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High-spin structure in K
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High-spin states of “°K have been populated in the fusion-evaporation reaction '?C(*°Si,np)*’K and studied
by means of y-ray spectroscopy techniques using one triple-cluster detector of the Advanced Gamma Tracking
Array at the Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro. Several states with excitation
energy up to 8 MeV and spin up to 10~ have been discovered. These states are discussed in terms of J = 3 and
T = 0 neutron-proton hole pairs. Shell-model calculations in a large model space have shown good agreement
with the experimental data for most of the energy levels. The evolution of the structure of this nucleus is here
studied as a function of excitation energy and angular momentum.
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I. INTRODUCTION theoretical investigations. Single-particle excitations, with
configurations based on a spherical core corresponding to

The region around the N = 20 and Z = 20 shell closures a shell closure, and collective excitations, in particular

has been the subject of a number of experimental and
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superdeformed rotational bands, are present in the *°Ca [1]
and 3°Ar [2—4] nuclei. These phenomena are the focus of
a recently revived experimental interest in this region [5,6].
These rotational structures are not only present in the even-
even nuclei, but regular rotational bands of unnatural parity
states have also been observed in odd-A nuclei, for example,
in ¥Ca, #Sc, and *>Ti [7-9], as well as in odd-odd nuclei, for
example, 0V [10,11].

While the primary goal of the present experiment was
the performance evaluation of the detectors in the Advanced
Gamma Tracking Array (AGATA) [12-14], interesting results
have been obtained for the reaction products, demonstrating
the large sensitivity and efficiency of the AGATA spectrometer.
In particular, results have been obtained for “°K using yy
coincidences employing just one AGATA triple cluster (ATC)
detector.

The existing knowledge of high-spin states in “’K is limited
to the yrast band with J” < 9% and two negative-parity
states with J™ = (87, 107) and J™ = (97, 117), respectively.
These high-spin states were studied using fusion-evaporation
reactions, in particular, 3’Cl(er, n)*°K [15,16], 3¥Ar(e, d)*°K
[17], 2*Mg(‘°0, np)*°K [18], and *’AI(*°F, anp)*’K [19].
The positive-parity yrast states with 67 < J™ < 9T are well
described in the shell model as two-particle and two-hole
states, with mainly a (d;é f72/2) configuration [18]. Using
the weak-coupling ansatz between particles and holes [20]
these states have been interpreted as part of a 57 < J* < 9%
multiplet obtained by coupling a proton-hole pair d3/»(J = 2)
to the 7% state in “2Sc [19]. Furthermore, the same calculations
predict a close-lying 3* < J™ < 9% multiplet from a **Ca(6%)
core that couples to a neutron-proton hole pair in the d3/,
orbital with T =0 and J = 3 [19].

The importance of isoscalar spin-aligned neutron-proton
pairs for N ~ Z nuclei has been the focus of much recent
experimental and theoretical work at the N = 50 and Z = 50
shell closures [21-26]. In the N =20 and Z = 20 region
these pairs have also been discussed for Sc isotopes and
related to the softening of the restoring force of dipole
vibrations [27].

II. EXPERIMENT AND DATA PROCESSING

The '2C(*°Si, np)*’K reaction has been used during the
commissioning phase of the AGATA y-ray spectrometer
at Istituto Nazionale di Fisica Nucleare (INFN), Laboratori
Nazionali di Legnaro (LNL) in Italy [12,28]. A 64-MeV °Si
beam from the tandem accelerator at INFN-LNL was used to
bombard a 200-p.g/cm?-thick '?C target, producing “°K via
the fusion-evaporation reaction. The y radiation was detected
by the first ATC detector [29,30]. As the primary goal of this
experiment was the performance evaluation of the AGATA
detectors [12], data were collected at two distances between
the front face of the ATC detector and the target: a close
setup with a distance of about 55 mm and a far setup with a
distance of about 235 mm. The position of the detector with
respect to the direction of the beam in the horizontal plane was
Opeam = 75.1 deg. The beam intensities were about 0.3 and
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3 pnA for the measurements at the close (6.5 x 10% events)
and the far (2.8 x 10® events) distances, respectively.

Doppler correction was carried out using the first interaction
point in the ATC as provided by the tracking algorithm,
assuming an average recoil velocity of v/c = 4.8%. For further
details about the experimental setup and the data processing,
see Ref. [12]. After pulse-shape analysis and tracking, the
reconstructed y rays were sorted into a y y -coincidence matrix.
Using this procedure it was possible to use events where
several y rays were detected in the same crystal, or scattered
between crystals, in the analysis. The total projection of the
resulting yy-coincidence spectrum is shown in Fig. 1. It
is evident from this spectrum that “°K,np is the dominant
reaction channel in the employed reaction with ~57% of
the y y-coincidence events. The main competing channels are
BAra (16%); 9°Ca,2n; “Ar,2p; 3Clap (5% each); *'Ca,n;
41K, p; 3 Ar, (3.5% each); and 3*S 2« (1.5%).

