg,,, MeV) J" P,(Exp.) P.(Vmu) Pa(Vmu)

%  GT+FF,Qeep GT,Qecap

16.04(10)o, 0~  75(15) 34.90 43.34

46C1 |7.960(100)1, 17 23.83 26.01

2.80(14)2, 27 23.17 27.57

3~ 32.28 38.28

15.79(20)0, 1/27 98(12) 86.13 96.22

Q1 | 12.12(20)1, 3/27 77.56 87.04
4.0(3)2n

ulated in the direct S0n decay of “6Cl. Comparison with
prior studies and predictions from shell model calcula-
tions seem to favor positive parities for the states seen
in B1n decay. In Fig. 10, a simple illustration of how (-
delayed neutron emission can proceed based on the occu-
pancies suggested by shell model calculations performed
using the FSU interaction is shown.

The ground-state configuration of 47Cl (J™ = 3/2%) is
7r[dg/zs?md%m]V[sd(20)f$/2p§/2] with a filled neutron sd
shell and a hole in the proton dsz/, orbital. The states
with proton excitations into the fp shell are energeti-
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FIG. 10. S-delayed neutron emission: Illustration of the path
from the *"Cl ground state (3/27) to a 1plh 3/27 state in
4T Ar by a conversion of a neutron to a proton (GT transfor-
mation) (top), and then the emission of a neutron from the
sd shell to populate a 2p2h positive-parity state (for example
the 27) in the daughter nucleus “®Ar (bottom).

cally too high in “6Ar to be reached by GT 3~ decay
(i.e conversion of one of the fp neutrons into a fp pro-
ton). Instead, a GT transformation changes one of the
neutrons in either the vsy,y or vdsz/, orbitals to a pro-
ton, filling the mds/, orbital, as shown by the arrow in
the top cartoon. This leaves a hole in the vds 5 or vsy o
orbital resulting in a positive parity 1plh state of 47Ar.
The ground state configuration of 4"Ar (J™ = 3/27) is
W[dg/zsf/zdgﬂ]V[sd(20)f$/2p§/2] with a full neutron sd
shell and an unpaired neutron in the p3/, orbital. We can
assume that the 3/2;‘ (logft = 5.3) and 1/25F (logft =
5.5) states in 47 Ar predicted at 4.95 MeV and 5.18 MeV,
respectively, are populated in this allowed GT decay from
the ground state of 7Cl. With S, equal to 3.667(3) MeV
[40], these states lie above the neutron separation thresh-
old in 47Ar.

In the next step, neutron emission from these 1plh
states populates low-lying positive-parity states in 46Ar,
as seen experimentally. For that, an unpaired neutron
is emitted from the sd shell creating a 2p2h positive
parity state in the daughter nucleus “6Ar, as seen in
the bottom cartoon in Fig. 10. This emission is en-
ergetically favored due to nuclear pairing and the low
[ orbitals involved. Breaking a pair would typically
cost an additional one or two MeV. According to shell
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FIG. 11. Illustration of the S-delayed neutron emission pro-
cess in *6Cl. Top: GT allowed decay would convert, for exam-
ple, a d3/2 neutron to a dsz;2 proton or a ds/» proton could be
formed from FF transition of a p3/2 neutron. Bottom: Emis-
sion of the p3/o neutron would populate a 3/27" state in 45Ar
due to the remaining unpaired ds,> neutron. Emission of a
d3/2 neutron would populate a 3/27 state in 45 Ar due to the
remaining p3,/2 neutron.

model calculations using the FSU interaction, the 2
state in “6Ar is a OpOh state with a full neutron sd shell
(W[dg/zs%/ng/Q]V[Sd(20)f78/2]). Hence, the neutron emis-
sion has to be facilitated by a small admixture of 2p2h
configuration if the state is populated directly. There-
fore, delayed neutron emission is probing and manifest-
ing mixing between configurations (Op0h and 2p2h in this
case). In a recent publication [43], IBM calculations in-
cluding configuration mixing (IBM-CM) predicted low-
lying states in “6Ar. In that work, it was shown that the
yrast 0] and 2] states have a low admixture of intruder
[n4-2] space while the 47, 05, 25, and 45 states are dom-
inated by 2p2h intruder configurations. This can explain
the experimental observation of their population in the
[B-delayed neutron emission channel.

