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β-decay studies of neutron-rich K isotopes
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The β decay of the neutron-rich nuclei 51−53K has been used to populate bound and unbound states in 50−53Ca.
Measurements of γ rays as well as β-delayed neutrons enabled detailed decay schemes to be established and levels
identified in 50−53Ca. A delayed one-neutron emission probability P1n of 63 ± 8% was determined for the decay
of 51K. A total of seven new γ transitions were observed following the decay of 51K, and 25 neutron branches
were found that enrich the level scheme of 51Ca. Delayed neutron emission probabilities of P1n = 74.4 ± 9.3%
and P2n = 2.3 ± 0.3% were determined for the decay of 52K, and 12 new γ transitions were observed in 50,51,52Ca.
Three new γ transitions were observed in 52,53Ca following the β decay of 53K. New limits on the P1n and P2n

values were determined for the β decay of 53K, and a decay scheme was established for 53Ca for the first time.
The data obtained here should help clarify the structure of neutron-rich fp-shell nuclei around the N = 32–34
subshell closures.
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I. INTRODUCTION

Following the inclusion of a spin-orbit force in the nuclear
potential [1,2], the shell model has become a powerful
predictive tool in nuclear structure, reproducing, for example,
the known magic numbers near stability. However, the valley
of β stability represents only a very limited region of the
nuclear landscape, and making extrapolations to new regions
is not trivial. In this respect, the study of very neutron-rich
isotopes provides a fertile testing ground for our understanding
of nuclear shell structure far from stability.

Recently, work has shown that the attractive πj> − νj<

monopole term in the nucleon-nucleon interaction plays an
important role in defining the magic numbers in exotic
nuclei [3]. The effect of this proton-neutron interaction on
the location of single-particle states has been invoked to
account for the appearance of an N = 32 subshell clo-
sure for neutron-rich nuclides in the fp shell [4]. Indeed,
the relatively high energy of the 2+

1 state experimentally
observed in 56Cr [5,6], 54Ti [7], and 52Ca [8] can be explained
by the reduced monopole interaction shifting the νf5/2 orbital
to higher energies when protons are removed from the πf7/2

orbital. A similar effect is seen in the N = 29 isotones for
which a 3 MeV energy shift of the νf5/2 state is observed
when protons are added to the πf7/2 orbital going from 49Ca to
57Ni [9,10]. Calculations using the recent effective interaction
GXPF1 show that N = 34 could be a new magic number
for neutron-rich isotopes with Z � 22 [3]. However, this has
not yet been experimentally proven for 56

22Ti, and the question
remains open for the calcium isotopes [11].

The neutron-rich calcium isotopes are indeed interesting to
study, in particular as they allow the ν-ν matrix elements of
the effective interaction to be determined in the A = 50 mass
region. Owing to the Z = 20 shell closure, the lowest energy
states in even Ca isotopes are of positive parity. These natural
parity states are populated either by forbidden transitions
(β decay) or indirectly (γ cascade) and their properties
(Ex , decay modes) are governed by the neutron-neutron
monopole interaction in the fp shell. They are thus indicative
of the neutron subshell sequence. New experimental data
should, therefore, allow us to test the shell model in the
A ∼ 50 mass region, in which modifications of the shell
structure are expected and for which experimental data are still
lacking.

The present work investigates the β decay of 51−53K using
γ and delayed neutron spectroscopy in order to complete our
knowledge of the low-lying level structure of the neutron-rich
calcium isotopes. Here, we focus on the experimental results
for decays to states in 50−53Ca. The paper is organized as
follows. The experimental procedures are described in Sec. II.
Section III presents the data analysis. Results for the decay
of each isotope are presented and discussed separately in
detail in Secs. IV–VI. Finally, conclusions are drawn in
Sec. VII.

II. EXPERIMENT

The experiment was carried out at the ISOLDE online
isotope mass separator facility at CERN [12]. The radioactive
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FIG. 1. Schematic view of the experimental
setup. Radioactive ions were implanted on the
tape located at the center of the β counter.
γ rays were detected using two MINIBALL
Ge detectors, while the delayed neutrons were
registered by the TONNERRE array at forward
angles and by the LEND module at backward
angles.

K ion beams were produced by spallation of a thick (53 g/cm2)
UCx target induced by an intense (5 µA) 1.4 GeV proton beam
delivered by the CERN proton-synchroton booster (PSB). A
hot transfer line connected the target and the tungsten surface
ion source, from which the ions were extracted in the 1+
charge state and electrostatically accelerated to 60 keV. The
spallation products were analyzed using the high resolution
separator (HRS) and collected on a 55 µm thick aluminized
Mylar tape. The average production yields for 51K, 52K, and
53K were 2.3 × 103, 50, and 2 atoms/µC, respectively. The
beam optics were set using a beam of 39K, and a transmission
of 90% was achieved over the 25 m flight path between the
HRS and the experimental setup.

Figure 1 shows a schematic view of the experimental setup.
The β particles were detected in a 2 mm thick cylindrical
plastic scintillator surrounding the collection point in a near
4π geometry with a total detection efficiency of 71(5)%.
The β-counter signal was the sole acquisition trigger (i.e.,
master trigger) and was used to time-stamp the events and to
start the neutron time-of-flight measurements. Hence, the β-
detection efficiency is only relevant for the determination of the
K isotope production yields. The γ rays were measured using
two large Ge clusters from the MINIBALL array [13] placed
on either side of the beam and positioned 29 mm from the
implantation point. The energy resolution for each Ge crystal
was measured to be ∼3 keV (full width at half maximum) for
the 1.33 MeV γ -ray transition in 60Co. Absolute γ -detection
efficiencies were determined using 152Eu and 232Th sources of
known activities. The total photopeak efficiency was 5.1% at
1.33 MeV.

The β-delayed neutrons were detected using two types
of detectors, and their energies were measured using the
time-of-flight technique. For low-energy neutrons, a group of
six low-energy neutron detectors (LENDs), each consisting of
a 1 cm thick BC400 plastic scintillor (10 cm diameter) readout

by two photomultiplier tubes (PMTs) operated in coincidence,
were employed with a 66 cm flight path [14]. With the PMT
threshold adjusted to be just below the one photoelectron level,
the neutron energy threshold was approximately 60 keV. For
the higher energy neutrons, 11 curved (120 cm flight path)
BC400 scintillating plastic bars from the TONNERRE array
were employed [15]. Each individual bar (160 × 20 × 4 cm3

volume) was readout by a photomultiplier tube at each end.
The neutron detection threshold for these modules was about
150 keV. The absolute neutron detection efficiency for both
groups of detectors was derived from the observed intensities
of the well-known β-delayed neutron decay of 49K [16,17].
Total efficiencies (including the solid angle) for the LEND
and TONNERRE modules are 2.0% and 7.7% at 1 MeV, re-
spectively. Energy resolutions of 6% and 11% were measured
at 440 keV for the two neutron detection systems, respectively.