In addition to the already mentioned measurements at two
distances, in order to search for short-lived isomers, a third
measurements was performed with a 13-mg/cm?-thick *8Ni
stopper foil placed 2.1 mm downstream from the 200-/.g/cm?
12C target. During this measurement the ATC detector was
placed at a distance of about 15 cm from the target and a total
of 1.1 x 107 events were collected.

III. ANALYSIS

Several y rays were assigned to “°K based on the yy-
coincidence relationships observed in this experiment. In
particular, the following y rays that were reported but not
placed in the level scheme of Ref. [ 18] have been observed also
in the present work: 811, 917, 939, 1526, 2269, and 2791 keV.
All y rays observed in the present work are shown in Fig. 2
and summarized in Table I. Three y rays that could not be
placed in the level scheme were observed in this experiment
at 323,917, and 1792 keV.

Since, as mentioned before, the main objective of the
experiment was the detector performance, the particularities of
the setup prevented accurate reproduction of the detector-target
distances with calibration sources, and consequently the direct
measurement of efficiency calibration data was not possible.
Instead, it was necessary to resort to Monte Carlo simulations,
performed with the GEANT4 library [12,31,32], checked with
efficiency measurements at standard distances and finally
verified by comparing the obtained intensity ratios to previous
measurements. This gives an estimated systematic uncertainty
of the measured intensities of about 17%.

The data set obtained with the 3Ni stopper foil was
analyzed in order to search for short-lived isomers. The time
it took for the evaporation residues to reach the stopper foil
was about 0.15 ns. Any y ray associated with an effective
lifetime longer than about 0.1 ns should, therefore, have narrow
peaks in a spectrum created without applying any Doppler
correction. Figure 3 shows a y-ray spectrum without Doppler
correction that was created as the sum of gates on the 892-
and 1651-keV y rays. These y rays correspond to two strong
low-lying transitions in “’K depopulating the known 7 isomer
at 2543 keV (see the level scheme in Fig. 2) with a half-life
of 1.09 ns [33]. Since no other statistically significant peaks
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FIG. 1. Total projection of the y y-coincidence spectrum. Known yrast transitions in *°K are labeled.

are visible in the spectrum shown in Fig. 3, no states could be

identified in °K with lifetimes longer than

about 0.1 ns and

A. Coincidence analysis

The level scheme in Fig. 2 was constructed using coin-

which feed the 2543-keV state. cidence relationships between the observed y rays. Typical

558 10~ 8057
7748
7472
() 7033
i 1245 9 6790
|
(1142)
[ 6228 10)~
: 1_(10) 10~ 6133
o 9~ 6007 —
2220 (90 § 5892 X 9+ 5992
\
559 \
‘ 1352
1070 (@7 4 5333\ 1017
.
e \ 8t 5172 9t 5122
84 4812
510 a8t 4586
4366 y(8*
939 () 7t 4055
6+ 4222
(7) 3873 2791
2269 1487] 258 6+ 3501
X 5" 35C
) 3354 993 1823
1329
280 g* 7t 2976
7+

(J = 3) ®42Ca( 6+ 1 b (J = 2) ® 428¢(7+)
2461
1988
1651
2543
892 - 5 846
0 4~ 0

FIG. 2. (Color online) Level scheme of “°K as obtained in this work (left) and level scheme obtained from shell-model calculations (right).
Information from this work is indicated with red (gray). The width of the arrows corresponds to the intensity of the y rays. For the positive-parity
states, the assigned configurations in the weak-coupling basis are also shown.
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TABLE I. Initial-level energy, E;, and spin, J77, of the levels obtained in this work. For each y ray the energy E,, relative intensity Br,,
singles intensity I,,, final-level energy Ey, and final-level spin J, are listed. A systematic uncertainty of 0.2 keV has been added to the statistical
uncertainty in E,,. Similarly, a systematic uncertainty of 17% was added to I,,. States and y rays labeled with * are observed in this work, while
y rays labeled with ® were reported in Ref. [18] but not placed in a level scheme in that work. Intensities labeled with ! could not be measured
in this work due to strong coincidences with * Ar transitions and have instead been obtained from Ref. [33].

