aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Cross-shell excitations in math
xmins="http://www.w3.0rg/1998/Math/MathML">mmultiscri
pts>mi>Ca/mi>mprescripts>/mprescripts>none>/none>
mn>46/mn>/mmultiscripts>/math> studied with fusion

reactions induced by a reaccelerated rare isotope beam
J. Ash, H. Iwasaki, T. Mijatovi¢, T. Budner, R. Elder, B. EIman, M. Friedman, A. Gade, M.
Grinder, J. Henderson, B. Longfellow, A. Revel, D. Rhodes, M. Spieker, Y. Utsuno, D.
Weisshaar, and C. Y. Wu
Phys. Rev. C 103, L051302 — Published 14 May 2021
DOI: 10.1103/PhysRevC.103.L051302


https://dx.doi.org/10.1103/PhysRevC.103.L051302

Cross-shell excitations in “°Ca studied with fusion reactions induced by reaccelerated
rare isotope beam

J. Ash,1’2’ H. Iwasaki,’»2 T. Mijatovi¢,"3 T. Budner,"? R. Elder,* B. Elman,"?
M. Friedman,! A. Gade,’»2 M. Grinder,"? J. Henderson,” B. Longfellow," 2 A.
Revel,! D. Rhodes,»2 M. Spieker,""® Y. Utsuno,” D. Weisshaar,! and C. Y. Wu®

! National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI 48824, USA
2 Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
3 Ruder Boskovié Institute, HR-10002 Zagreb, Croatia
4 Department of Physics and Engineering, Washington and Lee University, Lexington, VA 24450, USA.
5 Department of Physics, University of Surrey, Guildford, GU2 7XH, United Kingdom
S Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
" Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
8 Lawrence Livermore National Laboratory, Livermore, Ca 94550, USA

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 gamma-ray
spectroscopy with fusion reactions using a reaccelerated rare-isotope beam of *°K performed at the
ReA3 facility of the National Superconducting Cyclotron Laboratory. Using particle and gamma-
ray coincidence techniques, three new higher-lying states around 6 MeV and five new gamma-ray
transitions were identified for “°Ca, suggesting three independent band structures formed from
different particle-hole configurations. The rotational-like band built on the 07 state is established up
to the tentatively assigned 6 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 *®Ca.

The chain of calcium isotopes provides an ideal testing
ground for nuclear structure models. Recent experimen-
tal and theoretical efforts have aimed at exploring the
rapid evolution of the shell structure of these nuclei out
to the neutron dripline [IHI0O]. The recent discovery of
60Ca at N=40 implies that the Ca dripline should ex-
tend to at least "°Ca [3]. Meanwhile, gamma-ray spec-
troscopy has identified new magic numbers of N = 32
and N = 34 for ®2Ca [4,[5] and 5*Ca [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 repro-
duced the observed trends of charge radii from 3%Ca all
the way to 52Ca [10]. This theory also addressed the im-
portance of continuum effects in understanding the struc-
tural 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 [TIHI5]. For calcium
isotopes, studies of high-spin structures have reached
4042 (Cq |16}, [17], with pronounced shape coexistence iden-
tified for the low-lying 0% states and multiple band struc-
tures, extending to 16 in 4°Ca. For **Ca, a negative-
parity rotational band from 3~ to 13~ was proposed [I§]
based on the J(J 4 1) trend of its energy levels. Shape

* lash@nscl.msu.edu

coexistence is expected to persist in heavier calcium iso-
topes [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 [20H22]. 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 be-
tween isospin and angular momentum and allow one to
test advanced theoretical models that have been devel-
oped to describe low-lying structure of neutron-rich Ca
isotopes [, [6, 10 23H25].

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 **Caf(t,p) [26], *®Ca(p,t)
[27], and “°Ca(p,p’) [28]. However, gamma-ray spec-
troscopy has generally been limited to studies of low-
lying and low-spin states [29]. A recent S~ -decay mea-
surement 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 8~ decay
of °K with J7, = (27). As shown in previous work for
40.44Cq [16], 18], fusion-evaporation reactions can be used
effectively to study band-structures due to selective pop-
ulation of high-spin states, particularly the yrast states;
however, no stable beam and target combination is capa-
ble of reaching “6Ca with sufficient intensity. With the
advent of reaccelerator facilities, rare-isotope beams at
Coulomb barrier energies have become available, allow-
ing us to take advantage of fusion reaction mechanisms
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with a novel combination of beam and target. The Na-
tional Superconducting Cyclotron Laboratory (NSCL) is
uniquely capable of delivering the high purity reacceler-
ated 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 pro-
duction and reacceleration of rare isotope beams. By
employing this capability, knowledge of band structures
composed of high-spin states in magic calcium isotopes
will be extended to °Ca.

