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Spectroscopic study of ’Ca from the 8~ decay of K
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The B~ decay of ¥’K to “’Ca is an appropriate mechanism for benchmarking interactions spanning the sd
and pf shells, but current knowledge of the S~ -decay scheme is limited. We have performed a high-resolution,
high-efficiency study of the 8~ decay of /K with the GRIFFIN spectrometer at TRIUMF-ISAC. The study
revealed 48 new transitions, a more precise value for the K half-life [17.38(3) s], and new spin and parity
assignments for 8 excited states. Levels placed for the first time here raise the highest state observed in S~
decay to within 568(3) keV of the Q value and confirm the previously measured large 8~ -decay branching ratios
to the low-lying states. Previously unobserved B~ feeding to 3/2% states between 4.5 and 6.1 MeV excitation
energy was identified with a total B~ -feeding intensity of 1.29(2)%. The sum of the B(GT') values for these states
indicates that the 1s;,, proton hole strength near this excitation energy is comparable to the previously known

151, proton and neutron hole strengths near 2.6 MeV.
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I. INTRODUCTION

Recently, ab initio techniques for the nuclear many-body
problem have reached Z = 20 and beyond [1-10]. During the
development and testing of these methods, it is important to
benchmark these models against nuclei close to stability. Such
benchmarks provide important feedback on the necessary and
most relevant physical processes. Reproducing the doubly
magic nature of *Ca, for example, required the inclusion of
three-body forces [2]. Accurate and precise nuclear structure
data, such as level energies, spins and parities, as well as
branching ratios are necessary for these benchmarking tests.

The achievable precision for many experimental mea-
surements (e.g., excited state energy levels and half-lives)
can easily outstrip the accepted precision of theoretical cal-
culations. In these cases, increased statistics and improved
sensitivities can be helpful in improving the accuracy of ex-
perimental measurements. A higher level of statistics opens
up new avenues of analysis, such as angular correlation mea-
surements, which can be used to assign, constrain, or correct
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spin and parity assignments. Increases in sensitivity can re-
duce possible systematic errors due to the accumulation of
unobserved transitions.

Here, we report on the most sensitive study of the g~
decay of 'K performed to date, using the excellent sensitivity
of the GRIFFIN spectrometer and the high beam intensity
provided by TRIUMF-ISAC [11]. As of the last evaluation
of the available data, over 100 states have been identified in
#7Ca [12]. Only 20 of these states, however, have firm spin
and parity assignments. Previous studies of the §~ decay of
47K identified the principal 8~ -decay branches with detection
limits down to y-ray intensities of 1% of the strength of the
strongest transition, leaving a gap of just over 4 MeV between
the state with the highest observed energy and the Q value
[13,14]. There are 17 excited states in *’Ca that were unob-
served in previous B~ -decay studies [12] for which tentative
spin and parity assignments would allow their population via
allowed transitions from the ground state of 4’K. Potentially
unobserved, low-intensity transitions from these states could
change the calculated 8~ -branching ratios significantly. This
lack of firm data has up to now limited the usefulness of this
nuclide for tests of nuclear structure models.

II. PREVIOUS MEASUREMENTS

The results of previous measurements related to the g~
decay of 'K are summarized here for context and referenced
as needed during the later discussion of the current results.

The ground state of “’Ca has been clearly identified as
7/27 [15], and the first excited state as 3/27 [16,17]. Just
below 2600 keV lie two states that have been assigned spin
parities of 1/2% and 3/2. The location of *’Ca as one neutron
removed from the closed N = 28 means that these states are
commonly identified as single-particle or single-hole states
in the 0f7/2, 1p3/2, lsi2, and Odsj, orbitals, respectively.
Above these energies, there are few states with firm spin-
parity assignments, but more than 80 states that are tentative
or constrained by transfer reaction data.

Three studies of the 8~ decay of *’K have previously been
reported [13,14,18]. In the first study, a source of 7K was
created by the bombardment of **Ca with bremsstrahlung
[18]. y rays at energies of 2.0 and 2.6 MeV were observed,
and the half-life of ¥’K was measured as t;,, = 17.5(3) s
[18]. Warburton et al. [13] produced “’K by the bombardment
of 8Ca with tritons and identified y rays with energies of
2013.13(30), 564.74(30), and 585.75(30) keV. They did not
observe a 2.6 MeV y ray, but attributed the y ray seen at this
energy by Kuroyanagi et al. [18] as a sum of the 2013.13 keV
y ray with the 564.74 or 586.75 keV y rays. A second study
with improved energy resolution and y-ray detection effi-
ciency by the same group was published later and continues as
the most precise measurement of “’K B~ decay to date, with
relative y intensities down to 1.12% (if the 2013.13 keV y ray
has an intensity of 100%) [14]. At this time, three S~ branches
were identified: 81.0(15)% to the 1/2" state, 19.0(3)% to the
3/2% state, and <2.0% to the 3/2 state, all populated from
the 1/2% ground state of K.

In addition to B~ -decay studies, the known energy lev-
els have been expanded greatly by experiments populating

4Ca from the nearby stable *Ca [15-17,19-28] and “°Ca
[29-31]. The most recent NNDC evaluation lists 66 excited
states below the S~ -decay Q value of 6632.4(26) keV [32];
six of these have firm spin-parity assignments [12]. Most
of these measurements were made without y-ray detection,
and the number of y rays assigned to #’Ca is limited to 19
[12,28]. Three lifetime measurements have been made: 6.1(3)
ps, 9.6(14) ps, and 6.8(6) ps for the 3/27, 3/2%, and 1/2%
states, respectively [27].

III. EXPERIMENTAL SETUP

The isotope *’K was produced following the bombardment
of a multilayered UC, target by a 500-MeV proton beam
delivered by the TRIUMF Cyclotron [33] at a beam current of
10 nA. The surface-ionized *’K ions were extracted and ac-
celerated to 28 keV before being selected by a high-resolution
mass separator for delivery to the experiment station at a beam
rate of ~50 000 ions/s.