E; (keV) Iz E, (keV) Br, I, E; (keV) A
891.75(32) 5" 891.74(22) 100(18) 100(18) 0 4-
2543.2(4) 7+ 1651.34(24) 100(23)! 61(11) 892 5"
2543.2(4) 12.6(5)! 4.5(5) 0 4-
2879.5(4) 6+ 336.25(20) 100(26) 7.2(13) 2543 7+
1988.07(35) 46(12) 3.3(6) 892 5"
3354.0(5)* 6") 810.79(24)®) 100(26) 1.75(32) 2543 7+
2461.3(11)* 53(14) 0.53(17) 892 5"
3872.7(5)* (7 518.97(26)* 6.9(21) 0.23(6) 3354 (6)
993.1(4)* 9.5(25) 0.31(6) 2880 6+
1329.00(26)* 100(26) 3.3(6) 2543 7+
4366.1(5) (8%) 1486.90(34) 19(6)! 0.91(17) 2880 6+
1822.83(21) 100(6)! 13.3(24) 2543 7+
4812.4(5)* (8%) 939.28(23)™ 100(26) 5.7(10) 3873 (7%)
2269.0(5)* 73(19) 4.1(8) 2543 7t
4876.0(5) 9+ 509.90(20) 37(10) 3.8(7) 4366 (8*)
2332.89(22) 100(26) 10.2(19) 2543 7+
5333.2(5)" 9%) 2790.53(29)* 100(26) 5.4(10) 2543 7+
5892.2(5)* 9°) 559.28(22)* 62(16) 0.57(10) 5333 9*)
1016.6(4)* 48(13) 0.44(8) 4876 9+
1079.1(5)* 75(20) 0.69(13) 4812 (8%)
1525.85(27)® 100(27) 0.91(18) 4366 (8*)
6227.5(5) (10)~ 1351.70(21) 100(26) 7.3(13) 4876 9+
7033.4(7)* 97) 1142.3(5)* 59(16) 0.59(11) 5892 )
2219.7(5)* 100(26) 1.00(18) 4812 (8*)
7472.3(7) 9, 117) 1245.10(31) 21(5) 1.1221) 6228 (10)~
1579.3(5)* 100(26) 0.41(9) 5892 )
7748.5(7)* (9-,107) 1520.88(30)* 30(9) 0.42(9) 6228 (10)~
2872.9(9)* 100(26) 1.42(26) 4876 9+
7994.6(9)* 9~ —127) 1767.1(5)* 100(26) 0.60(11) 6228 (10)~

examples of y y-coincidence spectra from this experiment are
shown in Fig. 4.

Our data confirm the previous placement and assignment of
the excited levels up to spin (10)~. In particular for all levels we
could verify the coincidence relationships between transitions.

A level is placed at an excitation energy of 3354 keV. The
line at 811 keV is in coincidence with the 1651 and the 892-keV

Counts/1 keV
892
1651

m il
2500 3000
E, (keV)

bl il bl

it Ll

0 500 1000 1500 2000

FIG. 3. Summed yy-coincidence spectrum measured with a
13-mg/cm?-thick stopper foil of 3¥Ni placed at a distance of 2.1 mm
from the target, without applying any Doppler correction. The
spectrum is a sum of spectra gated on the 892- and the 1651-keV
transitions.

y rays—see Fig. 4(a)—while the 2461-keV line is only in
coincidence with 892-keV y ray and its energy corresponds
within 1 keV to the sum of 811 and 1651 keV. In a similar way,
a 993-keV y ray—see Fig. 4(b)—is observed in coincidence
with the 336-, 1988-, 892-, and 939-keV transitions, while the
y ray at 1329 keV is only in coincidence with the transitions
at 1651 and 892 keV. Thus, a level is placed at 3873 keV,
decaying to the 7 state and the 6] state.

Above the 3873-keV level, the 939-keV transition is in
coincidence with the transitions at 993 and 1329 keV, implying
that it decays from a level at 4812 keV and feeds the 3873-keV
state. A y ray with an energy of 2269 keV is observed to be in
coincidence with the 1651- and 892-keV y rays. It is placed
between the 4812-keV and the 7fr level at 2543 keV. Also, a y
ray at 2269 keV is observed in coincidence with the 1651-keV
y ray and the y ray of 892 keV, and thus this transition has the
6, as final state, bypassing the level at 3873 keV.

A level is placed at an excitation energy of 5333 keV on the
basis of a 2791-keV transition that is observed depopulating
this level—see Fig. 4(c)—and a y coincidence that has
been established with the 1651- and 892-keV transitions,
as expected. Moreover, a 559-keV transition is observed in
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FIG. 4. Background-subtracted yy spectra for some transitions
in “°K. The spectra have been obtained by requiring a coincidence
relationship with the y transition reported above the spectrum.

coincidence with the three y rays at 2791, 1651, and 892 keV.
This transition was placed above the 5333-keV level, thus
depopulating a level at an excitation energy of 5892 keV. This
choice is further supported by the observation of a y ray at
1079 keV in coincidence with the 2269, 939, 993, 336, 1651,
and 892 transitions—see Fig. 4(d). Together with the 1526- and
1017-keV transitions, the 1079-keV transition is assigned to
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depopulate the observed state at 5892 keV to the known (8),
9?, and (82r ) states at 4366, 4876, and 4812 keV respectively.