In this Letter, we report our result on *6Ca by means
of gamma-ray spectroscopy with fusion reactions induced
by reaccelerated rare isotope beams from the ReA3 fa-
cility [32]. A primary beam of *®Ca was produced in
the Coupled Cyclotron Facility and fragmented on a
beryllium target to produce *°K using the A1900 frag-
ment separator. The potassium 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 breed-
ing. The resulting rare-isotope beam impinged on a 5.8
mg/cm?-thick natural lithium target at an energy of 4.66
MeV /nucleon and an average intensity of 9.8 x 10% pps.
Beam energy after the target was estimated to be 2.1
MeV /nucleon, just above the Coulomb barrier of the "Li
+ %K system. Reaction products, including isotopes of
calcium, scandium, and titanium, were primarily pro-
duced via the fusion-evaporation mechanism. In partic-
ular, *6Ca was produced in the "Li(*K,a2nv)*¢Ca re-
action channel. Calculations using PACE4 [34] for this
reaction indicated production 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 K compared
to intensities 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 gamma
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 kine-
matic focusing of the “6Ca 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 B~ decay background associated with *°K, because
the unreacted beam particles pass through the target and
decay further downstream.

Gamma rays were detected using the Segmented Ger-
manium Array (SeGA), which consists of 16 high-purity
Germanium detectors [35] arranged in a barrel config-
uration into forward and backward rings surrounding
the beam pipe. Each detector has 32-fold segmentation,
and the gamma-ray hit position is used for Doppler-shift
correction, while the central contact signal determines
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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
alpha particles are well reproduced, including the maximum
deposited energy of protons at around 12-14 MeV. The alpha
gate used in Figs. 2 and 3 is defined for each angular bin by
setting a minimum deposited energy to remove proton events.

the total gamma-ray energy absorbed by the detector.
Photo-peak efficiencies of the array were measured with
152Fy and 226Ra sources to be 13.7% for 367.8-keV and
3.4% for 2448-keV gamma rays.

Charged particles recoiling out of the target were de-
tected using an annular double-sided silicon detector,
which provided 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
f from 20 to 50 degrees, where most of the recoil alpha
particles from the production of “6Ca were expected ac-
cording to PACEA4 calculations.

The design of the S3 detector allows for determina-
tion of the pixel of interaction through 24-fold radial and
32-fold azimuthal segmentation, corresponding to an an-
gular resolution of about 1.5 degrees in polar (f) and
11.3 degrees in azimuthal (¢) 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
are of the silicon detector. To limit the detection of elasti-
cally scattered lithium, a 25-um film of conductive mylar
was placed between the target and the silicon detector.
Instead of the standard particle identification based on
AE-E, we measured the total energy deposited in the sin-
gle 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
alpha particles are distinguishable. The measured data
were reproduced by the simulated results shown in Fig.
1(b), validating the present identification. The particle



1 4 — .
E, 0 ;“882:556@ 81" —41* —— Open silicon gate
C a
= ! B Alpha gate
§2] I 46Ca 41*—2¢*
% - 511 24*—>01*
o 27Al(n,ny)
810 SN, T e
10?
10

0 500 1000 1500 2000

Energy (keV)

FIG. 2. Laboratory-frame particle-gamma coincidence spec-
trum. The plot compares the spectra with an open gate
against the results when gating on alpha particles. Gamma-
ray peaks from the reaction products *>#6Ca and *"*8Sc are
labelled, as well as background from neutron-induced reac-
tions.

information provides a useful means to select reaction
channels of interest.

In this study, excited states of %6Ca were popu-
lated through the "Li(*°K,a2n7)*6Ca reaction channel.
Gamma rays were detected in coincidence with recoil-
ing light particles. The resulting laboratory-frame and
Doppler-corrected gamma-ray spectra are shown in Figs.
2 and 3, respectively. In Fig. 2, three gamma-ray peaks
are evident that correspond to previously known transi-
tions from the yrast 27, 47, and 6] states from #6Ca.
With the application of the alpha gate, these peaks sur-
vive, whereas the peaks from reaction products 4748Sc
that should be associated with proton emission are elim-
inated from the spectrum. In the alpha-gated spectrum
in Fig. 2, three peaks are also visible from the 174-,
1554-, and 1324-keV transitions in “°Ca produced in the
TLi(*K,a3n)*Ca reaction. The observed 46Ca yrast-
band cascade is summarized in Table I and illustrated
in Fig. 5. The 6] state in *Ca is known to be iso-
meric with a mean lifetime 7 of 15.0(7) ns |38, [39]; con-
sequently, 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] and
21+ 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 reac-
tions is also marked in the spectrum.