A schematic view of S-delayed neutron emission from
46C1, which has possible ground-state spin-parities of 1~
and 27, is shown in Fig. 11. GT allowed decay would
transform one of the sd neutrons into an sd proton, while
transformation of the unpaired neutron in the p3/» orbital
to a dz/p proton would be a FF transition. Following
GT decay, the emission of a p3/, neutron would create a
3/2% state in *°Ar due to the unpaired dj/» neutron. On
the other hand, if the ds/, neutron is emitted, a 3/2~
state would be populated in the daughter nucleus due
to the unpaired p3/, neutron. This simple picture seems



to be consistent with the observed population of both
positive-parity (e.g. 3297 keV, 5/27) and negative-parity
(e.g. 1341 keV, 3/27) states, as shown in Fig. 7. The
occupancy of the 5/2% state from the shell-model calcu-
lation shows contributions from a d5/; hole along with
an sy /o hole [30].

V. SUMMARY

The Beta Counting System surrounded by an array of
16 HPGe Clover detectors was used to study the 5 and
B-delayed neutron decays of the exotic 4547Cl isotopes
at the National Superconducting Cyclotron Laboratory.
The level structures of 4°46:47Ar were elucidated from
the various decays, and comparisons were made to shell
model calculations when possible. Following the activity
in the granddaughter nuclei, the P, values for 46Cl and
47CI are estimated to be 75(15)% and 98(12)%, respec-
tively. The large P, for "Cl is at odds with an extremely
low prior measurement of P,,. However the increasing
trend for P, going from 4°Cl to 47Cl, is expected as the
neutron dripline is approached. The half-lives of 45:47Cl
were measured and compared with calculations using the
Vyu interaction for a variety of possible ground-state
spins. When including both GT and FF transitions, good
agreement between experiment and theory was found as-
suming spin-parities of 1~ or 2~ for the “6Cl ground
state and a spin-parity of 3/2% for the 47Cl ground state.
These spin-parities values are also consistent with the ob-
served decays. Two new v-ray transitions in *7Ar were
identified following the weak B0n decay of 4"Cl. It was
also observed that the levels populated in N = 28 46Ar
from 46Cl1 f0n and 47Cl B1n decay are completely differ-
ent beyond the first 27 excited state. Differences were
also seen in the states populated in **Ar from “6Cl B1n
decay compared to 4"Cl 82n decay. Attempts were made
to explain states populated in delayed neutron emission
using a simple shell-model picture.

The large P, values observed for 46:47Cl indicate a very
small decay branch to bound states, likely through FF
transitions. This observation seems to be consistent for
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47C1 decay. However, for 46Cl, a large branch to the low-
lying 2% state was observed, somewhat contradictory to
the large P, value. Furthermore, shell model calcula-
tions using the Vj;y interaction which reproduced the
measured half-lives after including FF decays severely
underestimated the measured P, values. This highlights
that further work is necessary, both in experiments and
in the refinement of theoretical approaches, to quantify
the impact of FF transitions. This region of neutron-rich
isotopes around the N = 28 Island of Inversion remains
a fertile testing ground for state-of-the-art nuclear the-
ory. With the start of operations at the new Facility for
Rare Isotope Beams (FRIB), nuclei with large 8-delayed
neutron branches, like 46Cl and 47Cl isotopes studied in
the present work, will feature prominently in experimen-
tal campaigns. Key experimental devices like the FRIB
Decay Station Initiator will allow measurements of both
neutrons and 7 rays from these exotic systems, allow-
ing for complete decay spectroscopy [44]. With the new
radioactive-beam facilities beginning to provide much-
needed experimental data, a clearer picture of S-delayed
neutron decay and the role of FF transitions may soon
emerge.
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