Finally a weak transition at 1142 keV is observed in
coincidence with the transitions depopulating the two lowest
lying excited states. Since this transition is weak and since
the intensity of the decay, above the two states that appear
in coincidence, is divided among several decay paths, no
statistically significant y coincidences with other transitions
could be observed, except for the weak coincidence with the
1079-keV transition shown in Fig. 4(d). Thus, together with
the 2220-keV transition, this transition is tentatively assigned
as the decay of a 7033-keV level. The y ray of 2220 keV is as
expected in coincidence with the 939-keV transition as well
as with the 336-, 1651-, and 892-keV y rays.

None of the y rays with energies 1521 and 1767 keV
are in coincidence with the 1245-keV line, but these three
transitions are in coincidence with the yrast band; see
Fig. 4(e). The relative intensities of the 1245-, 1521-, and
1767-keV transitions, with respect to the 1352-keV transition,
are ~0.15, ~0.058, and ~0.082, respectively. These small
differences in the relative intensities suggest that all three of
these transitions should decay to the state at 6228 keV. If
the 1767-keV transition were to feed the 7748-keV level, the
probability of populating such a high-energy state, and hence
the intensity of the 1767-keV transition, would be expected
to drop dramatically. The entire yrast band up to the 9"
level is also in coincidence with the 2873-keV transition,
corresponding within 1 keV to the sum of the energies of
the transitions at 1352 and 1521 keV. This coincidence further
strengthens the placement of the y ray at 1521 keV.

A summed coincidence spectrum for the observed y rays
with an energy up to 3000 keV is shown in Fig. 5.

B. J” assignment

Tentative spin and parity assignments have been made
of some of these levels. Unfortunately the limited angle
subtended by the detector prevented the measurement of
angular distributions and thus the assignments had to rely on
the comparison of the branching ratios to Weisskopf estimates.
The relative intensities of the transitions were estimated
according to Ref. [34]. In order to obtain an estimation of
the intensity, Iy, of the y ray for a given multipolarity, the
decay widths have to be multiplied with the strength, S, of the
transition.

The transition strengths, S, are not known explicitly for each
level, but under the assumption that they are similar for similar
types of transition in a given nucleus they can be estimated
from previously known intensities in the given nucleus. Using
the relative intensities and mixing ratios reported in Ref. [33],
the strength parameters have been adjusted to reproduce known
intensities. Fixing S(E2) = 10.0 as reference value, the best
values for the transition strengths obtained were S(E1) =
3.65 x 107> and S(M1) =5.42 x 1072. These values are
consistent with the strength distributions of y-ray transitions
for A = 5-40 shown in Fig. 2 of Ref. [34].

With these values it was possible to reproduce known
intensities within a factor of three in most cases, and within
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FIG. 5. Summed y y-coincidence spectrum for all transitions listed in Table I in the energy ranges 0-1100 keV (a), 900-2100 keV (b), and
1900-3100 keV (c). The transitions at 1651 and 1823 keV were excluded from the gating conditions because similar energies are present in
the 38 Ar decay scheme. The low-energy tail of the 892- and 1651-keV peaks are due to the 1.09-ns isomer of the 7} state.

a factor of ten in the worst case. When the wrong parity was
used for known states, the intensities differed by three to five
orders of magnitude.

A tentative assignment of spin and parity was possible for
the lowest lying levels discovered in this work assuming a
mixing ratio of § = 0 for the transitions. These assignments
are shown in Table II.

For the states at 7472, 7748, and 7995 keV it was not
possible to unambiguously restrict the spin using this method.

IV. DISCUSSION
As mentioned in Sec. I, Ref. [19] interprets the yrast
positive-parity states with 67 < J7 < 9% as arising from a
proton-hole pair (J = 2) in the d3;, orbital coupled to the

7+ state in **Sc. In the same reference, the weak-coupling
calculations also predict a positive-parity multiplet with 37 <
J™ < 9% due to a **Ca(6%) core that couples to a neutron-
proton hole-pair in the d3/, orbital with T =0 and J = 3.
The highest spin state in this multiplet, 97, is predicted at
an excitation energy of 5.23 MeV, which is just slightly
lower than the (97) state at 5333 keV, tentatively identified in
the present work. For the high-energy negative-parity states,
several different configurations, lying close in energy, could
be assigned. Below 8 MeV the following d3_/32(T, J) multiplets
with isospin T, spin J, and excitation energy E(J7,,) of the
highest spin state in the multiplet were predicted in Ref. [19]:

(i) d;3(3.3) ®*Sc(4 ), E(107) = 7.96 MeV,
(i) di3(3. @ PTI(R "), E(117) = 7.50 MeV.,
(i) d53(3.3) ®*Ca(§ ), E(97) = 6.75 MeV,
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TABLE II. Tentative spin and parity assignments, J;*, for the It is not possible to unambiguously assign the observed
lowest lying energy levels observed in this work. Only the observed high-energy negative-parity states to any of these configura-
y rays have their measured intensity (Br,) listed while both observed  tions, or combination of configurations, using the current data.
and possible but unobserved y rays have their energies (E,) and Shell-model calculations have been carried out using the
calculated intensities (Br)‘,’v ) listed. The multipolarity (Mult.) used for code ANTOINE [35,36] in the valence space comprising the
the calculation and the spin-parity (J{") are listed for both observed orbits 1512, 032, 0 f7/2, 1p3/2, 1 p1 /2, and 0 fs, for neutrons
and unobserved transitions. This table does not include previously and protons. The valence space and the effective interactions
known states. have been demonstrated successfully in the description of °Ca
in Ref. [37]. Up to six particles are allowed to move from the

Ed w L

I Ey keV) Br, Br, Mult. Ji sd tothe pf shell. The results of these calculations for the yrast
) 474 20 M1 6+ and yrare states with 6 < J < 10 are shown in Tables III and
811 100(26) 100 M1 7t IV and in Fig. 2. The shell-model calculations reproduce the
2461 53(14) 71 El 5 experimental energies well, with the exception of the J* =
(7% 519 6.9(21) 5.9 M1 (61) 6ff2, 9; states that have lower energies than the theoretical
993 9.5(25) 42 M1 6" predictions. These states are also the states with the strongest

1329 100(26) 100 M1 7" predicted mixing between different configurations.
8% 446 0.8 M1 8" The shell-model calculations also reproduce the branching
939 100(26) 7.1 M1 T ratios well, except for the transitions to and from the J” =
1458 33 E2 (61) 6;“2, 9; states. As seen in Table III, the interpretation of the

1933 14 E2 6 ' . . _

2269 73(19) 100 M1 7+ yrast states dominantly belonging to a (7w d; /é f71/2) ® (v f71/2)
") 457 10 M1 o+ configuration corresponding to a J = 2 multiplet coupled to
521 1' 4 M1 8%) the 77 state in **Sc in the weak-coupling scheme is supported
967 9'1 M1 (8%) by the shell-model calculations. The interpretation of the yrare
1461 3.9 E2 ) state?s dominantly bglonging toa(w d;é) ® (vd;/; f72/2) config-
2791 100(26) 100 E2 7+ uration, correspondingtoa 7 = Oand J = 3 multiplet coupled
) 559 62(16) 4.9 El () to the 67 state in **Ca in the weak-coupling basis, is supported
1017 48(13) 30 E1 9+ by the calculations. Exceptions are the 8?2 states, where
1079 75(20) 35 El (8M) the ST has a larger contribution of the (er3_/12) ® (\)513_/12 f72/2)
B 1526 100(27) 100 El (8:) configuration and the 8 has a larger contribution of the
(10) ?22 ) 100(26) 12090 gi (99 3 (w d;é f71/2) ® (v f71/2) configuration. We can then associate the
) 306 35 M1 10y~ 7i 85, and 9] states to the coupling of a pair of proton holes
1142 59(16) 100 M1 ) with J = 2 to the #2S¢c 7+ state, while the 6+, 7;, 8?, and
1700 8.4 El 9" 95 states agree with the weak coupling of a proton-neutron

2157 17 El o+  aligned (J =3) T = 0 pair to the 61 state in **Ca.
2220 100(26) 19 El 8" The negative-parity states at high excitation energy are
2667 33 El (8+)  clearly dominated by the (d; 3 f3,) ® (vds)} f7,,) configura-
tion, with a small mixing of the (wd; 3 f7,,) ® (vd3)} f1,p32)
configuration. This is consistent with three holes outside a
@iv) d;é(%, %) ® 43Sc(%i), E(117) = 6.72 MeV, 43Sc core in the weak-coupling picture. However, there are

_ . . . 43 . .

V) d3_/32 ( % ’ % ) ® 8¢( 175 ), E(97) = 6.59 MeV. three different possible configurations of the **Sc core in this

TABLE III. Experimental energies (E.y,), calculated energies (Ey,), and amount of contribution from different configurations of the
positive-parity energy-levels according to shell-model calculations. The energy levels have been sorted into two groups depending on whether
the dominant configuration is (rrd;é f7) ® (V7)) (top) or (rrd;/lz) ® (vdg/l2 f7) (bottom).