The CERN PSB delivers a pulsed proton beam over a
“supercyle” of 19.2 s. Within this supercycle, a total of
16 proton pulses, each 1.2 s apart, are shared among the
different users. During our experiment, only 6–10 of the
16 proton pulses were delivered to the ISOLDE production
target. Each measurement cycle (Fig. 2) had a duration Tm,
greater than five times the half-life of the implanted K isotope,
and was delayed by a time Td with respect to the proton pulse
to avoid contamination of our measurements by the prompt
neutron flash from the target. The ions were collected on the
Mylar tape for a time Tc at the beginning of each cycle (beam
gate opened). Table I summarizes these different parameters as
well as the total counting time Tacq devoted to the study of each
K isotope decay. During each measurement cycle, β-γ as well
as β-n, β-γ -γ , and β-n-γ coincidences were registered. At
the beginning of each cycle, a universal time clock was started
and the time of each event was recorded. The tape was moved
at the end of each supercycle in order to limit the buildup of
daughter activity.
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FIG. 2. Time line of the acquisition cycles.

Each measurement phase Tm was delayed by a
time Td with respect to the proton pulse. The
ions were collected on the tape for a time Tc at
the beginning of each cycle, and the tape was
moved at the end of each supercycle.

III. DATA ANALYSIS

A. β activity

To obtain absolute branching ratios to levels in the daughter
nuclei and delayed neutron emission probabilities, the total
number of decays Nβ had to be precisely determined. This was
obtained from a careful analysis of the corresponding activity
spectrum (see, for example, Fig. 3). To eliminate the activity
built up between each tape movement, only data collected
during the first proton pulse of each cycle were treated. The
resulting decay curves were then unfolded, and the relative
activities of the parent and daughter nuclei were extracted.

In this section, we describe the fitting procedure employed
to determine the number of decays. The time-dependent
release of radioactive ions from a hot target bombarded by
high-energy protons may be described by a characteristic
release curve [18],

P (t) = A(1 − e−λr t )[αe−λf t + (1 − α)e−λs t ], (1)

where P (t) represents the probability density for an atom
generated at t = 0 to be released at a given time t. The three
parameters λr, λf , and λs are the time constants associated
with the effusion, fast diffusion, and slow diffusion processes,
respectively. The fraction of fast diffusion is given by α, and A
is a normalization constant. Considering the radioactive decay
constant λ of a given nucleus, one can define the associated
radioactive beam current i(t) by

i(t) = c × P (t) × e−λt , (2)

where c is related to the number of extracted ions. The
evolution of the total number N (t) of implanted ions on the

TABLE I. Summary of the measurement cycles for each K isotope
produced in the experiment. Np is the number of proton pulses
incident the ISOLDE target per supercyle.

Nucleus Np Td (ms) Tc (ms) Tm (ms) Tacq (min)

51K 6 5 1000 2000 180
52K 6 5 600 2000 1500
53K 10 10 500 1000 160

Mylar tape is then governed by the differential equation

dN(t)

dt
= i(t) − λN(t), (3)

and the measured β activity D(t) of a given isotope at time t
is simply given by

D(t) = λN(t). (4)

In the following, we consider the specific case of the β decay
of 52K. To fully describe the activity measured, one must take
into account the complete decay chains. Here, considering the
measurement time Tm and the different half-lives, only the
K and Ca activities, including the A-1 and A-2 Ca activites
after delayed neutron emission, needed to be included. The
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FIG. 3. Radioactive decay activity for 52K for events collected
for 2 s after the first proton pulse of each cycle. D1(t),D2(t),D3(t),
and D4(t) correspond to the 52K, 52Ca, 51Ca, and 50Ca activities,
respectively (see text). Dotted line shows the constant background.
Total activity D(t) is the sum of all these contributions.
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FIG. 4. Time-of-flight spectrum
measured with the TONNERRE
array for the 49K β-delayed neutron
activity. Solid lines represent the
fits to the 11 known neutron transi-
tions. Dashed line corresponds to
the background arising from the
detection of cosmic rays and room
background activity.

subsequent activities (i.e., Sc and Ti) were not considered
because of their relatively long half-lives. The total activity
during the collection time Tc could be described by




dN1(t)
dt

= i1(t) − λ1N1(t),
dN2(t)

dt
= i2(t) − λ2N2(t) + P0n × λ1N1(t),

dN3(t)
dt

= − λ3N3(t) + P1n × λ1N1(t),
dN4(t)

dt
= − λ4N4(t) + P2n × λ1N1(t),

(5)

where λ1, λ2, λ3, and λ4 are the decay constants of 52K, 52Ca,
51Ca, and 50Ca, respectively; P1n and P2n are the 1n- and
2n-delayed emission probabilities, and i2(t) represents the
production intensity of the isobaric 52Ca contamination. For
t > Tc, i1(t) = i2(t) = 0. The total activity D(t) measured on
the tape is

D(t) =
4∑

i=1

Di(t) + p0. (6)

Each individual activity Di(t) is analytically obtained from
Eqs. (4) and (5). The background component p0, which arises
principally from cosmic rays interacting in the 4πβ counter,
is constant. A total of nine parameters were used to fit the
experimental decay spectrum using Eq. (6). The result is
presented in Fig. 3. All four contributions (52K, 52Ca, 51Ca, and
50Ca) were unfolded, and a value of Nβ = 4.86(20) × 105 was
extracted for the total number of 52K decays. The uncertainties
in the half-lives used in the fit are the main contributions to
the error on Nβ along with the uncertainty on the constant
background level.

In the case of 51K, because the S2n two-neutron separation
energy (10 713 keV) is relatively high compared with the
estimated Qβ value (13 860 keV) [19], one can consider the
delayed 2n emission to be very small, if not nonexistent.
The last equation therefore disappears from Eq. (5) and only
eight parameters are required to fit the experimental decay

curve and obtain the 51K, 51Ca, and 50Ca activities. Finally,
we obtained Nβ = 1.93(5) × 106 for the total number of 51K
decays. A similar eight-parameter fitting procedure was used
to obtain the number of 53K decays Nβ = 188(30) × 102.

B. Neutron time-of-flight spectra

We focused our analysis of neutron data on the spectra
obtained with the TONNERRE array. They offered much better
statistics for performing a quantitative analysis compared to
the LEND detectors. In these spectra, the neutron peaks show
an asymmetric shape with long tails that extend to lower
energies (Fig. 4). These tails arise principally from the delayed
fluorescence component of the light produced by the neutrons
in the scintillator. A phenomenological parametrization, which
consists of three functions, has been used to fit these peaks [20].
A Gaussian shape is used to describe the high-energy
tail, a second-order polynomial to describe the peak, and
a Lorentzian function for the low-energy tail. A total of
11 parameters is therefore required to reproduce a single peak.
However, because the total line shape must be continuous, the
description of each neutron peak in the time-of-flight spectrum
is reduced to only three free parameters.

Neutron emission probabilities as well as branching ratios
require that the neutron detection efficiency εn be established.
As noted above, this was accomplished using a 49K beam.
This nucleus has a large neutron emission probability, Pn =
86(9)% [21], with well-known branching ratios and a wide
range of neutron energies (0.15 to 4.86 MeV) [17]. Figure 4
shows the measured 49K time-of-flight spectrum. The intrinsic
TONNERRE detection efficiencies deduced from this mea-
surement were in good agreement with previous results [22]:
44.1% at 1.10 MeV and 38.5% at 1.65 MeV. Finally, Monte
Carlo simulations [20] performed with the GEANT4 code [23]
were used to calculate εn for all energies up to 5 MeV.
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To obtain absolute quantities relative to the total number of
β decays Nβ , the neutron time-of-flight analyses were carried
out using only the data corresponding to the total β-delayed
neutron activity after the first proton pulse of each supercycle.
After identification in the time-of-flight spectrum of the k most
significant neutron contributions, the delayed neutron emission
probability Pn was determined using

Pn = 1

Nβ

k∑
i=1

Nn

(
Eni

)

εn

(
Eni

) , (7)

where Eni
is the energy of the ith transition, and εn is the total

neutron detection efficiency at the energy of the transition.

