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The S-decay properties of nuclei near the second nuclear “island of inversion” around neutron rich
nuclei with neutron number 40 are important tests of nuclear structure models and interactions. In
particular, the -delayed neutron emission branch (P,), is useful for investigating S-strength and
neutron-vy competition above the neutron separation energies of the daughter nuclei. We report
new constraints for P, values for three nuclei in the region: ®2Cr (P, < 1%), **Mn (P, =1.5(6)%),
and %Fe (P, < 1%), measured with the Neutron Emission Ratio Observer (NERO) neutron long
counter system and the Beta Counting Station (BCS) at the National Superconducting Cyclotron
Laboratory (NSCL). Our results resolve the large discrepancy between previous direct and indirect
measurements for **Mn and confirm the predictions of global theoretical models when a statistical
treatment of the v and neutron decays of the daughter states is included. We also obtain improved
half-lives for 2Cr (206(5) ms) and the short-lived isomer in the ®?Fe daughter (112(7) ms) from
[B-delayed v emission data obtained in the same experiment with the Summing Nal (SuN) total
absorption spectrometer. Finally, we use v emission data to obtain a new upper limit for the 52Cr
B-decay population of the long-lived isomeric state in *2Mn.

I. INTRODUCTION

The Cr-Fe nuclei with neutron numbers around N =
40 mark a so-called “island of inversion” characterized
by substantial deformation and complex neutron config-
urations involving both the fp-shell as well as the gg/o
and ds/, orbitals [1]. These nuclei can therefore serve
as probes for the (nuclear interaction driven) evolution
of shell gaps as neutrons are added towards N = 40,
thus increasing the role of configurations that involve the
deformation-driving gg /o orbital. Indeed, y-spectroscopy
and B(E2) measurements of the Fe isotopic chain indi-
cate an increase in collectivity already at ®Fe [2-4]. Shell
model calculations have shown that inclusion of the gg /o
orbital is essential to describe the structure of %4Fe, with
typical orbital population of 60% [3, 4], giving this nu-
cleus a special role in the transition to the N = 40 Island
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of Inversion.

The shell structure of 4Fe can also be probed through
the B-decay of 54Mn, which has been shown to have a
1+ ground state [5]. For example, a significant occupa-
tion of the vgg 2 neutron configurations would reduce the
role of the dominant v f5,5 — mf7/2 allowed transitions
[2]. In this context, the finding of an unexpectedly large
64Mn B-delayed neutron branch of P,=33(2)% is notable
[6, 7]. This measurement was performed by direct detec-
tion of neutrons exhibiting the correct half-life of 54Mn
using a neutron long counter and is about an order of
magnitude larger than P,=2% predicted by theory [8].
However, an indirect measurement employing S-delayed
~-ray spectroscopy obtained a value of P,=2.7(6)%, in
line with theoretical expectations, by using the 995 keV
~-ray from the ground state decay of the S-delayed neu-
tron daughter %Fe to 53Co[9].

Here we address this discrepancy by performing a new
direct measurement of the 6Mn S3-delayed neutron emis-
sion using the NERO long-counter. This is not only
important for understanding the nuclear structure near
N = 40, but an accurate P, is also needed to obtain
absolute decay branches and strength functions from a
total absorption spectroscopy study [10]. In addition,
the large P, observed in Ref. [6] is also an order of mag-
nitude larger than predictions from global QRPA models



[8, 11] that are used in astrophysical model calculations
of the r-process and neutron star crusts. A confirmed P,
value is therefore also important for astrophysical appli-
cations providing a test of the validity of the theoretical
models used. We also report the first measurements of
the $-delayed neutron branches of °2Cr and %°Fe.

II. EXPERIMENT DETAILS

The experiment was performed at the National Super-
conducting Cyclotron Laboratory (NSCL) at Michigan
State University. A 35 pnA 82Se beam with an energy
of 140 MeV /u was impinged on a 352 mg/cm? beryl-
lium target; the resultant mixture of nuclides was pu-
rified using the A1900 fragment separator with a mo-
mentum spread Ap/p of 2%, such that the composition
of the cocktail beam transmitted to the experimental
end station consisted almost entirely of 1V (24%), 52Cr
(19%), %4Mn (51%), and 5°Fe (6%). For the momentum-
corrected particle identification plot see Fig. 1.

Beam particles were identified using the AFE-TOF
method, with the energy loss taken from a 525-pm thick
Si PIN detector located at the beginning of the end sta-
tion, and the time of flight calculated from the time dif-
ference between an 12 scintillator at the image position
of the A1900 and the PIN detector.

