
PHYSICAL REVIEW C 103, L051302 (2021)
Letter

Cross-shell excitations in 46Ca studied with fusion reactions induced by a
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J. Ash ,1,2,* H. Iwasaki ,1,2 T. Mijatović,1,3 T. Budner,1,2 R. Elder ,4 B. Elman,1,2 M. Friedman ,1 A. Gade ,1,2

M. Grinder,1,2 J. Henderson ,5 B. Longfellow,1,2 A. Revel ,1 D. Rhodes,1,2 M. Spieker ,1,6 Y. Utsuno,7

D. Weisshaar ,1 and C. Y. Wu8

1National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
2Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
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Discovering unexplored high-spin states in neutron-rich nuclei can open up a new direction to study band
structure and the associated shell structure in isospin-asymmetric many-body systems. However, experimental
reach has so far been limited to neutron-deficient or stable nuclei which are preferentially produced in fusion
reactions used in such studies. Here, we report the first γ -ray spectroscopy with fusion reactions using a reac-
celerated rare-isotope beam of 45K performed at the ReA3 facility of the National Superconducting Cyclotron
Laboratory. Using particle and γ -ray coincidence techniques, three new higher-lying states around 6 MeV and
five new γ -ray transitions were identified for 46Ca, suggesting three independent band structures formed from
different particle-hole configurations. The rotational-like band built on the 0+

2 state is established up to the
tentatively assigned 6+

2 state. New results are compared to large-scale shell model calculations, confirming the
validity of the effective interaction describing particle-hole excitations across the Z = 20 and N = 28 shell gaps
in the vicinity of doubly magic 48Ca.
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The chain of calcium isotopes provides an ideal testing
ground for nuclear structure models. Recent experimental and
theoretical efforts have aimed at exploring the rapid evolution
of the shell structure of these nuclei out to the neutron dripline
[1–10]. The recent discovery of 60Ca at N = 40 implies that
the Ca dripline should extend to at least 70Ca [3]. Meanwhile,
γ -ray spectroscopy has identified new magic numbers of N =
32 and N = 34 for 52Ca [4,5] and 54Ca [6], respectively, with
confirmation from mass measurements [7,8]. For 52Ca, an
unexpectedly large charge radius found in Ref. [9] has posed
challenges for theoretical interpretation, while recent density
functional theory has successfully reproduced the observed
trends of charge radii from 36Ca all the way to 52Ca [10]. This
theory also addressed the importance of continuum effects in
understanding the structural evolution in the isotopic chain.

While the isospin frontier has been the focus of many
recent efforts in nuclear structure studies, the study of
medium- to high-spin states remains an important challenge
for neutron-rich nuclei [11–15]. For calcium isotopes, stud-
ies of high-spin structures have reached 40,42Ca [16,17] with
pronounced shape coexistence identified for the low-lying 0+
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states and multiple band structures, extending to 16+ in 40Ca.
For 44Ca, a negative-parity rotational band from 3− to 13− was
proposed [18] based on the J (J + 1) trend of its energy levels.
Shape coexistence is expected to persist in heavier calcium
isotopes [19], where the energy relation between spherical
and deformed states may evolve far from stability, as seen
in other neutron-rich regions including along the N = 20 and
N = 50 isotones [20–22]. Expanding our knowledge of these
deformed bands in the Ca isotopes and characterizing their
evolution toward doubly-magic 48Ca and beyond would give
insight into the interplay between isospin and angular mo-
mentum and allow one to test advanced theoretical models
that have been developed to describe low-lying structure of
neutron-rich Ca isotopes [1,6,10,23–25].