IV. DECAY OF 51K

A. Results

γ spectroscopy yields information on the low-energy
particle-bound levels that are populated in the decay. In this
experiment, seven γ transitions have been assigned to the
β decay of 51K. They correspond to those observed in the
first 1000 ms of each measurement cycle after subtraction
of the background and long-lived (>10 s) daughter activities
[Fig. 5(a)]. No transitions were observed below 1 MeV. Only
the 3460 keV transition is attributed to 51Ca, connecting the
first excited state of this nucleus to the ground state. The
six remaining transitions have been attributed, through β-γ -n
coincidences, to the deexcitation of 50Ca [Fig. 5(b)]. Each level
in 50Ca is linked to at least two deexciting transitions or an

TABLE II. Energies and absolute intensities of γ transitions in
50Ca and 51Ca following the β decay of 51K.

Nucleus Eγ (keV) I abs
γ (%) Ei (keV) Ef (keV)

51Ca 3460 ± 2 3.9 ± 0.5 3460 0
50Ca 1027 ± 1 21.7 ± 2.2 1027 0
50Ca 1976 ± 1 2.6 ± 0.3 3003 1027
50Ca 2503 ± 1 0.6 ± 0.1 3530 1027
50Ca 3008 ± 2 0.3 ± 0.1 4035 1027
50Ca 3530 ± 2 0.8 ± 0.1 3530 0
50Ca 4035 ± 2 0.5 ± 0.1 4035 0

established cascade. The 2503–1027 γ -γ coincidence allows
us to unambiguously locate the 3530 keV state in the level
scheme of 50Ca in disagreement with previous results [17].
No known γ transition in 49Ca and 49Sc has been observed
indicating that the delayed two-neutron emission probability
is very small. The energies and absolute γ intensities of all
transitions are listed in Table II. The absolute γ intensities I abs

γ

have been determined using

I abs
γ = Nγ

εγ × Nβ

, (8)

where Nγ and Nβ are the total numbers of γ rays and β

particles, and εγ is the total γ detection efficiency at the energy
of the transition.

Spectroscopy of β-delayed neutrons probes unbound levels
in 51Ca. To determine the exact location of levels, we
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FIG. 5. 51K decay: (a) γ -ray spectrum of activity in the first 1000 ms of each measurement cycle. Data are corrected for background
and long-lived (>10 s) daughter activities. Each peak is labeled with the energy of the transition. Peaks SE and DE identify single- and
double-escape peaks, respectively. (b) γ -ray spectrum in coincidence with the TONNERRE array.
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FIG. 6. Time-of-flight spectrum measured with the TONNERRE
array corresponding to the feeding of the 50Ca ground state in the
decay of 51K. Neutron energies are in MeV.

performed a β-γ -n triple coincidence analysis of the data. The
neutron time-of-flight spectrum was gated on the four most
intense γ transitions deexciting levels in 50Ca. The resulting
γ -gated neutron spectra were corrected for the different
contributions arising from the feeding of higher energy levels
that afterward deexcite to the “gating” level. We consequently
identified 7, 6, 4, and 3 new neutron transitions feeding the
levels in 50Ca located at 1027, 3003, 3530, and 4035 keV,
respectively. To identify the remaining neutron transitions that
feed the ground state of 50Ca, we summed up all the γ -gated
neutron spectra and subtracted the resulting spectrum from
the total neutron time-of-flight spectrum. Five new neutron
transitions have thus been assigned to the decay to the ground
state of 50Ca (Fig. 6). In Table III, we list all the energies
and relative intensities of the neutron transitions connecting
unbound levels in 51Ca to bound levels in 50Ca. Finally, using
the 17 most significant neutron peaks identified in the total
neutron time-of-flight spectrum (Fig. 7), the delayed neutron

TABLE III. Energies and relative intensities of delayed neutron
transitions following the β decay of 51K. For absolute neutron
intensities per 100 decays, I rel

n values must be multiplied by 0.218.

En (keV) I rel
n (%) Ecoinc

γ (keV) Ef (50Ca) (keV)

820 ± 25 5.5 ± 1.6 1027 1027
910 ± 30 9.2 ± 2.1 1027 1027

1170 ± 40 22.0 ± 3.9 1027 1027
1540 ± 50 21.6 ± 3.9 1027 1027
2190 ± 80 12.4 ± 2.4 1027 1027
3070 ± 130 7.3 ± 1.6 1027 1027
3670 ± 180 5.5 ± 1.5 1027 1027

530 ± 20 0.5 ± 0.2 1976 3003
780 ± 20 2.3 ± 0.7 1976 3003
980 ± 40 4.6 ± 1.0 1976 3003

1470 ± 50 1.4 ± 0.4 1976 3003
1840 ± 120 2.3 ± 0.6 1976 3003
2570 ± 200 0.9 ± 0.3 1976 3003

690 ± 20 1.4 ± 0.5 2503 3530
960 ± 40 1.4 ± 0.4 2503 3530

1460 ± 100 2.3 ± 0.4 2503 3530
2270 ± 120 1.4 ± 0.4 2503 3530

830 ± 20 1.8 ± 0.4 4035 4035
1420 ± 80 0.9 ± 0.3 4035 4035
1990 ± 100 0.9 ± 0.4 4035 4035

840 ± 25 63.1 ± 11.5 – 0
2230 ± 80 100 – 0
3290 ± 150 10.2 ± 2.3 – 0
4200 ± 220 5.1 ± 1.6 – 0
4860 ± 270 5.1 ± 1.7 – 0

emission probability Pn was determined using Eq. (7). The
result yields Pn = P1n = 63 ± 8%, which is in very good
agreement with the value of 68 ± 10% reported by Langevin
et al. [24] and clearly in conflict with the first Pn = 47 ± 5%
value originally obtained by Carraz et al. [21].

The absolute β-branching ratios to the neutron-emitting
states were obtained by normalizing the total intensity of the
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FIG. 7. Time-of-flight spectrum measured with the TONNERRE array from the 51K β-delayed neutron activity after the first proton pulse of
each supercycle. Solid lines represent fits to the 17 most significant individual neutron transitions. Dashed line corresponds to the background.
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neutron lines to the 1n-emission probability P1n (see above).
More precisely, relative feedings in 50Ca were determined from
the difference between the γ feeding and γ decay of each
excited level. Absolute Iβn values were then obtained using
the total number of decays Nβ deduced from the analysis of
the time spectrum (Sec. III A). The total neutron feeding to the
four excited states observed in 50Ca amounts to 23.0 ± 2.5%
of the decays. Subtracting this from P1n yields the value Iβn0

=
40 ± 8% for the neutron feeding to the ground state of 50Ca.
From these results, and using the relative neutron intensities
quoted in Table III, we were able to calculate the feeding Iβ

to each individual state in 51Ca. Finally, a reliable estimate
of the β transition to the ground state of 51Ca was obtained
from the delayed one-neutron emission probability P1n and the
feeding to the first excited state of 51Ca. Summing up the two
contributions yields Iβ0 = 33.1 ± 8.0%.