The experimental end station for the (-delayed neu-
tron measurement consisted of (in order, from upstream
to downstream): (1) a stack of 2 Si PIN detectors and an
Al degrader on a rotating holder that allowed for varying
the degrader thickness; (2) the Summing Nal detector
(SuN); and (3) the Beta Counting Station (BCS) housed
in the bore of the NERO detector [12]. The beam was
implanted in a 979-um thick Double-sided Silicon Strip
Detector (DSSD) as part of the BCS. Neutrons detected
by NERO in the 200 us following a decay event were
considered to be associated with the 8 decay. In addi-
tion, data for 8-delayed vy-emission were taken separately,
stopping the beam upstream in the center of SulN using a
smaller DSSD. Further experimental details can be found
in [13].

III. RESULTS

In this work, we report extracted [-decay half-lives
(T /2) as well as the strength of the -delayed neutron
emission branch (P,) extracted from NERO data for
three isotopes: %“Mn, %2Cr, and %Fe. Additionally, by
including data from the SuN detector, we further inter-
pret the possible outcomes of the 2Cr decay. NERO and
SuN results from the decay of %1V were previously pub-
lished [13, 14] and are thus omitted from this paper. To
provide an assessment of the uncertainties arising from
the experiment statistics and specific daughter proper-
ties, a Markov Chain Monte Carlo (MCMC) method was
used.
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FIG. 1. Momentum-corrected particle identification plot
showing energy loss AFE in arbitrary units vs time of flight
also in arbitrary units for each ion implanted into the DSSD.

A. %Mn

As all possible decay products of **Mn have a negative
B-delayed neutron emission Q-value (Qg—y), the neutron
emission-gated decay curve of 64Mn must be entirely from
decays of %4Mn. The neutron-gated decay curve fit (in-
set of Fig. 2) gives a half-life of T3/, = 91(6) ms. After
subtraction of the flat background obtained from time-
reversed correlations and using the scaled flat efficiency
of 37(5)% deterimined in [12, 13], a P, of 1.5(6)% is ob-
tained. The large error is mainly due to the systematic
uncertainty in the efficiency of NERO and the statistical
uncertainty from the low number of counts of -delayed
neutron events.

The full %4Mn B-decay curve was also constructed by
fitting the decays of the parent *Mn, the daughter 5*Fe
(with Ty /5 = 2.0(2) s [7]), granddaughter %*Co (T}, =
0.3(1) s), and neutron daughter %*Fe (with T /5 = 6.1(6)
s [15]) (Fig. 2). The MCMC analysis of the ungated
decay curve, using a Gaussian prior of 1.5(6)% from the
separately measured P, from this work, a %*Mn half-life
of 92.1(8) ms was obtained, more precise but in good
agreement with the ENSDF database weighted average
from previous work of 90(2)ms [7].

B. %Cr

The (-delayed neutron decay curve for %2Cr is con-
sistent with background (Fig. 3). Taking into account
the statistical uncertainty and the uncertainty in the ef-
ficiency of NERO, we obtain an upper limit of 1% for the
P, for 2Cr. No previous measured P, has been reported,
but a previous calculation gives a P, of 1%, consistent
with our result [16].

The interpretation of the 52Cr S-particle decay curve
is further complicated by the fact that the half-life of
the %2Mn daughter is disputed. Studies of the decay



3000 ~ gof
n 60 F
2500 A £
Y
€ 2000 | 0f S
o 10 *
: 1500 - ° ;0 160 1;0 280 250
.E, Time (ms)
> —— Experiment
8 1000 - bl ] “mm—TotaI
L L o T ean
——- G4Fe
500 - Ry
— 64C0
0 - background
0 250 500 750 1000 1250 1500 1750 2000
Time (ms)
FIG. 2. Best fit of the time distribution of detected beta

particles correlated with a %*Mn implant. Data are shown
by the red histogram, overlaid with the total fit (black solid
line), **Mn decays (blue dashed line), daughter *Fe decays
(red dashed line), and neutron daughter 3Fe decays (green
dashed line). The inset shows the neutron-gated decay curve,
with the data (red histogram), background (grey dashed his-
togram), fit of the data (red solid line), and fit of the back-
ground (black dashed line).
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FIG. 3. Neutron-gated decay curve of ®2Cr (red solid his-
togram) and neutron-gated background (grey dashed his-
togram).

of %2Cr, similar to this study, have reported the need
of a 92(13) ms [17, 18] ®2Mn daughter half-life in order
to reproduce the observed 52Cr B-particle decay curve.
An earlier study [19] produced 52Mn directly via a "®Ge
beam impinging on a tungsten target and determined a
much longer half-life of 830(150) ms from S-particles and
B-delayed ~-rays. Hannawald et al. [2] produced ®2Mn
through proton spallation on a uranium target and deter-
mined a half-life of 671(5) ms from S-delayed neutrons.