The ions were stopped in a Mylar tape, where the nuclei
subsequently decayed. The radiation emitted was detected
by the surrounding three detector systems: the gamma-ray
infrastructure for fundamental investigations of nuclei (GRIF-
FIN), an array of high-purity germanium (HPGe) clovers for
detection of y rays [11,34-36]; SCEPTAR, an array of plas-
tic scintillator paddles for the detection of B particles; and
PACES, an array of five lithium-drifted silicon crystals for
the detection of conversion electrons. To accommodate the
inclusion of PACES, only half of the SCEPTAR array was
installed, and one of the 16 GRIFFIN clovers was removed.
Each GRIFFIN clover was positioned at a source-to-detector
distance of 11 cm from the implantation point. A sphere of
20 mm thick Delrin plastic absorber was placed around the
vacuum chamber to stop energetic § particles from reaching
the HPGe detectors.

A tape system was used to collect data in a series of cycles.
Each cycle included the following sections: background mea-
surement (10 s), source accumulation (600 or 120 s), source
decay (6 or 350 s), and source removal (1 s). This cycling
allowed the periodic removal of the long-lived ’Ca daughter
[t1/2 =4.536(3) days [12]]. The strongest contaminant was the
B~ decay of ¥’Ca, whose activity was approximately 0.06%
the activity of K. Data were collected for approximately
27 h.

Energy and timing signals were collected from each de-
tector using an early implementation of the GRIFFIN digital
data acquisition system [36], operated in a triggerless mode.
The timing for each signal was determined with a digital
leading-edge discriminator algorithm and tagged with a time
stamp in 10 ns increments.

IV. EXPERIMENTAL METHODS AND RESULTS
A. y-ray spectra

The energy signal of each HPGe crystal was calibrated
with sources of ®°Co, 2Eu, 1**Ba, and *°Co. These sources
provide a calibration up to 3500 keV with a precision of
0.3 keV. Higher-energy y rays that should appear equal to
the sum of two lower-energy y rays from a competing decay
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FIG. 1. The y-ray energy spectrum (using an addback algorithm)
for the B~ decay of “’K shows many y rays previously unseen in
B~ -decay studies. The Q value for this decay is 6632.4(26) keV. The
six y rays seen in previous 8~ -decay studies are labeled.

pathway were observed to have a measured energy systemati-
cally lower than the sum value. To account for this effect, the
errors for energies above 3500 keV were inflated to 1 keV. Of
the 15 clover detectors present in the experiment, 4 crystals,
in 4 different clovers, had poor energy resolution and were
excluded from the rest of the analysis.

The bulk of this analysis was performed with signals from
single crystals, but when measuring low-intensity y rays (and
especially those at higher energies), an addback algorithm was
employed to reduce the effect of the Compton continuum.
This algorithm combined all HPGe interactions within the
same clover that occurred within 200 ns. Figure 1 shows the
y-ray energy spectrum for the decay of 4’K to levels in *’Ca
with this addback algorithm applied.

For energies below 1500 keV, the efficiency of the full
array was calibrated with 60Co, 12Eu, and '¥3Ba sources, with
the appropriate corrections for summing. Above 1500 keV, the
shape of the efficiency curve was determined by a *°Co source
and GEANT4 simulations of the array that were scaled to match
the measured efficiency at lower energies. The absolute ef-
ficiency at 1332 keV was found to be 7.2(1)% without the
addback algorithm and 10.1(1)% with the addback algorithm.

Since the data acquisition system was operated in trigger-
less mode, coincident events were constructed offline as part
of the analysis. A matrix of coincident (defined as y rays
with time differences less than 0.2 us) y-ray energies was
constructed. Included in this y-y matrix of coincident y-ray
interactions is a small amount of time-random background.
To remove this, a similar y-y matrix was constructed from
background events (with y-y time differences between 0.6
and 1.4 ps), scaled, and subtracted from the prompt y-y
matrix to create a random-time corrected y-y matrix. Each
individual slice also had an energy-dependent background
subtraction applied, with the normalization based on the spec-
tral shape at nearby energies. Figure 2 shows a slice from that
matrix: y rays in coincidence with a 2013.1 keV y ray. For
measurements of low-intensity y rays, a second matrix was
constructed with the same process, but using y-ray energies
from the addback algorithm.

Figures 3 and 4 and Table I show the “’Ca level scheme
constructed with this y-y matrix, with the spins and parities
assigned in this work. The widths of the decay arrows are
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FIG. 2. Energies of y rays observed in coincidence with a 2013.1
keV y ray.

proportional to the intensities of the y rays relative to the
2013.1 keV y-ray intensity. Figure 3 shows the full decay
scheme, which is dominated by decays from states below
2600 keV whose relative intensities range from 0.38(3)% to
100%. In contrast, Fig. 4 only shows decays from states above
2600 keV, which range in relative intensity from 0.00024(8)%
t0 0.179(5)%.

B. y-ray relative intensities

The relative intensities of the y rays from the 8~ decay of
47K were measured. The areas of peaks that could be identified
in the energy spectrum were extracted using a Gaussian +
skewed-Gaussian peak-fitting routine that included a back-
ground fit [37]. Peak areas were corrected for their relative
efficiencies, as well as summing-in and summing-out effects
(using the method described in Ref. [11]) to determine the
intensities.