The β-branching ratios, log (base 10) f0t values, and
corresponding reduced transition probabilities B(GT) to the
levels in 51Ca populated in the β decay of 51K are listed in
Table IV. The excitation energies of the unbound levels in
51Ca were calculated taking into account the recoil energy
of the final nucleus and a neutron separation energy equal to
4360 ± 90 keV [19]. The log f0t values were calculated with
T1/2 = 365 ± 5 ms [24] and using the mass values of Audi
et al. [19]. The Gamow-Teller strength B(GT) as a function of
the excitation energy in the daughter nucleus was calculated
using

B(GT) = KIβ

f (Qβ − Ex)T1/2
, (9)

TABLE IV. β branching, log (base 10), f0t , and B(GT) values in
the decay of 51K to bound and unbound levels in 51Ca. B(GT) values
are in units of g2

A/4π . Levels marked with asterisk correspond to
two or three closely spaced levels; log f1t values for the ground and
3.46 MeV states are 8.7 ± 0.1 and 8.8 ± 0.2, respectively.

Ex (keV) Iβ (%) log f0t B(GT) × 105

0 33.1 ± 8.0 6.0 ± 0.1 380 ± 65
3460 ± 2 3.9 ± 0.5 6.4 ± 0.1 175 ± 50
5220 ± 20 13.8 ± 1.8 5.4 ± 0.2 1480 ± 515
6220 ± 25 1.2 ± 0.3 6.2 ± 0.3 203 ± 105
6320 ± 30 2.0 ± 0.4 6.0 ± 0.2 425 ± 175
6600 ± 50∗ 26.6 ± 3.4 4.8 ± 0.2 6440 ± 2410
6960 ± 50 4.7 ± 0.6 5.4 ± 0.2 1435 ± 560
7650 ± 100∗ 5.0 ± 0.8 5.2 ± 0.2 2430 ± 1065
7900 ± 20 0.10 ± 0.05 6.8 ± 0.4 60 ± 40
8160 ± 20 0.5 ± 0.1 6.0 ± 0.3 370 ± 175
8360 ± 40 1.0 ± 0.3 5.6 ± 0.3 865 ± 470
8590 ± 100∗ 2.9 ± 0.7 5.1 ± 0.3 3050 ± 1470
8870 ± 60∗ 0.6 ± 0.2 5.7 ± 0.3 810 ± 430
9130 ± 120 1.2 ± 0.3 5.3 ± 0.3 2060 ± 1125
9240 ± 60∗ 0.9 ± 0.2 5.4 ± 0.3 1720 ± 920
9360 ± 150∗ 1.6 ± 0.4 5.1 ± 0.4 3440 ± 1910
9880 ± 130∗ 0.4 ± 0.1 5.4 ± 0.4 1490 ± 865

10210 ± 120 0.3 ± 0.1 5.4 ± 0.5 1640 ± 1060
10420 ± 100 0.2 ± 0.1 5.4 ± 0.4 1410 ± 870
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FIG. 8. Proposed decay scheme for 51K. Dashed lines indicate
the neutron emission thresholds in 51Ca and 50Ca. Unbound levels
marked by ∗ correspond to two or three closely spaced levels.

where Iβ is the β branching to a level with an excitation energy
of Ex, f (Qβ − Ex) is the integral of the Fermi function, T1/2

is the β-decay half-life in seconds, and K = 3833 ± 24 s [25,
26]. The established 51K decay scheme to particle-bound and
particle-unbound states in 51Ca is presented in Fig. 8.

B. Discussion

One should first note that the 51K decay data available
in the literature [17] are based on experiments that failed to
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detect significant fragmented strength at high excitation energy
in the daughter nucleus. This led to large systematic errors,
especially in the determination of the β-branching ratios. In
addition, the reported β intensities have been normalized using
the very low Pn value of Carraz and coworkers [21], resulting
in large discrepancies with respect to our results, especially
for the branching ratios to the ground and first excited states of
51Ca. It should be stressed that here all the relevant quantities
were measured in a single experiment, and the absolute γ

and neutron intensities were thus obtained in a consistent way
using, as opposed to earlier experiments, the total number of
decays Nβ .

There is currently no experimental determination of the spin
and parity of the ground state of 51K. Shell-model calculations
suggest Jπ = 1/2+ or 3/2+ depending on the degeneracy of
the two πs1/2 and πd3/2 orbitals as the occupation of the
νp3/2 shell increases [27]. The behavior of the 1/2+-3/2+
doublet along the odd-A K isotopes is experimentally known
up to N = 28 with the 1/2+ state becoming the ground state
for 47K [28,29]. Shell-model predictions for higher mass K
isotopes depend strongly on which effective interaction is used
for the calculations, and it is not yet clear if the πs1/2-πd3/2

inversion persists for 51K [27,30]. The ground state of 50K has
been shown to have Jπ = 0−, corresponding to a (πd3/2)−1 ⊗
(νp3/2)3 configuration [31,32]. This is a strong indication of
the reordering of the πs1/2 and πd3/2 orbitals above N = 28.
This suggests that the 51K ground state could have Jπ = 3/2+
with the νp3/2 shell filled and a proton hole in the πd3/2 orbital.
In that case, the allowed Gamow-Teller transitions (�J = 0,
and no parity change) would feed nonnatural parity states with
Jπ = 1/2+, 3/2+, or 5/2+, whereas first-forbidden transitions
(�J = 0, 1, 2 and parity change) would feed negative parity
states with spins between 1/2 and 7/2.

The spin and parity of the ground state of 51Ca has not been
experimentally determined. However, if one considers that
52Ca may well exhibit a particularly strong N = 32 subshell
closure, it is very likely that 51Ca has a 3/2− ground state
corresponding to a (f7/2)8 ⊗ (p3/2)3 neutron configuration.
Only one excited state, located at 3.46 MeV, is observed above
the ground state of 51Ca. Considering that the first nonnatural
parity state in 49Ca, within reach of β decay, is located at
4.27 MeV [33,34], it is possible that the 3.46 MeV state
in 51Ca is also of nonnatural parity. A log f0t = 6.4 could
be compatible with the assumption of an allowed transition.
However, the relatively strong N = 32 subshell closure [8]
privileges a dominant (νf7/2)8 ⊗ (νp3/2)4 configuration for
51K, and the transformation of a neutron in the νf7/2 or νp3/2

orbitals seem to be favored, feeding either the 3/2− ground
state or a 7/2− excited state in 51Ca (Fig. 9). This picture
is supported by the large feeding Iβ0 = 33.1% to the 51Ca
ground state, while the high excitation energy of the possible
7/2− state at 3.46 MeV could be consistent with the strong
binding of the νf7/2 orbital (i.e., a large gap at the N = 28
shell closure). Therefore, it is not surprising to observe no
populated states below 3 MeV in an even-odd nucleus, such as
the 1/2− state in 49Ca located at 2.02 MeV [35]. In fact, these
states have a (p3/2)2 ⊗ (p1/2)1 neutron configuration, which
is very difficult to feed starting from an almost pure νp3/2

4

ground state configuration in 51K.

d5/2

s1/2
d3/2

f7/2

p3/2

p1/2

f5/2

d5/2

s1/2
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p3/2

p1/2

f5/2

π νπ ν

51K 51Ca

first-forbidden
GT transition

3/2+

7/2-
3/2-

FIG. 9. Left: configuration of the 3/2+ ground state in 51K. Right:
configurations of the 3/2− and 7/2− excited states in 51Ca, which
correspond to the transformation of a νp3/2 or νf7/2 neutron into a
πd3/2 proton.