Previous investigations into 46Ca have not uncovered the
underlying band structure of the nucleus. Through particle
spectroscopy, several excited states have been identified, using
for instance 44Ca(t, p) [26], 48Ca(p, t ) [27], and 46Ca(p, p′)
[28]. However, γ -ray spectroscopy has generally been limited
to studies of low-lying and low-spin states [29]. A recent
β−-decay measurement has identified 42 new excited states
in 46Ca [30], but no band structures were observed due to
the selective population of low-spin states by the β− decay of
46K with Jπ

g.s. = (2−). As shown in previous work for 40,44Ca
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[16,18], fusion-evaporation reactions can be used effectively
to study band structures due to selective population of high-
spin states, particularly the yrast states; however, no stable
beam and target combination is capable of reaching 46Ca
with sufficient intensity. With the advent of reaccelerator fa-
cilities, rare-isotope beams at Coulomb barrier energies have
become available, allowing us to take advantage of fusion
reaction mechanisms with a novel combination of beam and
target. The National Superconducting Cyclotron Laboratory
(NSCL) is uniquely capable of delivering the high purity reac-
celerated beams produced following projectile fragmentation
using the combination of the A1900 fragment separator [31]
and the reaccelerated beam facility (ReA3) [32]. This yields
a chemistry-independent mechanism for the production and
reacceleration of rare isotope beams. By employing this ca-
pability, knowledge of band structures composed of high-spin
states in magic calcium isotopes will be extended to 46Ca.

In this Letter, we report our result on 46Ca by means of
γ -ray spectroscopy with fusion reactions induced by reac-
celerated rare isotope beams from the ReA3 facility [32].
A primary beam of 48Ca was produced in the Coupled Cy-
clotron Facility and fragmented on a beryllium target to
produce 45K using the A1900 fragment separator. The potas-
sium beam was collected in a gas-stopper cell with helium
gas and delivered to the NSCL’s electron beam ion trap
(EBIT) [33], where it was prepared for injection into ReA3
through charge breeding. The resulting rare-isotope beam im-
pinged on a 5.8 mg/cm2-thick natural lithium target at an
energy of 4.66 MeV/nucleon and an average intensity of
9.8 × 104 pps. Beam energy after the target was estimated
to be 2.1 MeV/nucleon, just above the Coulomb barrier of
the 7Li + 45K system. Reaction products, including isotopes
of calcium, scandium, and titanium, were primarily produced
via the fusion-evaporation mechanism. In particular, 46Ca
was produced in the 7Li(45K, α2nγ ) 46Ca reaction channel.
Calculations using PACE4 [34] for this reaction indicated pro-
duction cross sections of 80–110 mb over most of the target
thickness.

The use of a thick lithium target is key to realizing the
present measurement. First, a thicker target can partly offset
the relatively low beam intensity of 45K compared to inten-
sities typically used for fusion reaction studies with stable
beams. Second, the thick target, together with the energy
dissipation of fusion reactions, allows for reaction products
to stop in the target, emitting γ rays in the laboratory frame if
excited-state lifetimes are sufficiently long. This enables us to
observe distinct peak structures without Doppler broadening.
In addition, the present inverse-kinematics setup results in
a strong kinematic focusing of the 46Ca reaction products,
allowing the Doppler-shift correction for short-lived states
to be made assuming that the reaction products travel along
the beam axis. This configuration also helps to reduce the
β− decay background associated with 45K, because the unre-
acted beam particles pass through the target and decay further
downstream.

γ rays were detected using the segmented germanium
array (SeGA), which consists of 16 high-purity Germanium
detectors [35] arranged in a barrel configuration into forward

FIG. 1. Particle identification using energy and angle infor-
mation from the silicon detector. The experimental result (a) is
compared with simulations (b) based on PACE4 [34] and SRIM [36]
calculations. The different behaviors of proton and α particles are
well reproduced, including the maximum deposited energy of pro-
tons at around 12–14 MeV. The α gate used in Figs. 2 and 3 is
defined for each angular bin by setting a minimum deposited energy
to remove proton events.

and backward rings surrounding the beam pipe. Each detector
has 32-fold segmentation, and the γ -ray hit position is used
for Doppler-shift correction, while the central contact signal
determines the total γ -ray energy absorbed by the detector.
Photopeak efficiencies of the array were measured with 152Eu
and 226Ra sources to be 13.7% for 367.8-keV and 3.4% for
2448-keV γ rays.

Charged particles recoiling out of the target were detected
using an annular double-sided silicon detector, which pro-
vided partial selection of reaction channels. The arrangement
was a modification of the JANUS setup used primarily for
Coulomb excitation measurements at ReA3 [37]. The 1-mm
thick S3-type detector was used for the present work and
placed 3.1 cm downstream of the target. With an inner radius
of 1.1 cm and an outer radius of 3.5 cm, the present setup
covers polar angles θ from 20 to 50 degrees, where most of the
recoil α particles from the production of 46Ca were expected
according to PACE4 calculations.