For peaks that were not visible in the single y-ray energy
spectrum, the process was more extensive. As an intermediate
step, branching ratios for transitions from each state were
extracted. If possible, a y ray that populated a state was
identified and used as a gate. Each peak corresponding to a
draining y ray of that state was fit to extract a peak area that
was corrected for efficiency and summing. The ratios of these
areas were converted into branching ratios for the draining
transitions. If it was not possible to gate on a populating y ray,
then branching ratios were extracted by gating on coincident
y rays lower in the level scheme, and correcting the coincident
peak area for summing and the energy-dependent efficiencies
of both y rays, as well as the branching ratio of the gated
transition. These corrected peak areas were then combined
to calculate branching ratios for the higher-lying state. As
at least one transition draining each state was visible in the
energy spectrum, the intensity of that transition was used to
scale the branching ratios of the other transitions and obtain
the intensity relative to the 2013.1 keV y ray. The relative
intensities, along with branching ratios of all y rays observed
in this work, are presented in Table I.

C. B~ -decay branching ratios and log(f) values

To determine the 8~ -decay feeding to each of the observed
states from the 1/2* 47K ground state, two assumptions were
made. The first was that feeding to the 7/2~ #’Ca ground state
was negligible; if it occurred, this would be a third-forbidden
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FIG. 3. Levels of ¥/Ca observed in the 8~ decay of ’K. The thickness of each arrow represents the relative intensity of that y ray. All
transitions from states above 2600 keV are newly assigned within the 8~ -decay level scheme.

transition. Grinyer et al. [38] estimated an unobserved decay
to the ground state of Mg, a second-forbidden decay, as
0.01 ppm, which is 200 times smaller than the smallest S~ -
decay branching ratio uncertainty calculated here. The second
assumption was that contributions from weakly populated
higher-lying states through unobserved transitions to lower
states, the pandemonium effect [39], were also negligible.
This second assumption will be further discussed in Sec. IV C.
Given these assumptions, it is possible to determine the rel-
ative 8~ feeding without taking into account the 8~ detection
of SCEPTAR. The relative intensities feeding and draining
each state were tabulated. The difference between feeding
and draining intensities was attributed to 8~ decay directly
to the state. Conversion coefficients for these transitions are
expected to be orders of magnitude smaller than the relative
uncertainties of these intensities and can be ignored. Compar-
isons of each direct 8~ -decay intensity to the total were made
to provide the 8~ -decay branching ratios given in Table II.
The probability of direct 8~ decay to these states is influ-
enced by the energy released in the decay as well as nuclear
structure considerations, including angular momentum, that
make a decay more or less likely. To eliminate the influence
of that phase-space factor and gain insight into the nuclear

structure influence on the decay, we calculate a log ft value
for each B~ -decay branch, using a Q value of 6632.4(26)
keV and a half-life of 17.38(3) s (the value measured in this
paper, see Sec. IV E). For states that were determined to be
of spin 1/2% or 3/2%, a B(GT) value was calculated where
B(GT) = 6170/ ft [14]. Both the log ft values and B(GT)
values are listed in Table II.

Previous B~ -decay studies of *’K only positively ob-
served B-decay feeding to the lowest three excited states (see
Table II) and y rays with relative intensities down to 1.12%
(setting the intensity of the 2013.1 keV transition at 100%)
[14]. The calculated B~ branching ratios were 81.0(15)%
and 19.0(3)% branching to the first excited 1/2* and 3/2%
states, respectively, via allowed transitions. As of the last
data evaluation [12], 17 higher-lying states were candidates
for population via allowed transitions as well. If all these
states were populated and then each decayed to the 1/2% and
3/2% excited states with a relative intensity of 1%, the 8~ -
branching ratios to the lowest 1/2% and 3/2% excited states
would then be approximately 65% and 3%, far outside the
present uncertainties.

The increased sensitivity of GRIFFIN allows the measure-
ment of y rays with relative intensities below 0.001% and
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FIG. 4. Levels of “/Ca observed in the 8~ decay of /K. Only transitions from states above 2600 keV are shown. The thickness of each
arrow represents the relative intensity of that y ray. All transitions shown are newly assigned within the 8~ -decay level scheme.

expands the known level scheme to within 568(3) keV of
the 6.632 MeV Q value. This increase in sensitivity allows a
more rigorous constraint on the influence of the pandemonium
effect on the branching ratios to the first three excited states.
Five of the 17 higher-lying states that were candidates for pop-
ulation via allowed transitions have been included in the level
scheme. This leaves 11 states listed in Ref. [12] with tentative
spins including 3/27", and 1 state at 5785(8) keV has a spin of
1/2%, all of which would be allowed decays. If all 12 of these
states were populated and decayed to all the observed states
at lower energies, this would be 175 unobserved transitions.
If we assume all of those transitions had relative intensities
of 0.001% (approximately our sensitivity limit), this would be
a total missing relative intensity of 0.175%. While this miss-
ing intensity could certainly impact the S~ -decay branching
ratios to the states above 2600 keV, it is entirely within the
uncertainties of the branching ratios to the states at 2578.1
and 2599.2 keV.

D. y-y angular correlations

Experimental y-y angular correlations were examined in
order to assign or constrain the spins of excited states and
determine the multipole mixing ratios of the y rays involved

in the cascade. A detailed description of the methods fol-
lowed in this work is available in Ref. [40], which includes
a treatment of the data using an event-mixing approach to
account for variations in individual crystal efficiencies, and
corrections for the effects of finite solid angle due to the large
size of the crystals. For most of the cascades in this work, we
followed the method 2 approach outlined in Ref. [40] where
separate GEANT4 simulations for each of the components of
the Legendre polynomials were performed for the specific
y-ray energies involved in each cascade. The experimental
data were fitted with a linear combination of the simulation
results to properly account for the finite solid angle and other
experimental effects. Examples of the correlations for three
cascades are shown in Fig. 5. When the statistics were poorer,
it became necessary to “fold” the angular correlation about
an angular difference of 90°. This technique combines energy
spectra at angles equidistant from 90°, taking advantage of
the symmetry of all angular distributions about 90° to in-
crease the statistics in a spectrum before fitting it with a peak
shape. Folded angular correlations are then analyzed with
folded simulations. An example is shown in Fig. 5(c). All
cascades that were analyzed after folding the data are marked
in Table III with a “dagger.” For a handful of cascades with
lower statistics, indicated in Table III with an asterisk, we
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TABLE I. Data for states and y rays measured in the 8~ decay of ’K. Columns are initial state energy (E;), initial state spin (J7), final
state energy (Ey), final state spin (J7), y-ray energy (E, ), y-ray branching ratio (BR, ), and y-ray relative intensity (Z, ).