V. DECAY OF 52K

A. Results

Figure 10 shows the decay curve for β particles in
coincidence with 2563 keV γ rays in 52Ca. The curve was
fitted from 600 to 2000 ms (beam gate closed) with a single
exponential decay and a constant background. The extracted
half-life T1/2 = 118 ± 6 ms is in good agreement with the
previous measurements of 105 ± 5 [24] and 110 ± 30 ms [8].

Figure 11(a) presents the β-delayed γ -ray spectrum that
shows the transitions observed in the first 1000 ms of each
measurement cycle after subtraction of the background and
long-lived (>4 s) daughter activities. In addition to the known
2563 keV transition in 52Ca [8], ten new γ transitions were
observed and assigned to the β decay of 52K. Among these
transitions, six are seen in coincidence with delayed neutrons
[Fig. 11(b)].

The triple γ -γ coincidences between the 1427, 1961 keV
and the known 2563 keV transitions allowed us to
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FIG. 10. Decay curve for 52K in coincidence with the intense
2563 keV γ transition in 52Ca. Data were fitted with a single
exponential and constant background.
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FIG. 11. 52K decay: (a) γ -ray spectrum of activity in the first 1000 ms of each measurement cycle. Data are corrected for background and
long-lived (>4 s) daughter activities. (b) γ -ray spectrum in coincidence with β-delayed neutrons detected by the TONNERRE array. Labels
are the same as in Fig. 5.

unambiguously locate two new states in the level scheme of
52Ca at 3990 and 5951 keV excitation energy. An additional but
very weak 2563–3388 γ -γ coincidence confirms the presence
of the 5951 keV state, above the one-neutron emission thresh-
old (S1n = 4700 keV). The remaining 3150 keV transition,
seen only in the direct spectrum, is assigned to the γ decay of
a new level at this excitation energy.

To assign the γ transitions seen in coincidence with
neutrons, it is interesting to note that for the 2n-γ events,
the overall efficiency is increased owing to the presence of
two neutrons. Indeed, if we compare the ratios of γ intensities
measured for β-γ -n and β-γ coincidences (Fig. 12), we note

that the values obtained for the transitions related to the 1n
process are smaller than that for the 1027 keV line. From
the figure, it appears clearly that the 1718, 2377, 2934, 3460,
and 3500 keV transitions may be attributed to levels in 51Ca.
The 1718, 3460, and 3500 keV transitions are not seen in
coincidence with any other γ rays and are therefore assumed
to deexcite levels located at these energies. The 2377 keV γ ray
is seen in coincidence with a less intense 1123 keV transition,
thus confirming the placement of the 3500 keV state. Finally,
an additional 2934–1159 coincidence allows us to place a
sixth level in 51Ca at 4493 keV. The energies and absolute γ

intensities of all transitions are listed in Table V. The absolute γ

0

0.02

0.04

0.06

0.08

0.10

0.12

500 1000 1500 2000 2500 3000 3500 4000

Energy (keV)

I β-
γ-

n 
/ I

β-
γ 2n

1n

10
27

17
18

23
77

29
34

35
00

34
60

FIG. 12. Intensity ratio Iβ-γ -n/Iβ-γ of the γ lines in coincidence with neutrons and only with β particles. Note the two groups of transitions
related to 1n and 2n decays (see text).
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TABLE V. Energies and absolute intensities of γ transitions in
50Ca, 51Ca, and 52Ca following the β decay of 52K.

Nucleus Eγ (keV) I abs
γ (%) Ei (keV) Ef (keV)

52Ca 1427 ± 1 4.4 ± 0.4 3990 2563
52Ca 1961 ± 1 1.5 ± 0.2 5951 3990
52Ca 2563 ± 1 25.2 ± 2.5 2563 0
52Ca 3150 ± 2 0.30 ± 0.05 3150 0
52Ca 3388 ± 2 0.40 ± 0.06 5951 2563
51Ca 1123 ± 1 0.20 ± 0.04 3500 2377
51Ca 1559 ± 1 0.40 ± 0.05 4493 2934
51Ca 1718 ± 1 5.4 ± 0.5 1718 0
51Ca 2377 ± 1 6.9 ± 0.7 2377 0
51Ca 2934 ± 1 3.0 ± 0.3 2934 0
51Ca 3460 ± 2 1.10 ± 0.15 3460 0
51Ca 3500 ± 2 1.9 ± 0.2 3500 0
50Ca 1027 ± 1 0.55 ± 0.06 1027 0

intensities I abs
γ were determined using Eq. (8) and the absolute

52K activity (Sec. III A).
In the case of 52K, the emission of one and two neutrons

is observed through the related γ activities. Indeed, the
observation of the 1027 keV transition deexciting the 2+

1
excited state of 50Ca signals unambiguously the delayed
two-neutron emission. To our knowledge, this is the first
evidence for the population of an excited state in 2n emission
following the decay of a neutron-rich potassium isotope.
Considering the 15 most significant neutron lines identified
in the time-of-flight spectrum (Fig. 13) and using Eq. (7), we
derived Pn = 79 ± 12% for 52K. This results is compatible
with the Pn = 107 ± 20% reported by Langevin et al. [24]. To
disentangle the 1n and 2n contributions, one has to solve the
following equations:

P1n + P2n = 1 − Iγ − Iβ0 ,
(10)

P1n + 2P2n = Pn,

where Iβ0 and Iγ are the feedings to the ground and excited
states of 52Ca, respectively. Unfortunately, as the 52Ca ground
state feeding is also unknown, one needs an additional
relationship between P1n and P2n in order to solve the problem.

From the intensities of the principal γ transitions in
51Sc and 50Sc, the total number of 51Ca and 50Ca decays
could be precisely determined, yielding a relative activity
Nβ(51Ca)/Nβ(50Ca) of 42 ± 5. Using our parametrization
of the time evolution of the ion implantation and decay
(Sec. III A), we varied iteratively the P1n and P2n values
in order to match the experimental ratio of the 51Ca and
50Ca activities. This fine-tuning procedure yielded a ratio of
P1n/P2n = 32 ± 4. With this result, one can solve (10). Finally,
we obtained P1n = 74.4 ± 9.3%, P2n = 2.3 ± 0.3%, and an
upper limit of 8% for Iβ0 .

The time-of-flight spectra of the delayed neutrons measured
with the TONNERRE and LEND detectors are shown in
Fig. 14. The structures observed at high energy (En >

1.5 MeV) are in relatively good agreement with the ones
previously measured by Huck et al. [8]. The low neutron
detection threshold available in the present experiment allowed
us to clearly identify the transition at 1.03 MeV as well as
additional transitions with energies as low as 200 keV.