The design of the S3 detector allows for determination of
the pixel of interaction through 24-fold radial and 32-fold
azimuthal segmentation, corresponding to an angular reso-
lution of about 1.5 degrees in polar (θ ) and 11.3 degrees
in azimuthal (φ) angles. Due to the inverse kinematics of
the reaction, beam-like reaction products experienced forward
focusing within 6 degrees relative to the beam axis, preventing
them from reaching the active area of the silicon detector. To
limit the detection of elastically scattered lithium, a 25-µm
film of conductive mylar was placed between the target and
the silicon detector. Instead of the standard particle identifica-
tion based on �E -E , we measured the total energy deposited
in the single thick detector in order to cover the recoiling
particles emitted in a wide energy range. As demonstrated in
Fig. 1(a), the angle-energy correlation shows that protons and
α particles are distinguishable. The measured data were repro-
duced by the simulated results shown in Fig. 1(b), validating
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FIG. 2. Laboratory-frame particle-gamma coincidence spec-
trum. The plot compares the spectra with an open gate against the
results when gating on α particles. γ -ray peaks from the reaction
products 45,46Ca and 47,48Sc are labeled, as well as background from
neutron-induced reactions.

the present identification. The particle information provides a
useful means to select reaction channels of interest.

In this study, excited states of 46Ca were populated
through the 7Li(45K, α2nγ ) 46Ca reaction channel. γ rays
were detected in coincidence with recoiling light particles.
The resulting laboratory-frame and Doppler-corrected γ -ray
spectra are shown in Figs. 2 and 3, respectively. In Fig. 2,
three γ -ray peaks are evident that correspond to previously
known transitions from the yrast 2+

1 , 4+
1 , and 6+

1 states from
46Ca. With the application of the α gate, these peaks survive,
whereas the peaks from reaction products 47,48Sc that should

FIG. 3. Doppler-corrected particle-γ coincidence spectrum, with
a gate on α particles. A fast transition known from 46Ca is ob-
served (4+

2 → 2+
1 ) [30], as well as newly identified peaks at 468

and 2715 keV and a peak structure at 309 keV, as seen in the inset.
Laboratory-frame γ rays are seen as doublets due to the different
geometrical effects of the forward and backward SeGA detectors in
the Doppler correction.

TABLE I. The levels of 46Ca identified in this experiment. In-
tensity (Iγ ) is presented relative to the 1346-keV γ -ray yield and is
corrected by a scaling factor that accounts for differences in γ -ray
efficiencies [40] as well as effective target thickness available for
each reaction channel. New results from this experiment are in bold,
others are in agreement with accepted ENSDF values [41].

Einitial (keV) Jπ Eγ (keV) Efinal (keV) Iγ

1346.0(5) 2+
1 1346.0(5) 0 100

2574.7(7) 4+
1 1228.7(5) 1346.0 65.9(6)

2973.9(9) 6+
1 399.2(5) 2474.7 35.7(6)

3018(3) 2+
2 1672(3) 1346.0 3.0(19)

3624(4) 3−
1 2278(4) 1346.0 6.5(10)

3859(3) 4+
2 2513(3) 1346.0 10.8(14)

4188(3) 5−
1 1613(3) 2574.7 4.8(7)

5689(2) (7−) 2715(2) 2973.9 9.2(14)
5865(5) (6+

2 ) 2006(3) 3859 5.1(11)
6157(3) (8−) 468(2) 5689 4.5(6)
6466(4) (9−) 309(2) 6157 5.7(8)

be associated with proton emission are eliminated from the
spectrum. In the α-gated spectrum in Fig. 2, three peaks are
also visible from the 174-, 1554-, and 1324-keV transitions
in 45Ca produced in the 7Li(45K, α3n) 45Ca reaction. The
observed 46Ca yrast-band cascade is summarized in Table I
and illustrated in Fig. 5. The 6+

1 state in 46Ca is known to
be isomeric with a mean lifetime τ of 15.0(7) ns [38,39];
consequently, the decays occur after the nucleus has stopped
in the target, presenting a distinct peak in the laboratory-frame
spectrum. On the other hand, the broad shoulders observed on
the higher and lower sides of the 4+

1 and 2+
1 peaks originate

from Doppler-broadening associated with events where the
states are populated promptly and gamma rays are emitted
while the reaction product was still in flight. Background from
neutron-induced reactions is also marked in the spectrum.