E; (keV) Jr E; (keV) 7 E, (keV) BR, I,
2013.4(3) 3/2- 0.0 7/2- 2013.1(4) 100 100
2578.1(3) 3/2+ 0.0 7/2- 2578.1(3) 39.9(7) 5.8(2)
2013.4(3) 3/2- 564.9(3) 100.0(7) 14.5(2)
2599.2(3) 1/2+ 0.0 7/2- 2598.5(4) 0.441(7) 0.381(8)
2013.4(3) 3/2- 586.1(3) 100(2) 86(2)
2849.9(3) (3/2)" 0.0 7/2- 2850.6(3) 100 0.0392(8)
2874.7(3) (3/2)" 0.0 7/2- 2874(1) 0.88(8) 0.0013(1)
2013.4(3) 3/2- 861.5(3) 100.00(8) 0.153(3)
3266.3(3) 5/2- 0.0 7/2- 3266.1(3) 100 0.0053(2)
3889.0(3) (5/27) 0.0 7/2- 3889(1) 100(3) 0.0076(4)
2013.4(3) 3/2- 1875.8(3) 39(3) 0.0030(3)
3951.2(3) (3/27,5/27) 0.0 7/2- 3951(1) 100(1) 0.105(3)
2013.4(3) 3/2° 1937.2(4) 0.56(8) 0.00059(9)
2578.1(3) 3/2+ 1373.1(3) 99(1) 0.104(2)
4453.1(4) (1/2,3/2) 2013.4(3) 3/2- 2438.4(4) 67(6) 0.013(1)
2578.1(3) 3/2+ 1873.8(4) 100(6) 0.019(3)
2849.9(3) (3/2)" 1602.0(3) 352) 0.0066(9)
4528.3(3) 3/2+ 0.0 7/2- 4528(3) 0.13(10) 0.00023(18)
2013.4(3) 3/2° 2515.0(3) 89(2) 0.158(6)
2599.2(3) 12+ 1928.8(3) 100(2) 0.179(4)
2874.7(3) (3/2)" 1653.8(3) 10.7(5) 0.019(1)
3951.2(3) (3/27,5/27) 577.3(3) 28(1) 0.050(3)
4606.1(3) (5/2%) 0.0 7/2- 4606(3) 100(3) 0.0113(7)
2578.1(3) 3/2+ 2028.0(4) 38(3) 0.0043(5)
3951.2(3) (3/27,5/27) 653.2(4) 34(2) 0.0039(3)
4989.5(3) 3/2+ 0.0 7/2- 4987(3) 0.9(6) 0.0011(7)
2013.4(3) 3/2- 2976.2(4) 12.7(2) 0.0155(5)
2578.1(3) 3/2+ 2411.5(3) 71(1) 0.087(3)
2599.2(3) 1/2+ 2390.2(3) 20.0(4) 0.024(1)
2849.9(3) (3/2)" 2139.1(4) 2.4(1) 0.0030(2)
2874.7(3) (3/2)" 2114.6(4) 4.4(1) 0.0054(2)
3266.3(3) 5/2- 1723.3(6) 0.34(4) 0.00042(5)
3951.2(3) (3/27,5/27) 1038.4(4) 100(2) 0.123(3)
4606.1(3) (5/2%) 383.4(6) 3.9(2) 0.0048(3)
5305.93) 3/2+ 0.0 7/2- 5304(4) 0.55(7) 0.00053(7)
2013.4(3) 3/2- 3292(2) 74(1) 0.071(2)
2578.1(3) 3/2+ 2728.2(3) 100(2) 0.095(2)
2599.2(3) 1/2+ 2707.0(3) 40.0(7) 0.038(1)
2849.9(3) (3/2)" 2455.7(3) 12.3(3) 0.0118(4)
2874.7(3) (3/2) 2431.23) 85(1) 0.081(2)
3266.3(3) 5/2- 2039.4(4) 0.92(7) 0.00088(7)
3889.0(3) (5/27) 1416.9(3) 9.5(3) 0.0091(4)
4606.1(3) (5/2%) 699.5(3) 8.2(7) 0.0078(7)
5456.1(3) 3/2+ 0.0 7/2- 5454(4) 0.54(6) 0.0009(1)
2013.4(3) 3/2- 3442.3(4) 0.14(5) 0.00024(8)
2578.1(3) 3/2+ 2878.1(3) 100(2) 0.171(6)
2599.2(3) 1/2+ 2856.8(3) 96(2) 0.163(4)
2849.9(3) (3/2)" 2605.7(3) 2.1(1) 0.0036(2)
2874.7(3) (3/2)" 2581.3(3) 18.4(5) 0.031(1)
3889.0(3) (5/27) 1567.6(4) 0.54(7) 0.0009(1)
3951.2(3) (3/27,5/27) 1505.1(3) 13.2(7) 0.023(1)
4528.3(3) 3/2+ 928.1(4) 1.302) 0.0023(3)
4606.1(3) (5/2%) 849.2(3) 4.7(5) 0.0081(8)
6064.2(4) 3/2+ 2599.2(3) 1/2+ 3464.7(4) 100(4) 0.0027(2)
2874.7(3) (3/2)" 3189.5(3) 92(4) 0.0025(1)
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TABLE II. Energies, B~ -branching ratios, log ft values, spins and parities, and B(GT') values measured in this work and previous works.
Asterisks indicate a log ft value calculated for a unique, first-forbidden decay. All limits are given at the 95% confidence level. Previously
established energies, spins, and parities are from Ref. [12]. Literature 8~ -branching ratios and B(GT') values are from Ref. [14].