To locate the unbound levels in 52Ca, we performed a
β-γ -n triple coincidence analysis of the data. The total
neutron time-of-flight spectrum was gated by the different γ

transitions deexciting the levels in 51Ca. Figure 15 shows the
neutron spectra gated by the two most intense γ transitions
corresponding to the feeding of the 1718 and 2377 keV
states. In a similar way, we identified neutron transitions in
coincidence with the 2934, 3460, and 3500 keV γ lines in 51Ca.
As the 1559 keV γ transition was too weak, there were not
sufficient statistics to analyze the gated time-of-flight spectrum
and determine the transitions feeding the 4493 keV state in
51Ca. To identify the remaining neutron transitions that feed
the ground state of 51Ca we summed up all the γ -gated spectra
after having corrected each one for the appropriate γ detection
efficiency. The resulting spectrum was then subtracted from
the total neutron time-of-flight spectrum, and seven neutron
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FIG. 13. Same as Fig. 7, but for 52K. Solid
lines represent fits to the 15 most significant
neutron transitions.
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transitions were assigned to the decay process to the ground
state of 51Ca (Fig. 16). In Table VI, we list all the energies
and relative intensities of the neutron transitions connecting
unbound levels in 52Ca to bound levels in 51Ca. Note that the
energies result from the observation of maxima in the time-of-
flight neutron spectrum and may in some cases correspond to
several unresolved states.

Table VII gives the absolute neutron feedings to the levels
in 51Ca and 50Ca. Relative feedings were determined first from
the γ imbalances, and then absolute Iβn values were obtained
using the total number of 52K decays deduced from the analysis
of the time spectrum. The total neutron feeding to the six
excited states observed in 51Ca amounts to 18.3 ± 1.0% which,
when combined with the P1n, yields Iβn0

= 56.1 ± 9.4% for
the neutron feeding to the ground state of 51Ca. In a similar
way, using the intensity of the 1027 keV γ line and the P2n

value, a neutron feeding to the ground state of 50Ca was
found to be Iβ2n0

= 1.8 ± 0.3%. From these results, and using
the relative neutron intensities listed in Table VI, we were
able to calculate the feeding Iβ to each individual state in
52Ca.

The β-branching ratios, log f0t values, and corresponding
reduced transition probabilities B(GT) to the levels in 52Ca
populated in the β decay of 52K are tabulated in Table VIII.
The excitation energies of the unbound levels in 52Ca were
calculated as done for 51K, but with a neutron separation energy
of 4700 ± 700 keV [19]. The log f0t values were calculated
with T1/2 = 118 ± 6 ms and, using the Qβ evaluation of Audi
et al. [19]. B(GT) was again calculated using Eq. (9). The
absolute β-branching ratios to the neutron-emitting states were
obtained by normalizing the total intensity of the neutron
lines to the P1n + P2n value. Because low-lying levels in

52Ca are expected to be mainly natural parity states fed by first-
forbidden transitions, we also give in Table VIII the log f1t

values for the bound states in 52Ca.
The decay scheme of 52K established on the basis of our

β-γ -γ and β-n-γ coincidence analysis (Fig. 17) gives an
extended description of the neutron-emitting states in 52Ca,
if one takes for granted the zero feeding of the 52Ca ground
state.

B. Discussion

We have determined from the combined γ and neutron
analyses that the feeding Iβ0 to the ground state of 52Ca is
lower than 8%. This is in contrast to the decays of 50K and
51K for which Iβ0 values of 61.0% [32] and 33.1% (Sec. IV A)
were determined, respectively. A 0− → 0+ transition would
be strongly enhanced by a meson-exchange current such as
observed in the decay of 50K [32]. The absence of such a strong
transition in the present case seems to rule out a 0− assignment
for the 52K ground state. In addition, the log f1t = 8.4 value
for the transition to the 2+ state in 52Ca is not compatible
with a 0− assignment for the 52K ground state. Indeed, the
systematic classification of the Gamow-Teller first-forbidden
transitions [36] shows that unique first-forbidden transitions
(with �J = 2) have log f1t values greater than 8.5. The
corresponding wave function must therefore have a proton
hole in the d3/2 orbital that couples to a p1/2 valence neutron
to give a 1− or 2− ground state for 52K. The very weak feeding
of the 52Ca ground state suggests a forbidden transition with a
relatively high (�J = 2) momentum transfer. In this picture,
the 52K ground state could be Jπ = 2−, and the allowed
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TABLE VI. Same as Table III, but for the β decay of 52K. I rel
n

values must be multiplied by 0.216.

En (keV) I rel
n (%) Ecoinc

γ (keV) Ef (51Ca) (keV)

240 ± 5 2.3 ± 0.7 1718 1718
330 ± 30 1.9 ± 0.6 1718 1718
510 ± 15 1.9 ± 0.6 1718 1718
730 ± 20 3.2 ± 0.8 1718 1718

1130 ± 35 4.6 ± 1.1 1718 1718
1930 ± 90 10.2 ± 2.4 1718 1718
3600 ± 200 1.4 ± 0.4 1718 1718

280 ± 10 2.8 ± 0.9 2377 2377
380 ± 10 2.8 ± 0.9 2377 2377
990 ± 20 12.0 ± 2.4 2377 2377

1260 ± 40 3.7 ± 0.9 2377 2377
1600 ± 80 5.1 ± 1.1 2377 2377
2270 ± 120 2.3 ± 0.6 2377 2377
3050 ± 250 2.3 ± 0.7 2377 2377

880–980 4.6 ± 1.2 2934 2934
1250–1480 4.2 ± 1.1 2934 2934
1960 ± 70 3.2 ± 0.9 2934 2934

950 ± 40 1.9 ± 0.6 3460 3460
1380 ± 80 1.9 ± 0.5 3460 3460
2370–3390 1.4 ± 0.4 3460 3460

580–880 6.9 ± 2.1 3500 3500
2260 ± 150 2.8 ± 0.9 3500 3500

480 ± 20 19.9 ± 5.0 – 0
830 ± 30 30.2 ± 7.4 – 0

1040 ± 40 100 – 0
1230 ± 40 14.2 ± 3.8 – 0
2220 ± 80 55.8 ± 15.3 – 0
3520 ± 120 21.4 ± 6.0 – 0
4600 ± 210 7.8 ± 2.3 – 0

Gamow-Teller transitions (�J = 0, 1 and no parity change)
would feed nonnatural parity states with Jπ = 1−, 2−, or 3−,
whereas first-forbidden transitions (�J = 0, 1, 2 and parity
change) would feed positive parity states with spins between
0 and 4.

The state located at 2563 keV is known to be the first
2+ excited state [8]. For states at higher excitation energies,
the spins and parities have not yet been experimentally

TABLE VII. Intensities of one- and two-neutron emissions
from unbound levels in 52Ca populated in the β decay of 52K as
deduced from γ -intensity analyses (see text). P1n = 72.2 ± 9.3%
and P2n = 2.3 ± 0.3%.

Ex (51Ca) (keV) Iβn (%) Ex (50Ca) (keV) Iβ2n (%)

0 56.1 ± 9.4 0 1.8 ± 0.3
1718 5.4 ± 0.5 1027 0.5 ± 0.1
2377 6.7 ± 0.7
2934 2.6 ± 0.3
3460 1.1 ± 0.2
3500 2.1 ± 0.2
4493 0.4 ± 0.1

TABLE VIII. Same as Table IV, but for the decay of 52K to levels
in 52Ca. Log (base 10) f1t values for the 2563, 3150, 3990, and
5951 keV states are 8.4 ± 0.2, 10.1 ± 0.2, 8.9 ± 0.2, and 8.6 ± 0.3,
respectively.