The analysis of g-particle decay curves from the same
experiment [6] confirms the long half-life obtained from
the neutron data, but indicates in addition also the pres-
ence of a 84(10) ms short lived component. To explain
these results, Gaudefroy et al. [17] proposed the existence
of two (-decaying states in %>Mn: a short lived T} 2 =
92(13) ms low-spin state directly populated by the decay
of 52Cr with a branching of 73(5)% and a small P, value,
and a separate higher-spin state with T3/, = 671(5) ms
and a substantial P, value.

The ~-ray data taken with SulN in this experiment al-
lows for a much better constrained analysis of the decays
of 62Cr and %2Mn. Our statistics and the v-efficiency of
the SulN total absorption spectrometer are sufficient to
determine the 52Cr half-life independently of the %2Mn
half-life.

The SuN detector is a high-efficiency summing Nal
barrel consisting of 8 half-annular segments [20]. The
high efficiency and segmentation of SuN allows for -+
coincidences to be easily associated with the total en-
ergy of the v-decaying state. Gating the S-particle decay
curve on the 355 keV - 285 keV ~-ray cascade [2, 21]
(labelled (a) in the top panel of Fig. 4) in the total ab-
sorption spectrum results in a half-life of 206(5) ms (top
plot (i) of bottom panel of Fig. 4).

Other than the 877 keV ~ ray produced from the de-
excitation of the first excited state of %2Fe, the proposed
long-lived isomer and the short-lived isomer have not
been identified to share any other + rays. The work of
[17] reported a previously unobserved 815 keV ~ ray, in
coincidence with the 877 keV « ray. The 7-TAS coinci-
dence plot from the present study shows the same ~y-ray
cascade (labelled (b) in the top panel of Fig. 4). Gating
on the cascade allows the determination of the half-life
of the shorter-lived isomer of >Mn of 112(7) ms (middle
plot (ii) of bottom panel of Fig. 4).

In principle one can search for evidence of a long-lived
671(5) ms component in the 2Cr decay curve. Previously
the unknown P, of 52Cr would have complicated such a
search, because the neutron daughter 'Mn has a very
similar reported half-life 7', = 709(15) ms. This would
have lead to degeneracies in the free parameters. With
the small P, limit from this work we can now attempt
such a search to constrain the possible feeding of the long
component via the S-decay of 42Cr.

For the fit of the 2Cr B-particle decay curve we em-
ployed a MCMC approach. In addition to the parent 52Cr
decay (using a Gaussian prior of 206(5) ms), the shorter-
lived 2Mn daughter decay (using a Gaussian prior of
112(7) ms), where both priors were determined from the
~v-gated fits, and a flat background, the fit also included
a longer-lived daughter component (using a flat prior of
0-1000 ms). The posterior distribution, shown in Fig. 5,
shows that the fit half-lives of both 2Cr and the shorter-
lived 2Mn component are largely independent of the iso-
mer activity. Using this approach, we found that we
could only constrain the total isomer activity, but not
the half-life and fraction of the 2Mn isomer separately.
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FIG. 4. Top: Energy recorded in a single Nal crystal (keV)
vs Total Energy in SuN (keV). The ellipsis marked (a) is the
355 keV - 285 keV coincidence from the decay of °2Cr and the
upper ellipsis marked (b) is the 815 keV - 877 keV coincidence
from the decay of the shorter-lived S-decay isomer of ®*Mn.
The ellipses are for illustration and do not represent analysis
gates. Bottom: (i): Decay curve gated on the 355 keV - 285
keV ~ cascade decay of the 640 keV state in °*Mn. The fit
of this decay curve gives a ®2Cr half-life of 206(5) ms; (ii)
Decay curve gated on the 815 keV - 877 keV ~ cascade decay
of the 1692 keV state in ?Fe. The fit of this decay curve
gives a®*Mn half-life of 112(7)ms; and (iii) Total 5>Cr decay
curve without v gating. In each case, the total fit (black solid
line), the decay of ®Cr (blue dashed line), the decay of ®>Mn
(green dashed line), the decay of the ®*Mn long component
(purple dashed line), and the background (cyan dashed line)
are shown.