This work Previous measurements
B(GT) B(GT)
E; (keV) B~ branching log ft JT (x1073) E; (keV) B~ branching log ft JT (x1073)
2013.4(3) <2.9 >6.5 3/2° 2013.53(10) <2.0 >6.68 3/2-
2578.1(3) 18.4(3) 5.457(8) 3/2% 21.5(4)  2578.33(10) 19.0(3) 5.45(1) 3/2% 21.7(4)
2599.2(3) 80(2) 4.807(9) 1/2+ 96(2) 2599.53(11) 81.0(15) 4.81(1) 1/2* 95.1(18)
2849.9(3) 0.013(1) 8.46(4) (3/2)- 2849(5) (1/2,3/2)~
2874.7(3) 0.015(3) 8.40(9) (3/2)~ 2875.19(18) (1/2,3/2)~
3266.3(3) 0.0038(2) 10.28(2)* 5/2 3267(8) (5/2,7/2)~
3889.0(3) <0.0017 >10.1%* 5/27) 3877(8) (5/2)
3951.2(3) 0.010(5) 7.9(2) or 9.3(2)* (3/27,5/27)
4453.1(4) 0.036(5) 6.99(6) (1/2,3/2) 4455(8)
4528.3(3) 0.38(1) 5.91(1) 3/2% 7.6(2) 4531(8) 3/2)*"
4606.1(3) <0.0027 >8.0 (5/2") 4611(8) (5/2)*
4989.5(3) 0.246(6) 5.64(1) 3/2F 14.1(3) 4988(8) (3/2,5/2)"
5305.9(3) 0.291(7) 5.20(1) 3/2% 38.9(9) 5305(5) (3/2,5/2)"
5456.1(3) 0.38(1) 4.87(1) 3/2% 83(2) 5459(5) (3/2,5/2)"
6064.2(4) 0.0049(2) 5.56(2) 3/2%F 17.0(8) 6062(5) (3/2,5/2)"

used the method 4 approach, where coefficients of a Legendre
polynomial fit to the experimental spectrum were converted
to values of a, and a4 using energy-dependent scaling factors
derived from simulation.

The results obtained for the y-y angular correlations eval-
uated in *’Ca are presented as a, and a4 values in Table III.
Legendre coefficients a, and (if applicable) a4 were measured
from all correlations. The use of y-y angular correlations to

determine spin can be more challenging in an odd-A nucleus
than in an even-A nucleus, because often cascades will have
two potentially nonzero mixing ratios that need to be deter-
mined simultaneously. In contrast, even-A nuclei typically can
involve a state with J = 0, which constrains the mixing ratio
of at least one transition to be § = 0. For some of the cas-
cades in *’Ca, however, we were able to measure or constrain
sufficiently one of the mixing ratios (always for the second y

TABLE III. Angular correlation results for y-y cascades in *'Ca, organized by initial level energy (E;) and identified by the energies of
the first and second transitions (E,; and E,»). All cascades were fit to extract Legendre coefficients a, and a4. The best fit parameters (a, and
ay) and reduced x? value (x2/v) are presented. Dashed entries indicate that the cascade cannot include a fourth-order component by angular
momentum considerations. Cascades where the mixing ratio for the second y ray (§,,) could be deduced were also fit to extract a mixing
ratio for the first y ray (,1), assuming a cascade of the presented spins (J; — J,, — J;). Most cascades were fit with method 2 of Ref. [40];
asterisks indicate that the fit was performed with method 4. Cascades that were folded are indicated with a “dagger.”

Ei Ey1 Ey2 ap ay XZ/U Ji — Jm — Jf 8),2 5),1

2578.1 5649 2013.1 0.059(2) - 1.07 3/2—->3/2—-7)2 0.0000(38) —-0.007(11)

2599.2 586.1 2013.1 —0.0683(9) - 087 1/2—-3/2—>17)2 0.0000(38) —0.013(9)

2874.4 861.5 2013.1 —0.02(2) - 1.09 3/2—-3/2—->7)2 0.0000(38) 0.4(1) or 10(+200,—5)

73951.2 1373.1 5649 —0.05(3) - 086 3/2—3/2—3/2 —0.007(11) 0.36(+7,—6) or 10(+17,—4)
5/2—3/2—3/2 —0.007(11) —0.03(7) or 5(+3,—1)

4528.3 2515.0 2013.1 0.09(3) - 0.60 3/2—>3/2—>7)2 0.0000(38)  —2.3(+8,—13) or —0.2(+1,-2)

*74528.3  1653.8 861.5 0.04(5) - 1.15

*14528.3 577.3 3951 0.01(5) 0.12(8)  0.96

74989.5 2976.2 2013.1 —0.01(9) - 076 3/2—>3/2—>17)2 0.0000(38) Unconstrained

74989.5 2411.5 564.9 0.26(2) - 133 3/2—-3/2—-3/2 —0.007(11) —2.2(42,-3) or —0.17(4)

*74989.5  1038.4 3951 0.04(4) —0.04(6) 0.29

'4989.5 10384 1373.1  0.16(2) —0.02(3) 1.58

*5305.9 3292 2013.1 0.09(3) - 084 3/2—->3/2—->7)2 0.000038) —2.3(+8,—14) or —0.2(4+1,-2)

5305.9 2728.2 564.9 0.21(7) - 034 3/2—3/2—-3/2 —0.007(11) —2.9(+8,—15) or —0.1(1)

75305.9 2431.2 861.5 0.04(3) - 0.89

5456.1 2878.1 564.9 0.22(3) - 055 3/2—3/2—3/2 —0.007(11) —2.8(+4,—6) or —0.09(6)