Jr Eexp Ey (”d;/%f;/z) ® (Vf71/2) (ﬂd;/lz) & (Vd37/12f§2/2) (ﬂd§§f7l/2) & (Ud37%f73/2) (ﬂdilz) ® (vd3712f71/2p§/2)
(keV) (keV) (%) (%) (%) (%)

6;r 2880 3500 17 18 18

7;r 2543 2976 58

(8;) 4812 5172 58

9;r 4876 5121 41 30

(6;) 3354 4222 10 34 13

(7;) 3873 4255 53

(ST) 4366 4586 10 58

(9;) 5333 5992 13 31

054320-7



P.-A. SODERSTROM et al.

PHYSICAL REVIEW C 86, 054320 (2012)

TABLE IV. Experimental energies (E.,), calculated energies (Ey), and amount of contribution from different configurations of the

negative-parity energy levels according to shell-model calculations.

Jr Eexp En (nd;/lz) ® (Vf71/2) (”dg/éf;/z) ® (Vd;/; f72/2) (JTd;/% f71/2) ® (Vd;/lz f71/21731/2)
(keV) (keV) (%) (%) (%)

4, 0 0 70

57 892 846 69

(D) 5892 6007 42 12

107 6228 6133 60

93) 7033 6790 41 12

(107) 8057 30 21

region, and it is not possible to discriminate among these using
the current data.

V. SUMMARY

High-spin states in “’K have been studied via y-ray
spectroscopy using one AGATA triple cluster during the
AGATA commissioning experiment at INFN-LNL. Several
states with excitation energy up to 8 MeV and spin J < 9 have
been discovered. Shell-model calculations in a large model
space, which include orbitals of two main shells, reproduce
well the experimental findings. The observed states can be
interpreted as the weak coupling of a proton-neutron aligned
(J =3) T = 0 pair to the 67 state in **Ca.

ACKNOWLEDGMENTS

We thank the Swedish National Infrastructure for Com-
puting (SNIC) and the Uppsala Multidisciplinary Center
for Advanced Computational Science (UPPMAX) for the
computer resources used in parts of the analysis. This work was

financed by EURONS AGATA (Contract No. 506065-R113),
the Swedish Research Council under Contracts No. 621-2008-
4163, No. 621-2011-4522, No. 822-2005-3332, and No. 821-
2010-6024, the Japan Society for the Promotion of Science
(JSPS) Kakenhi Grant No. 23-01752, Ankara University (BAP
Project No. 05B4240002), the Polish Ministry of Science and
Higher Education under Grants No. DPN/N190/AGATA/2009
and No. N N202 073935, the German BMBF under Grants
No. 06K-167, No. 06KY205I, and No. 06KY9136I, the Knut
and Alice Wallenberg Foundation Contract No. 2005.0184,
and STFC (UK). A. Gadea and E. Farnea acknowledge the
support of MICINN, Spain, and INEN, Italy, through the
AIC-D-2011-0746 bilateral action. A. Gadea’s activity has
been partially supported by the Generalitat Valenciana, Spain,
under Grant PROMETEO/2010/101. A. Gadea, A. Jungclaus,
A. Poves, and B. Quintana acknowledge support from the
MICINN, Spain, under Grant FPA2011-29854. A. Poves is
partially supported by the Comunidad de Madrid (Spain)
(HEPHACOS S2009-ESP-1473). G. Jaworski acknowledges
the support of the Center for Advanced Studies of Warsaw
University of Technology. B. Cederwall acknowledges the
support of the Goran Gustafsson Foundation.

[1] E. Ideguchi, D. G. Sarantites, W. Reviol, A. V. Afanasjev,
M. Devlin, C. Baktash, R. V. F. Janssens, D. Rudolph,
A. Axelsson, M. P. Carpenter et al., Phys. Rev. Lett. 87, 222501
(2001).

[2] C. E. Svensson, A. O. Macchiavelli, A. Juodagalvis, A. Poves,
I. Ragnarsson, S. Aberg, D. E. Appelbe, R. A. E. Austin,
C. Baktash, G. C. Ball et al., Phys. Rev. Lett. 85, 2693 (2000).

[3] C. E. Svensson, A. O. Macchiavelli, A. Juodagalvis, A. Poves,
L. Ragnarsson, S. Aberg, D. E. Appelbe, R. A. E. Austin, G. C.
Ball, M. P. Carpenter et al., Phys. Rev. C 63, 061301 (2001).

[4] D. Rudolph, A. Poves, C. Baktash, R. A. E. Austin, J. Eberth,
D. Haslip, D. R. LaFosse, M. Lipoglavek, S. D. Paul, D. G.
Sarantites et al., Phys. Rev. C 65, 034305 (2002).

[5] M. Lach, J. Styczen, W. Meczyriski, P. Bednarczyk, A. Bracco,
J. Grebosz, A. Maj, J. Merdinger, N. Schulz, M. Smith et al.,
Eur. Phys. J. A 16, 309 (2003).