FIG. 4. Background-subtracted particle-γ -γ coincidence gated
on 399-keV (a) and 1346-keV (b) γ rays confirmed new 46Ca transi-
tions. New transitions to previously (un)known states are labeled in
blue (red). The counts around 900–1100 keV in (a) are remnants of
the Compton edges of the 4+

1 and 2+
1 decays.
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FIG. 5. Experimental level scheme of 46Ca (a) compared to re-
sults of sd-p f -sdg shell model calculations (b). Excited states (γ -ray
transitions) newly identified from this work are shown in red (blue).
The inset shows excitation energy vs. angular momentum for the
yrast J+

1 (black) and yrare J+
2 (red) bands, where the lines are to

guide the eyes.

To identify γ -ray transitions from short-lived states, a
Doppler-shift correction was applied. Figure 3 presents the
alpha-gated Doppler-corrected spectrum with v/c = 6.75%,
assuming outgoing particles travel along the beam line.
This velocity parameter was chosen to eliminate angular
dependence of Doppler-corrected peak energies. The γ -ray
spectrum clearly presents newly identified peaks at 468 and
2715 keV, together with a peak structure at 309 keV. By gating
on the transition for the 6+

1 decay, these three new transitions
were confirmed at 309, 468, and 2715 keV [Fig. 4(a)] and
found to decay in a cascade above the 6+

1 based on mutual co-
incidence relations. The 2715-keV γ ray has a higher intensity
than the other two γ rays in the cascade, leading to the level
scheme shown in Fig. 5(a). The 309-keV and 468-keV transi-
tions had equivalent intensities, so tentative placement in the
level scheme was based on the ideal value of v/c for Doppler-
shift correction (v/c = 6.75% for 309 keV and v/c = 6.5%
for 469 keV). In addition, the γ -ray peaks which correspond
to decays from known states, including 5− and (6+

2 ) whose
Jπ were originally deduced from angular distributions [27],
were newly observed in the present study using coincidence
with the decay of the first excited state (Jπ = 2+

1 ), as shown

in Fig. 4(b). In fact, when looking back at Fig. 3, a signature
of the (6+

2 ) decay is visible at 2006 keV, supporting the peak
assignment. It should be noted that the energy gate used to
select α particles is removed for Fig. 4 to maximize yields in
46Ca γ rays.

The conditions under which the new cascade was observed
limit the possibilities of the spin and parity of the states among
the cascade. All three γ rays shown in Fig. 4(a) required
Doppler-correction in order to be identified and thus were
emitted in flight, corresponding to fast (τ < 10 ps) decays.
For the 5689-keV state, the 2715-keV transition directly pop-
ulates the 6+

1 state, and other transitions to lower-spin (J < 6)
states were not observed. This nonobservation indicates a high
spin value for the 5689-keV state, above J = 6, leaving the
natural parity assignments of 7− or 8+. For the other two
transitions, their relatively low energies and short limit on
their lifetimes exclude the possibility of E2 or higher multi-
polarity. Assuming a conservative upper limit on their lifetime
of 10 ps, transition strengths have corresponding lower lim-
its of B(E1) > 7.4 × 10−4 W.u., B(M1) > 0.031 W.u., and
B(E2) > 371 W.u. for the 468-keV decay and B(E1) > 2.6 ×
10−3 W.u., B(M1) > 0.11 W.u., and B(E2) > 2960 W.u. for
the 309-keV decay. According to recommended upper limits
for the A = 45–90 region [42], which are given as 0.01, 3,
and 300 W.u. for E1, M1, and E2, respectively, the cascade
decay should predominantly occur via either E1 or M1 tran-
sitions. These observations prompt two possible assignments:
(9) → (8) → (7) or (10) → (9) → (8), as discussed further
below.