*15456.1  2581.3 861.5 0.05(4) - 1.09
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FIG. 5. Angular correlations of three prominent y-y cascades:
(a) 586.1-2013.1 keV, (b) 2878.1-564.9 keV, and (c) 2411.5-564.9
keV. The data are shown as open circles with error bars, the best fit
simulations and their uncertainties are shown with the red areas, and
the minimized coefficients are presented for each cascade. For the
cascade shown in (a), significant Compton background from other
photopeaks interfered with proper peak fitting at small angles, so
those data were excluded from the plots and the fits. For the cascade
shown in (c), the data were folded about cos = 0 to increase the
statistics before fitting the peaks.

ray, noted in Table III as §,,), which allowed us to measure
or constrain the other mixing ratio (always for the first y ray,
noted in Table III as §,;). All of the cascades fit in this way
were well fit with the cascade, defined as having a solution that
was within a 99% confidence limit [40]. One y ray, 2976.2
keV, had a mixing ratio that was unconstrained by the angular
correlation (2976.2-2013.1 keV).

E. Half-life of 'K

The longer cycles with a source decay time of 350 s were
used to measure the half-life of 'K, previously established
as 17.50(24) s [12] from a weighted average of 17.5(4) and
17.5(3) s. 73 of these longer cycles were included in the
half-life measurement. Data from an additional 16 crystals
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FIG. 6. The decay of 'K based on the 586.1 keV y ray in *'Ca.
The beam shut off at a cycle time of 121 s, so the fit begins at a time
of 122 s. The exponential decay component of the fit is shown with
the blue dashed line, the constant background component of the fit is
shown with the black dotted line, and the total fit is shown with the
red solid line.

impacted by electronics issues were excluded, leaving data
from 40 of the 60 crystals. A channel-by-channel dead-time
correction was applied to the data using a dead time of 6 us
per event.

The time distribution of all events associated with the three
most intense y rays (564.9, 586.1, and 2013.1 keV) were
separately fitted with a sum of an exponential function and
a constant background. The beam shut off at a cycle time
of 121 s, and the fit included times from 122 to 400 s, or
approximately 16 half-lives. The time distribution of the 586.1
keV y ray and its fit are shown in Fig. 6. Best fits were
tip = 17.37(2), 17.380(7), and 17.385(8) s for the 564.9,
586.1, and 2013.1 keV y rays, respectively.

A systematic manipulation of the binning of the decay
curves revealed no systematic deviation from the measured
half-life. Small variations of the energy gate limits showed
some deviation in the best-fit half-lives, and additional uncer-
tainties of 0.02, 0.01, and 0.02 s were assigned to the three
individual half-life measurements. A systematic change of the
fit range showed some dependence on the selection of the
first bin. Systematic uncertainties of 0.05, 0.04, and 0.07 s
were assigned for this. Combining statistical and systematic
uncertainties, the measured half-life with the 564.9, 586.1, and
2013.1 keV y rays were 17.37(6), 17.38(4), and 17.38(7) s. A
weighted average of these three gives a final half-life value
from this work of 17.38(3) s which is in agreement with, but
a factor of 8 more precise than the previous evaluated value.

V. DISCUSSION

A more complete understanding of the structure of this
nucleus with one neutron hole can be obtained by combining
all the information now available from previous studies of
41Ca, with the log ft values, angular correlation coefficients,
and y-ray branching ratios measured in this work. The results
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are presented in Tables I and II. Discussion of the conclusions
for each excited state are presented here. The states are pre-
sented in an order appropriate for building the conclusions,
not necessarily by energy.

A. 2013.4 keV state

The spin of the first excited state at 2013.4 keV is 3/27 and
has a single draining transition to the 7/2~ ground state. From
spin and parity considerations, the transition will be of E2/M3
character. With this combination, it is also likely to be a fairly
pure transition; Ref. [27] measured the mixing ratio as —0.17,
albeit from a single data point and without any error bars. In
addition, the lifetime of the state was measured as 6.1(3) ps.

The mixing ratio of the 2013.1 keV y ray can be
constrained with a recommended upper limit for reduced tran-
sition rates derived from a systematic study of this mass region
[41]. Assuming the recommended upper limit of B(M3)| =
10 W.u., the magnitude of the mixing ratio of the 2013.1 keV
y ray must be less than 0.0038. This range is consistent with
all the angular correlations made with this y ray. For the rest
of the analysis, we will take the value as §,913.; = 0.0000(38).
With that, the B(E2)], for the 2013.1 keV y ray to the ground
state would be B(E2)| = 0.40(2) W.u.

B. 2578.1 keV state

The spin of the second excited state has been established as
3/2% in a transfer reaction study [19]. The lifetime of this state
has been measured as 9.6(14) ps [27]. The decay to this state is
therefore an allowed Gamow-Teller transition from the 1/2%
ground state of *’K. The log ft value of 5.457(8) is consistent
with this spin assignment (Table II). The angular correlation
of the 564.9-2013.1 keV cascade is also consistent with the
spin and parity assignment of 3/27.

The mixing ratio for the 564.9 keV y ray can be con-
strained by both the angular correlation of 564.9-2013.1 keV
cascade and the recommended upper limit for an M2 tran-
sition. From the angular correlation, and assuming 859131 =
0.0000(38), the value of the 564.9 keV mixing ratio can
be either 85649 = —0.007(11) or 85649 = —3.8(1). From a
recommended upper limit of B(M2)], = 1 W.u. [41], the mag-
nitude of the mixing ratio should be less than 0.015, so we
choose the former option and set §s¢q9 = —0.007(11) for
the remaining analysis. This choice is consistent with the
other four angular correlations that involve the 564.9 keV y
ray. The associated E'1 reduced transition rate is B(E'1)] =
0.00031(+5, —4) W.u.