Performing fits with the isomer fraction and half-life
as independent variables, results in an almost flat poste-
rior probability distribution for the isomer half-life, which
suggests that no meaningful constraint can be placed on
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I lsomer activity

FIG. 5. MCMC results showing the correlations between the
free parameters. From the top row to the bottom: (1) 5Cr
Ty /2, (2) implanted ®*Cr activity, (3) background, (4) short-
lived ®*Mn T, s, (5) long-lived °*Mn activity. The posterior
distributions give 206(5) ms and 111(6) ms respectively for
the half-lives of 52Cr and the short-lived *>Mn daughter de-
cay. The implanted %>Cr activity and background are given
in counts per 5 ms.

the population of the long-lived 2Mn isomer by 2Cr
decay from this decay curve. A fit with a 25% long com-
ponent and a half-life of 620 ms results in only a slightly
improved x?/dof = 1.05, compared to x?/dof = 1.16
without any long component and the shallowness of the
X2 curve indicates that the isomer population is consis-
tent with both 0% and 100%.

Stronger constraints come from the non-observation of
the v rays reported from the decay of the long-lived (-
decaying state of %2Mn [2, 21], in particular the 877 keV —
1299 keV cascade from the de-excitation of the 2176 keV
level in 52Fe. We estimate that the absence of a clear
detection (Fig. 4) limits feeding of the long component
to less than 20%. The lack of $-delayed neutrons from
62Cr also limits feeding of the long component, as it must
have a significant P, to be detectable in the neutron de-
cay curve of the previous experiment [6], though this is
difficult to quantify due to the inconsistencies in the ob-
tained P, values with other work, including this study.

C. %Fe

65Fe is known to have a B-decaying high-spin isomer
at 402 keV [22, 23] that could potentially be co-produced
along with the lower spin ground state by fragmentation.



No previous experimentally measured §-delayed neutron
emission branch has been reported for either the ground
state or the isomer. The neutron-gated decays associated
with implants of %°Fe do not show any excess of neutrons
above background (Fig. 6) and we can thus determine
an upper limit of P,<1% for both the ground and iso-
meric states. A relatively small P, is expected given the
small Q-value windows for S-delayed neutron emission of
503(21) keV and 101(22) keV for the ground state and
isomer, respectively.
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FIG. 6. Neutron-gated decay curve of %°Fe (red solid his-
togram) and neutron-gated background (grey dashed his-
togram).

IV. CONCLUSIONS

Our results resolve the discrepancy between the re-
ported large P, value for ®*Mn of 33(2)% obtained from
a neutron long counter measurement [6], and the much
smaller value of 2.6(7)% from S-delayed gamma spec-
troscopy [9], with the latter being deduced from the ab-
solute intensity of the 995-keV ~ ray arising from the
decay of the neutron daughter 3Fe. Our new result of
1.5(6)% is consistent with the smaller value, resulting
in a weighted average of 2.1(4)%. This value is slightly

lower than the prediction of the global QRPA model [11]
that uses a simple energy cutoff in the calculated strength
function which gives a P, of 3.1%. A more recent pre-
diction using the same model to populate the daughter
states, but employing a statistical approach to determine
the final branching into neutrons or 7 rays predicts a
slightly smaller value of 1% [8]. This may support the
use of the statistical approach. The upper limits of 1%
for the P, values of 2Cr and %Fe are also in line with
expectations.

The relatively large [ statistics enables us to ob-
tain more accurate B-decay half-lives for ®2Cr and the
short-lived isomer in the 3 daughter %2Mn. In partic-
ular, our vy-gated results do not suffer from systematic
errors due to parameter degeneracies in the simultane-
ous fitting of parent and daughter half-lives from a single
B-decay curve. The new 52Cr half-life of 206(5) ms, in
agreement but more precise than previous measurements
obtaining 187(15) ms [18] and 209(12) ms [17]. For the
short lived isomer in 52Fe we obtain 111(6) ms, somewhat
longer but still within 1-20 compared to previous work
quoting 84(10) ms [6] and 93(13) ms [17]. The new con-
straint obtained for the P, of 2Cr enabled us to search
for a possible 52Cr $-decay feeding of the long-lived iso-
mer in 52Fe. Our results support the proposal put forth
by the authors of [17] that longer-lived S-decaying isomer
of ©2Mn has a high spin and is therefore not strongly pop-
ulated by the B decay of 52Cr (ground state J™ = 0%).
While our decay curve fit has a weak preference for non-
zero population, our v data only allow us to obtain an
upper limit of 20%. Further experiments will be required
to quantify the population.
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