Ex (keV) Iβ (%) log f0t B(GT) × 105

0 0 – –
2563 ± 1 20.4 ± 2.3 5.7 ± 0.2 775 ± 305
3150 ± 2 0.3 ± 0.1 7.3 ± 0.3 14 ± 8
3990 ± 2 2.9 ± 0.3 6.3 ± 0.1 185 ± 75
5190 ± 20 4.3 ± 0.8 5.9 ± 0.3 450 ± 215
5550 ± 30 6.5 ± 1.1 5.7 ± 0.3 790 ± 380
5760 ± 40 21.6 ± 3.8 5.1 ± 0.3 2890 ± 1415
5950 ± 40 3.1 ± 0.6 5.9 ± 0.3 450 ± 245
5951 ± 2 1.9 ± 0.2 6.2 ± 0.2 275 ± 120
6700 ± 50∗ 0.9 ± 0.1 6.6 ± 0.3 185 ± 100
6940 ± 80∗ 12.5 ± 2.6 5.1 ± 0.3 2930 ± 1570
7160 ± 20 0.7 ± 0.1 6.3 ± 0.3 185 ± 95
7410 ± 50∗ 1.2 ± 0.1 6.3 ± 0.3 360 ± 205
7570 ± 35 1.1 ± 0.2 6.0 ± 0.3 355 ± 190
8090 ± 20 2.6 ± 0.3 5.5 ± 0.3 1170 ± 605
8290 ± 120 4.6 ± 1.0 5.2 ± 0.4 2235 ± 1290
8370 ± 80∗ 3.0 ± 0.8 5.2 ± 0.4 1530 ± 880
8530–8630 1.1 ± 0.2 5.8 ± 0.4 635 ± 360
8710 ± 80 1.1 ± 0.2 5.7 ± 0.4 690 ± 395
8790–9100 2.4 ± 0.4 5.3 ± 0.4 1775 ± 1025
9130 ± 40 0.4 ± 0.1 6.1 ± 0.4 325 ± 200
9390 ± 120∗ 2.2 ± 0.1 5.8 ± 0.3 2130 ± 1265
9630 ± 150∗ 1.2 ± 0.3 5.5 ± 0.4 1235 ± 795

10140 ± 220∗ 0.8 ± 0.2 5.5 ± 0.4 1315 ± 865
10500 ± 150 0.6 ± 0.1 5.5 ± 0.4 1300 ± 820
10580–11620 0.3 ± 0.1 5.6 ± 0.6 1070 ± 790

determined. The 3150 keV level could correspond to the first
nonnatural parity state. However, the log f0t and log f1t values
suggest a first-forbidden transition to a natural parity state. In
addition, if the 3150 keV state was the first nonnatural parity
state (3− for even Ca isotopes with A between 42 and 48), we
would expect a strong γ transition connecting this state to the
2+

1 state as observed in 44Ca and 48Ca. Instead, we observe only
a transition to the 0+ ground state. Therefore, it is very likely
that the 3150 keV level is of natural parity with Jπ = 1+ or 2+.
A 0+ state could only decay to the ground state by electron
conversion, and the transition would not be observed in the
γ spectrum. Furthermore, 3+ → 0+(M3) and 4+ → 0+(E4)
transitions are very improbable.

Deriving the spin and parity of the 3990 keV level is
not straightforward. It could be the first nonnatural parity
state with Jπ = 3−, the corresponding log f0t value being
compatible with an allowed Gamow-Teller transition. We
expect in that case a strong transition between this and
the 2+

1 state as experimentally observed with the 1427 keV
γ ray. Nevertheless, the possibility of a natural parity state
remains with a log f1t value compatible with a �J = 0, 1 or 2
first-forbidden transition. As this state is not directly connected
to the ground state of 52Ca, the 0+, 3+, and 4+ assignments in
that case are the most likely, although Jπ = 1+ or 2+ are not
excluded.
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In the decay scheme of 52K (Fig. 17), two levels very close
in energy are located at 5950 and 5951 keV, respectively. We
consider these as separate states because the latter one has been
precisely placed above the ground state by a 3388–2563 γ -γ
coincidence, whereas the energy of the former relies entirely
on the S1n of 52Ca, which is known to only 700 keV. Here
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FIG. 16. Time-of-flight spectrum measured with the TON-
NERRE array corresponding to the feeding of the 51Ca ground state.
Neutron energies are in MeV.

we discuss the nature of the 5951 keV level that decays by γ

emission.
The preferred radiative deexcitation of the 5951 keV level

is not obvious. Levels above the neutron separation energy are
expected to be strong neutron emitters with a neutron width 	n

typically 105 times greater than the radiative width 	γ . In the
framework of the optical model and using an average Woods-
Saxon potential, 	n is proportional to the neutron penetrability
T
 with

	n = T


2πρ
, (11)

where 
 is the momentum carried by the neutron and ρ is the
level density in MeV−1. It has been shown that for A = 52,
the neutron penetrabilities are much smaller for 
 = 1 and 3
than for 
 = 0 or 2 [37], T3 being very small for low-energy
neutrons (En � 2 MeV). For the radiative deexcitation to be
a competitive decay mode of the 5951 keV level, only the
emission of a neutron with an angular momentum 
 = 3 and
T3 = 7.3 × 10−4 is probable.

In the case of the 5951 keV level, the only accessible
state by particle emission is the 3/2− ground state of 51Ca,
with a 1.29 MeV neutron transition, if we assume an S1n

of 4700 keV. To decay by emission of an 
 = 3 neutron,
this state must be of positive parity and its spin must be
greater than 4 based on momentum conservation laws. The
only possibility that meets these conditions and the selection
rules of first-forbidden Gamow-Teller transitions is Jπ = 4+.
This assumption is in fair agreement with the observation of a
γ transition connecting this state with the 2+ state at 2563 keV.
The possibility of a non-natural parity state is not, however,
completly excluded.

We have observed, after delayed neutron emission, five
bound states and one unbound state in 51Ca. All these levels,
except the one located at 3460 keV, are not populated by
direct β decay of 51K (Sec. IV A). The observation of these
states through β-γ -n coincidence measurements indicates that
they must be of negative parity and fed by 
 = 0 or 
 = 2
neutron emission from nonnatural parity states in 52Ca. The
determination of the spin of these excited states in 51Ca is
not straightforward. The Gamow-Teller selection rules for
transitions from a possible 2− 52K ground state and the
momentum conservation laws are consistent with a large
number of spins (1/2 � J � 11/2). However, the observation
of γ transitions directly feeding the 3/2− ground state of 51Ca
suggests that the 1718, 2377, 2934, 3460, and 3500 keV states
have spins J � 7/2 as E2 transitions are the most favored in
that case.

VI. DECAY OF 53K

A. Results

Figure 18(a) presents the β-delayed γ -ray spectrum reg-
istered during the β decay of 53K and shows the transitions
observed in the first 500 ms of each measurement cycle
after subtraction of the background and long-lived daughter
activities. Only three transitions are observed at 2220, 2563,
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FIG. 17. Same as Fig. 8, but for 52K.

and 3150 keV. The latter two were already observed in the
decay of 52K and have been assigned to the level scheme of
52Ca (Sec. V A). The assignment of the remaining 2220 keV
γ line is not straightforward. However, since it is not seen in
coincidence with delayed neutrons [Fig. 18(b)], it is most likely
part of the 53Ca or 53Sc level schemes. To further investigate
this transition, we studied the time evolution of its intensity in
intervals of 100 ms and found that the behavior of the 2220
and 2563 keV transitions were comparable; based on this, we
assigned the 2220 keV γ line to the level scheme of 53Ca. The
energies and absolute γ intensities of all transitions are listed

in Table IX. The absolute γ intensities were determined using
Eq. (8) and the absolute 53K activity.