With the branching ratio measurement for the 2578.1 keV
y ray presented in this work, a pure M2 transition would have
aB(M2)] of 0.9(2) W.u. Assuming an upper limit of 100 W.u.
for the limit on B(E3){ [41], this would limit the mixing ratio
of the 2578.1 keV y ray to less than 0.47. A lower recom-
mended upper limit of 50 W.u., which might be suggested by
a recent reduction in the B(E3) recommended upper limit in
the A = 4-44 region [42], would limit the mixing ratio of the
2578.1 keV y ray to less than 0.20.

C. 2599.2 keV state

As expected, the majority of the S~ -decay strength goes
directly to the state at 2599.2 keV (Table II) that is known to

have a spin parity of 1/2% [19] and a lifetime of 6.8(6) ps [27].
The log ft value measured here of 4.807(9) is consistent with
that of an allowed decay.

Just as in the previous section, the mixing ratio of the
586.1 keV transition is constrained by angular correlation
measurements and the recommended upper limits on reduced
transition rates. The mixing ratios consistent with the angu-
lar correlation of the 586.1-2013.1 keV cascade are 85561 =
—0.013(9) and 685861 = 1.78(+4, —2). The 1 W.u. recom-
mended upper limit for an M2 transition limits the mixing
ratio to |8sge.1| < 0.012 though, so the larger range can be
excluded, leaving the mixing ratio as 8sgs.; = —0.013(9) and
thus B(E1)| = 0.00054(+5, —4) W.u.

Using the branching ratio measurements presented here, if
the 2598.5 keV y ray were a pure E3 transition, it would have
a reduced transition probability of B(E3)] = 11(1) W.u. The
recommended upper limit of 30 W.u. for M4 transitions [41]
sets an upper limit of 0.0014 on the mixing ratio of the 2598.5
keV y ray.

D. States above 4700 keV

Above 4700 keV, there are four states seen in this work
that have all been previously assigned tentative spin parities of
(3/2,5/2)" from transfer reaction measurements [19,30]. The
log ft values for all of these states range between 4.87(1) and
5.64(1) and are all consistent with allowed decays, eliminating
5/2% as a spin-parity possibility. Low statistics prevent y-y
angular correlations associated with the 6064.2 keV state to
be constructed, but y-y angular correlations of y rays depop-
ulating the 4989.5, 5305.9, and 5456.1 keV states are possible
with the 861.5, 564.9, and 2013.1 keV y rays, respectively.
All of these cascades are consistent with a 3/2 spin assign-
ment, and those that include the 2013.1 or 564.9 keV y rays
are consistent with the mixing ratio constraints established
earlier. The angular correlations provided constraints on the
mixing ratios for four y rays directly emitted from these states
(Table III). Based on this information, we assign all of these
states as 3/27.

With this spin assignment, we can follow a similar
procedure to that used in Ref. [14] and calculate B(GT') values
to compare the strength of 1s;,, proton hole configurations
in each state (Table II). These B(GT) values range from
14.13) x 103 to 83(2) x 1073, indicating strengths
comparable to those of the much more strongly populated
3/2% and 1/27 states at 2578.1 and 2599.2 keV, respectively.
Combined with the 4528.3 keV state (Sec. V F), these states
are now found to comprise a total B~ -feeding intensity of
1.29(2)%, over half of the observed 15/, neutron and proton
hole strengths in *’Ca and 88(1)% for lsj,» proton hole
states of the type [(7r 1s12)~' (vOf, 1p)"(wOf, 1p)] coupled
to 3/2%. The finding of significant strength at this energy is
consistent with the structure interpretation of similar excited
states in *34°Ca [43-45].

E. 2849.9 and 2874.7 keV states

The possible spins of the states at 2849.9 and 2874.7 keV
have been constrained by transfer measurements to be of L =
1 character, so J = (1/2,3/2)™ [12]. B~ decay to either spin
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would be classified as a nonunique, first-forbidden transition,
so the log ft values cannot be used to discriminate, though
at 8.46(4) and 8.40(9), both are consistent with first-forbidden
decay.

No angular correlations involving the 2849.9 keV state
were possible. Four different angular correlations involv-
ing the 861.5 keV y ray from the 2874.7 keV state were
constructed (Table III), three of which use the 2874.7 keV
state as an intermediate state. Using the limits of §,¢;3.; found
earlier, a mixing ratio analysis can be performed on the 861.5—
2013.1 keV cascade. With such an analysis, both 3/27 and
1/2~ spin assignments are consistent with the data of the
861.5-2013.1 keV cascade, with neither being more strongly
favored.

If the spin of the 2874.7 keV state is 1/27, then the three
angular correlations with it as an intermediate state must be
isotropic; if the spin of the state is 3/27, the angular corre-
lations can only have one nonzero coefficient a;. All three of
those angular correlations are consistent with isotropic distri-
butions, so the 1/2~ spin cannot be eliminated. Unfortunately,
an isotropic distribution is also consistent with a large range of
mixing ratios associated with a 3/27 spin assignment as well.

Significant differences between these states occur in the
branching ratios for their draining transitions. The 2849.9 keV
state only had a single visible transition to the 7/2~ ground
state, while the 2874.7 keV state decays principally to the
3/27 2013.4 keV state. A state with a spin of 3/2~ would
decay to states of 7/27 and 3/2~ with E2 and M1 transitions,
respectively, while a state with a spin of 1/2~ would decay to
those states with M3 and M1 transitions. The observed decay
strengths then suggest a 3/2~ spin for both states, though we
leave them both as tentative.

F. 4528.3 keV state

Transfer reaction measurements [15,19] identified a state
at 4531(8) keV with a tentative spin parity of 3/2% based on
a coupled reaction channel analysis. Such a state would be
populated by an allowed decay transition in the = decay
of ¥K. The log ft value is measured as 5.91(1), which is
consistent with an allowed decay. The strongest y-y cascade
coming from this state, 2515.0-2013.1 keV, is consistent with
the mixing ratio constraints placed earlier on the 2013.1 keV
y ray and a spin of 3/2. It also provides a constraint on the
mixing ratio of the 2515.0 keV y ray (Table III). Based on this
information, the 4528.3 keV state is confirmed as J* = 3/2%.
The associated B(GT) value for this state is 7.6(2) x 1073,
the smallest value observed in this study.