[6] K. Hadynska-Klgk, P. J. Napiorkowski, A. Maj, F. Azaiez, J. J.
Valiente-Dob6n, G. de Angelis, G. Anil Kumar, D. Bazzacco,
P. Bednarczyk, M. Bellato et al., Acta Phys. Pol. B 42, 817
(2011).

[7]1 J. Styczen, J. Chevallier, B. Haas, N. Schulz, P. Taras, and
M. Toulemonde, Nucl. Phys. A 262, 317 (1976).

[8] P. Bednarczyk, J. Styczefi, R. Broda, M. Lach, W. Mgczynski,
D. Bazzacco, F. Brandolini, G. de Angelis, S. Lunardi, L. Miiller
et al., Eur. Phys. J. A 2, 157 (1998).
[9] P. Bednarczyk, W. Megczynski, Styczen, J. J. Grgbosz, M. Lach,
A. Maj, M. Zieblinski, N. Kintz, J. C. Merdinger, N. Schultz
et al., Acta Phys. Pol. B 32, 747 (2001).
[10] S. M. Lenzi, D. R. Napoli, C. A. Ur, D. Bazzacco, F. Brandolini,
J. A. Cameron, E. Caurier, G. de Angelis, M. De Poli, E. Farnea
et al., Phys. Rev. C 60, 021303 (1999).
[11] C. O’Leary, M. Bentley, D. Appelbe, R. Bark, D. Cullen,
S. Ertiirk, A. Maj, J. Sheikh, and D. Warner, Phys. Lett. B 459,
73 (1999).
[12] P.-A. Soderstrom, F. Recchia, J. Nyberg, A. Al-Adili, A. Atag,
S. Aydin, D. Bazzacco, P. Bednarczyk, B. Birkenbach,
D. Bortolato et al, Nucl. Instrum. Meth. A 638, 96

(2011).

[13] A. Al-Adili, Master’s thesis, Uppsala University, 2009
(unpublished).

[14] P-A. Soderstrom, Ph.D. thesis, Uppsala University,
2011.

[15] C. K. Davis, G. D. Jones, I. G. Main, B. T. McCrone, M. F.
Thomas, and P. J. Twin, J. Phys. A 6, 844 (1973).

054320-8


http://dx.doi.org/10.1103/PhysRevLett.87.222501
http://dx.doi.org/10.1103/PhysRevLett.87.222501
http://dx.doi.org/10.1103/PhysRevLett.85.2693
http://dx.doi.org/10.1103/PhysRevC.63.061301
http://dx.doi.org/10.1103/PhysRevC.65.034305
http://dx.doi.org/10.1140/epja/i2002-10125-6
http://dx.doi.org/10.5506/APhysPolB.42.817
http://dx.doi.org/10.5506/APhysPolB.42.817
http://dx.doi.org/10.1016/0375-9474(76)90624-2
http://dx.doi.org/10.1051/epjap:1998179
http://dx.doi.org/10.1103/PhysRevC.60.021303
http://dx.doi.org/10.1016/S0370-2693(99)00656-5
http://dx.doi.org/10.1016/S0370-2693(99)00656-5
http://dx.doi.org/10.1016/j.nima.2011.02.089
http://dx.doi.org/10.1016/j.nima.2011.02.089
http://dx.doi.org/10.1088/0305-4470/6/6/013

HIGH-SPIN STRUCTURE IN “K

[16] M. E. Thomas, C. K. Davis, G. D. Jones, H. G. Price, and P. J.
Twin, J. Phys. A 7, 1985 (1974).

[17] R. M. del Vecchio, R. T. Kouzes, and R. Sherr, Nucl. Phys. A
265, 220 (1976).

[18] H. H. Eggenhuisen, L. P. Ekstrom, G. A. P. Engelbertink,
H. J. M. Aarts, and J. A. J. Hermans, Nucl. Phys. A 285, 167
(1977).

[19] P. Herges, H. V. Klapdor, and T. Oda, Nucl. Phys. A 372, 253
(1981).

[20] R. K. Bansal and J. B. French, Phys. Lett. 11, 145
(1964).

[21] B. Cederwall, F. Ghazi Moradi, T. Bick, A. Johnson,
J. Blomgvist, E. Clément, G. de France, R. Wadsworth,
K. Andgren, K. Lagergren et al., Nature (London) 469, 68
(2011).

[22] S. Zerguine and P. Van Isacker, Phys. Rev. C 83, 064314
(2011).

[23] B. S. Nara Singh, Z. Liu, R. Wadsworth, H. Grawe, T. S. Brock,
P. Boutachkov, N. Braun, A. Blazhev, M. Gorska, S. Pietri et al.,
Phys. Rev. Lett. 107, 172502 (2011).