Figure 5(b) presents the result of the large-scale shell
model calculation in the sd-p f -sdg valence space including
cross-shell excitations for negative-parity one-particle–one-
hole (1p-1h) states as well as positive-parity 0p-0h and 2p-2h
states, without mixing across configurations. The SDPF-MU
interaction [43] with the modification found in Ref. [6] was
used. Electromagnetic strengths were calculated using effec-
tive charges (ep, en) = (1.5e, 0.5e) and effective g′

s = 0.7gs

and g′
l = 1.0gl modified from bare g values.

The present calculations for the 0p-0h states shown in
Fig. 5(b) are essentially the same as the results from an f p-
shell shell model calculation using the GXPF1A Hamiltonian.
However, the predicted locations of the 8+

1 -10+
1 states are

much higher than the cascade of transitions newly observed
in this work. The broad reliability of GXPF1A to accurately
reproduce high-spin yrast level energies is well established
[44], so this discrepancy with the observed level spacing does
not support a 10+

1 → 9+
1 → 8+

1 assignment, though it is not
completely ruled out by the present data. If one looks at the
results for the 1p-1h and 2p-2h excitations, the observed levels
were more consistent with the (9−) → (8−) → (7−) cascade
transition. In particular, the 8−

1 → 7−
2 transition is predicted

to have an M1 strength of B(M1) = 0.57 W.u., consistent
with the experimental lower limit of 0.031 W.u. The other
8−

1 → 7−
1 transition is less likely to correspond because its

predicted transition strength of 0.030 W.u. is close to the
conservative lower limit. Similarly, the predicted strength of
B(M1) = 0.16 W.u. for the 9−

1 → 8−
1 transition is consistent

with the experimental lower limit of 0.11 W.u. This suggests
that the observed cascade corresponds to the 9−

1 → 8−
1 → 7−

2
shell model levels.
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The behavior of the band-like structures illustrated in Fig. 5
can be studied by comparisons to neighboring nuclei as well
as with shell model calculations. For the negative-parity band,
the observed (9−) → (8−) → (7−) cascade in 46Ca has a
much smaller level spacing as compared to the (7−) → 5−
energy difference, and does not follow the increasing J (J + 1)
level spacing as observed for the rotational-like negative-
parity band in 44Ca. In the case of 44Ca, strong E2 transitions
are observed among the negative-parity states, whereas the
3−

1 , 5−
1 , and (7−) states in 46Ca appear to primarily decay

by E1 transitions to the yrast band, suggesting a particle-
hole character for these states. This view is also supported
by the large gap between the 5−

1 and (7−) states, which is
comparable to that observed for the 0+

g.s. and other yrast levels,
because 5−

1 can be formed as the (d−1
3/2)( f 1

7/2) spin-stretched
state coupled to 0+

g.s., whereas the (7−) state requires core
excitations.

On the other hand, it should be noted that the (6+
2 ) →

4+
2 γ transition energy was found to follow the J (J + 1)

trend expected for a rotational band (Fig. 5 inset), present-
ing the deformed band structure on top of the 0+

2 state. The
shell model calculations show a somewhat compressed band
structure; however, they predict large B(E2) values within
the yrare band (26.3, 35.2, and 32.0 W.u. for the 2+

2 , 4+
2 ,

and 6+
2 decays, respectively), suggesting substantial collec-

tivity. The present calculations also show dominant proton
2p-2h excitations in these yrare states. These results indicate
the prevalence of shape coexistence in 46Ca formed by the

different particle-hole (0p-0h and 2p-2h) configurations, con-
firming the transition of 0+

2 bands (suggested in Ref. [19])
from dominant 4p-4h (6p-4h) configurations in 40Ca (42Ca)
to proton 2p-2h excitations.

In summary, we demonstrated the usefulness of fusion
evaporation reactions when combined with reaccelerated rare
isotope beams to access unexplored high-spin states in the
neutron-rich regime with γ -ray spectroscopy. Three new
states and five new transitions were observed in 46Ca. To-
gether with the consistency with the large-scale shell model
calculations, the present results suggest the persistence of
shape coexistence in 46Ca due to the competition between
established shell structure and particle-hole excitations. This
work opens the way for further investigation into more
neutron-rich Ca isotopes away from stability, where new
magicity has recently been identified.
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