G. 3951.2 keV state

No state near this energy has been seen during previous
experiments, so any constraints placed on the spin depend
entirely on the data collected in this work.

Assuming an allowed or nonunique decay, the 8~ decay
to this state has a log fr value of 7.9(2), which could be
either an allowed or first-forbidden transition and would be

consistent with spins of 1/2%, 3/2*, 1/27, or 3/2~. Calcu-
lated as a unique, first-forbidden decay, the log ft value would
be 9.3(2), which would be consistent with a spin of 5/27.
The potential spin-parity values based on the log ft value are
therefore reasonably constrained as 1/2%, 3/2%, 1/27,3/27,
or5/27.

Four y-y angular correlations were constructed that
involve this state. Three y-y angular correlations were con-
structed that include this state as the intermediate state:
1038.4-1373.1 keV, 1038.4-3951 keV, and 577.3-3951 keV,
all presented in Table III. The strong a, value for the 1038.4—
1373.1 keV cascade [a; = 0.16(2)] eliminates a spin of 1/2
since cascades with an intermediate state spin of 1/2 are
isotropic. The mixing ratio analysis of the 1373.1-564.9 keV
cascade places different constraints on the mixing ratio of the
1373.1 keV y ray, depending on the spin of the initial state
(Table III).

Notably, this state has a strong decay branch to the ground
state (J™ = 7/27) and the first 3/27 state, a weaker branch to
the first 3/27 excited state and no detected branch to the first
1/27% excited state. The decay to the ground state would be a
significantly enhanced M2 transition if the state had a spin of
3/2%, so we eliminate that possibility. A suppression of the
decay to the 1/2% excited state is expected if the spin were
5/2~ since this would be an M2 /E3 transition.

Given the information here, we tentatively assign the spin
and parity of this state to (3/27, 5/27).

H. 3266.3 keV state

A state at 3267(8) keV has been previously identified with
a spin parity constrained to (5/2, 7/2)~ by transfer reactions
[15,19].

B~ decay to a 7/2~ state would be a nonunique, third-
forbidden decay. Calculating the log ft for a nonunique
transition gives a value of 8.79(2), which is inconsistent with
a third-forbidden decay. A decay to a 5/2~ state, however,
would be a unique, first-forbidden transition. Calculated as
a unique, first-forbidden decay, the log fr value is 10.28(3),
which is consistent. Combining this with the information
from transfer measurements allows us to assign a spin parity
of 5/2.

1. 3889.0 keV state

No state exists in the literature with an excitation energy
consistent with the energy measured here. The closest candi-
date is a state at 3877(8) keV that was identified in Ref. [19]
and was observed to have nonpickup behavior. It was tenta-
tively assigned a spin parity of (5/27) based on a coupled
reaction channel analysis.

Assuming an allowed or nonunique transition, the log f7
value of this transition is >8.7, indicating that decay to this
state is not an allowed transition. If it is a unique, first-
forbidden transition, the log ft value of the S~ decay is
>10.1, consistent with a unique, first-forbidden transition. As-
suming a unique, second-forbidden transition, the log f value
would be >11.5, which is also consistent. If the observed state
is the same as the state identified in Ref. [19], then there are
no data that refute the tentative assignment of (5/27).
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J. 4453.1 keV state

A state at 4455(8) was seen in a **Ca(®He, «) reaction
measurement, but was not assigned a spin parity [15,19]. In
this work, the log ft value was measured at 6.99(6), indicating
an allowed or first-forbidden decay. If we re-calculate the
log ft for unique first- and second-forbidden decays, we get
8.14(6) and 9.39(6), respectively. The former is consistent, but
the latter is not. Based on the log ft value, this state could have
a spin and parity of 1/2%,3/2%,1/27,3/27, or 5/27. It was
not possible to construct any angular correlations involving
this state.

The observed decays from this state go to states with spins
of 3/27,3/2", and 3/2~. Notably, no transition to the 7/2~
ground state is observed, favoring a lower spin. Based on these
observations, we tentatively assign this state a spin of (1/2,
3/2), with no parity constraint.

K. 4606.1 keV state

A state at 4611(8) keV was previously observed [15,19],
which is consistent with the measured energy of 4606.1(3)
keV in this work. Based on a coupled reaction channel
analysis, it was assigned a tentative spin parity of 5/2%.
The B~ -decay branching ratio to this state is consistent
with zero and has a log fr value of greater than 8.0
(95% confidence limit), assuming an allowed or nonunique
decay, or >9.1 or >10.3 assuming a unique first- or
second-forbidden decay, respectively. This observation is
consistent with the previous tentative assignment of 5/2%,
but this spin could not be confirmed independently in this
work. Therefore, the spin assignment remains tentatively
(5/2%).

VI. CONCLUSION

A detailed spectroscopic examination of the S~ decay of
47K to ¥'Ca with the GRIFFIN spectrometer has led to the
placement of 48 y-ray transitions and 12 states to be firmly
added to the S~ -decay level scheme. Of those 12 states, it was
possible to newly assign or constrain the spins for 8 of them.

The y-ray detection in this study is three orders of magni-
tude more sensitive than the previous studies and reduces the
gap between the Q value and the highest known state in the
decay scheme from approximately 4 MeV to 568(3) keV, but
the B~ -decay branching ratios determined here remain consis-
tent with previous measurements. Five previously unobserved
3/2" states between ~4.5 and 6.1 MeV excitation in *’Ca
were observed with a total B~ -feeding intensity of 1.29(2)%.
The sum of the B(GT ) values for these states is a measure of
significant 1s1,, proton hole strength near 5 MeV excitation,
consistent with systematics of the neighboring *4*°Ca.
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