[24] C. Qi, J. Blomgqvist, T. Bick, B. Cederwall, A. Johnson, R. J.
Liotta, and R. Wyss, Phys. Rev. C 84, 021301 (2011).

[25] Z. X. Xu, C. Qi, J. Blomgvist, R. Liotta, and R. Wyss, Nucl.
Phys. A 877, 51 (2012).

[26] L. Coraggio, A. Covello, A. Gargano, and N. Itaco, Phys. Rev.
C 85, 034335 (2012).

PHYSICAL REVIEW C 86, 054320 (2012)

[27] L. Stuhl, A. Krasznahorkay, M. Csatlds, T. Adachi, A. Algora,
J. Deaven, E. Estevez, H. Fujita, Y. Fujita, C. Guess et al., Acta
Phys. Polon. 42, 667 (2011).

[28] A.Gadea, E. Farnea, J. Valiente-Dobén, B. Million, D. Mengoni,
D. Bazzacco, F. Recchia, A. Dewald, Th. Pissulla, W. Rother
et al., Nucl. Instrum. Meth. A 654, 88 (2011).

[29] A. Wiens, H. Hess, B. Birkenbach, B. Bruyneel, J. Eberth,
D. Lersch, G. Pascovici, P. Reiter, H.-G. Thomas (AGATA
Collaboration), Nucl. Instrum. Meth. A 618, 223 (2010).

[30] S. Akkoyun, A. Algora, B. Alikhani, F. Ameil, G. De Angelis,
L. Arnold, A. Astier, A. Atag, Y. Aubert, C. Aufranc et al., Nucl.
Instrum. Meth. A 668, 26 (2012).

[31] E. Farnea, F. Recchia, D. Bazzacco, Th. Kroll, Zs. Podolyaik,
B. Quintana, and A. Gadea, Nucl. Instrum. Meth. A 621, 331
(2010).

[32] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo,
P. Arce, M. Asai, D. Axen, S. Banerjee, G. Barrand ef al., Nucl.
Instrum. Meth. A 506, 250 (2003).

[33] J. A. Cameron and B. Singh, Nucl. Data Sheets 102, 293
(2004).

[34] P. M. Endt, Atom. Data Nucl. Data Tabl. 55, 171 (1993).

[35] E. Caurier and F. Nowacki, Acta Phys. Pol. B 30, 705 (1999).

[36] E. Caurier, G. Martinez-Pinedo, F. Nowacki, A. Poves, and
A. P. Zuker, Rev. Mod. Phys. 77, 427 (2005).

[37] E. Caurier, J. Menéndez, F. Nowacki, and A. Poves, Phys. Rev.
C 75, 054317 (2007).

054320-9


http://dx.doi.org/10.1088/0305-4470/7/16/003
http://dx.doi.org/10.1016/0375-9474(76)90351-1
http://dx.doi.org/10.1016/0375-9474(76)90351-1
http://dx.doi.org/10.1016/0375-9474(77)90153-1
http://dx.doi.org/10.1016/0375-9474(77)90153-1
http://dx.doi.org/10.1016/0375-9474(81)90100-7
http://dx.doi.org/10.1016/0375-9474(81)90100-7
http://dx.doi.org/10.1016/0031-9163(64)90648-1
http://dx.doi.org/10.1016/0031-9163(64)90648-1
http://dx.doi.org/10.1038/nature09644
http://dx.doi.org/10.1038/nature09644
http://dx.doi.org/10.1103/PhysRevC.83.064314
http://dx.doi.org/10.1103/PhysRevC.83.064314
http://dx.doi.org/10.1103/PhysRevLett.107.172502
http://dx.doi.org/10.1103/PhysRevC.84.021301
http://dx.doi.org/10.1016/j.nuclphysa.2011.12.005
http://dx.doi.org/10.1016/j.nuclphysa.2011.12.005
http://dx.doi.org/10.1103/PhysRevC.85.034335
http://dx.doi.org/10.1103/PhysRevC.85.034335
http://dx.doi.org/10.5506/APhysPolB.42.667
http://dx.doi.org/10.5506/APhysPolB.42.667
http://dx.doi.org/10.1016/j.nima.2011.06.004
http://dx.doi.org/10.1016/j.nima.2010.02.102
http://dx.doi.org/10.1016/j.nima.2011.11.081
http://dx.doi.org/10.1016/j.nima.2011.11.081
http://dx.doi.org/10.1016/j.nima.2010.04.043
http://dx.doi.org/10.1016/j.nima.2010.04.043
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/j.nds.2004.06.001
http://dx.doi.org/10.1016/j.nds.2004.06.001
http://dx.doi.org/10.1006/adnd.1993.1020
http://dx.doi.org/10.1103/RevModPhys.77.427
http://dx.doi.org/10.1103/PhysRevC.75.054317
http://dx.doi.org/10.1103/PhysRevC.75.054317