TABLE IX. Energies and absolute intensities of γ transitions in
53Ca and 52Ca following the β decay of 53K.

Nucleus Eγ (keV) I abs
γ (%) Ei (keV) Ef (keV)

53Ca 2220 ± 1 15.3 ± 3.3 2220 0
52Ca 2563 ± 1 51.5 ± 9.1 2563 0
52Ca 3150 ± 2 12.4 ± 2.9 3150 0
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FIG. 18. 53K decay: (a) γ -ray spectrum of
activity recorded in the first 500 ms of each
measurement cycle. Data are corrected for
background and long-lived daughter activities.
(b) γ -ray spectrum in coincidence with neutrons
detected by the TONNERRE array. Labels are
the same as in Fig. 5.

From the absolute intensity of the 2220 keV γ line in
53Ca, one can estimate an upper limit to the contribution of
the 1n- and 2n-delayed emissions to the total decay strength.
The calculation yields P1n + P2n = 85 ± 19% assuming no
feeding of the 53Ca ground state. In addition, the intensities
of the 2563 and 3150 keV transitions provide a lower limit of
64 ± 11% for the 1n-emission probability. Limits on the P2n

are more difficult to obtain since the most intense transition in
the decay of 51Ca, namely, the 861 keV line, is only just visible
in the direct γ spectrum. Based on the intensity of the 861 keV
transition, we estimate an upper limit of P2n = 10 ± 5%. The
direct production of 53Ca and the possible 1n channel feeding
of excited states in 52Sc prevent any precise estimate of the P1n

value for 53Ca from the analysis of the γ transitions in 52Sc.
The time-of-flight spectrum of the delayed neutrons mea-

sured with the TONNERRE array is shown in Fig. 19. Several
peaks are present with neutron energies between 400 and

3500 keV. However it is difficult to assign these transitions to
the decay of 53K as the daughter nucleus 53Ca is also a neutron
emitter with a similar half-life and a relatively high neutron
emission probability (Pn 40 ± 10% [24]). Moreover, because
the statistics for the decay of 53K is very limited, we could
not perform a β-γ -n triple coincidence analysis of the data in
order to locate unbound states in 53Ca. In Table X, the energies
and relative intensities of the neutron transitions following
the decay of 53K or 53Ca observed in this experiment are
listed. Each neutron transition intensity was corrected from the
detection efficiency and was then normalized to the intensity
of the most intense transition.

The 53K decay scheme established on the basis of the
present work is displayed in Fig. 20. The dashed lines represent
the neutron emission thresholds in 53Ca and 52Ca [19]. Because
of the limited statistics, it was not possible to place the
neutron-emitting states in 53Ca.
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FIG. 19. Same as Fig. 7, but for 53K. Solid lines represent fits to the 11 most significant neutron-transitions.
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TABLE X. Energies and relative in-
tensities of delayed neutron transitions
following the β decays of 53K and 53Ca.

En (keV) I rel
n (%)

490 ± 10 19 ± 7
640 ± 15 34 ± 11
740 ± 15 100
940 ± 20 99 ± 34

1110 ± 30 19 ± 14
1260 ± 35 32 ± 10
1500 ± 45 26 ± 9
1900 ± 60 23 ± 9
2310 ± 80 87 ± 26
3500 ± 150 64 ± 20
4220 ± 200 39 ± 16

B. Discussion

The spin and parity of the 53K ground state have not been
experimentally determined. However, the results obtained for
51K and 52K (Secs. IV A and V A) support the (d3/2)−1 one-
proton hole configuration as being the main component of
the ground state wave functions. As the effect of the p1/2

neutrons on the relative position of the proton orbitals is not
yet understood, we assume that the ground state of 53K is
Jπ = 1/2+ or 3/2+. In that case, first-forbidden transitions
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first-forbidden
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FIG. 21. Left: configuration of the 3/2+ ground state in 53K.
Right: configurations of the 1/2− and 3/2− excited states in 53Ca,
which correspond to the most likely first-forbidden GT transitions
with the transformation of a νp1/2 or νp3/2 neutron into a πd3/2

proton.

can feed levels with spins ranging from 1/2 to 7/2. Because of
the large p1/2-f5/2 neutron energy gap (cf. 49Ca level scheme),
one expects the 53K ground state to have a dominant (p1/2)2

neutron configuration. Hence, the transformations of a p1/2 or
p3/2 neutron are the most probable, and the 53K decay will
mainly feed 1/2− and 3/2− states. Figure 21 illustrates these
possible Gamow-Teller transitions in the case of a 53K ground
state with Jπ = 3/2+.

There is no measurement of the spin and parity of
the 53Ca ground state; however, using simple shell-model
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FIG. 20. Same as Fig. 8, but for 53K.
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considerations, Jπ = 1/2− is expected, corresponding to the
configuration where the lone valence neutron occupies the
νp1/2 orbital. The excited state observed at 2.20 MeV is also
probably of negative parity, nonnatural parity states being ex-
pected at higher energies (Ex > 3 MeV). This state might then
be the 3/2− state fed by a first-forbidden transition. In that case,
it would correspond to a νp3/2 → νp1/2 neutron excitation.

VII. CONCLUSIONS

We studied the β decays of the neutron-rich potassium
isotopes 51−53K using β-delayed γ, n, and γ -n measurements.
Detailed decay schemes to bound and unbound levels in
neutron-rich Ca isotopes have been deduced.

Seven γ transitions have been attributed to the β decay of
51K. A total of 25 neutron transition feeding states in 50Ca
were observed with a total one-neutron emission probability
P1n = 63 ± 8%. A new level at 3530 keV was identified in
50Ca, and preliminary spin and parity assignments have been
made for the ground states of 51K and 51Ca as well as for the
excited state at 3.46 MeV in 51Ca.

We observed five new γ transitions in 52Ca following the
β decay of 52K and identified three new states at 3150, 3990,
and 5951 keV. A total of 25 neutron transition feeding states
in 51Ca were observed with a total 1n emission probability
P1n = 72.2 ± 9.3%. Eight γ transitions observed in 51Ca in
coincidence with neutrons allowed us to place six levels with

energies between 1718 and 4493 keV in 52Ca. The 2n de-
layed emission (P2n = 2.3 ± 0.3%) was observed for the first
time.

We also observed for the first time neutron transitions
following the β decay of 53K and 53Ca. However, the limited
statistics did not allow us to assign these transitions to unbound
states in 53Ca or 53Sc. Analysis of the γ -ray and neutron
transitions allowed us to fix limits on the P1n and P2n for 53K.
Finally, a new state has been identified in 53Ca at 2220 keV.
Clearly, a new higher statistics measurement dedicated to the
β decay of 53K would be welcome.

The results obtained here should help clarify the structure of
neutron-rich fp-shell nuclei around the N = 32–34 subshell
closures. For a more quantitative understanding, shell-model
calculations in the full ( fp) valence space using a modified
KB3G interaction are currently being carried out. Our ex-
perimental data will be compared with the results of these
calculations in a forthcoming paper.
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