To identify gamma-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 cho-
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FIG. 3. Doppler-corrected particle-gamma coincidence spec-
trum, with a gate on alpha particles. A fast transition known
from “®Ca is observed (45 — 27) [30], as well as newly iden-
tified peaks at 468 and 2715 keV and a peak structure at
309 keV, as seen in the inset. Laboratory-frame gamma rays
are seen as doublets due to the different geometrical effects
of the forward and backward SeGA detectors in the Doppler
correction.

sen to eliminate angular dependence of Doppler-corrected
peak energies. The gamma-ray spectrum clearly presents
newly identified peaks at 468 and 2715 keV, together with
a peak structure at 309 keV. By gating on the transi-
tion for the 61+ 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] based on mu-
tual coincidence relations. The 2715-keV gamma ray has
a higher intensity than the other two gamma rays in the
cascade, leading to the level scheme shown in Fig.5(a).
The 309-keV and 468-keV transitions had equivalent in-
tensities, so tentative placement in the level scheme was
based on the ideal value of v/c for Doppler-shift cor-
rection (v/c = 6.75% for 309 keV and v/c = 6.5% for
469 keV). In addition, the gamma-ray peaks which cor-
respond to decays from known states, including 5~ and
(63) whose J™ were originally deduced from angular dis-
tributions [27], were newly observed in the present study
using coincidence with the decay of the first excited state
(J™ = 27), as shown in Fig. 4(b). In fact, when looking
back at Fig. 3, a signature of the 6] decay is visible at
2006 keV, supporting the peak assignment. It should be
noted that the energy gate used to select alpha particles
is removed for Fig. 4 to maximize yields in *6Ca gamma
rays.

The conditions under which the new cascade was ob-
served limit the possibilities of the spin and parity of the
states among the cascade. All three gamma rays shown
in Fig. 4(a) required Doppler-correction in order to be
identified and thus were emitted in flight, corresponding
to fast (7 < 10 ps) decays. For the 5689-keV state, the
2715-keV transition directly populates the 6f state, and
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FIG. 4. Background-subtracted particle-gamma-gamma co-
incidence gated on 399-keV (a) and 1346-keV (b) gamma
rays confirmed new “®Ca transitions. New transitions to
(un)known states are labeled in blue (red). The counts around
900-1100 keV in (a) are remnants of the Compton edges of the
47 and 2 decays.

other transitions to lower-spin (J < 6) states were not ob-
served. This non-observation 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 tran-
sitions, their relatively low energies and short limit on
their lifetimes exclude the possibility of E2 or higher mul-
tipolarity. Assuming a conservative upper limit on their
lifetime of 10 ps, transition strengths have corresponding
lower limits of B(E1) > 7.4-10~* W.u., B(M1) > 0.031
W.u., and B(E2) > 371 W.u. for the 468-keV decay
and B(E1) > 2.6-107% W.u,, B(M1) > 0.11 W.u., and
B(E2) > 2960 W.u. for the 309-keV decay. According to

TABLE 1. The levels of *®Ca identified in this experiment.
Intensity (I,) is presented relative to the 1346-keV gamma-
ray yield and is corrected by a scaling factor that accounts for
differences in gamma-ray efficiencies [40] as well as effective
target thickness available for each reaction channel. New re-
sults from this experiment are in bold, others are in agreement
with accepted ENSDF values [41].

Bipitial (keV)  J™ B, (keV) Bgpap (keV) I,

1346.0(5) 27 1346.0(5) 0 100

2574.7(7) 4F  1228.7(5)  1346.0 65.9(6)
2973.9(9) 67 399.2(5) 24747 35.7(6)
3018(3) 25 1672(3)  1346.0 3.0(19)
3624(4) 37 2278(4)  1346.0 6.5(10)
3859(3) 4F  2513(3)  1346.0 10.8(14)
4188(3) 5, 1613(3)  2574.7 4.8(7)
5689(2) (77) 2715(2)  2973.9 9.2(14)
5865(5) (65) 2006(3) 3859 5.1(11)
6157(3) (87) 468(2) 5689 4.5(6)
6466(4) (97) 309(2) 6157 5.7(8)
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FIG. 5. Experimental level scheme of *°Ca (a) compared to
results of sd — pf — sdg shell model calculations (b). Ex-
cited states (gamma-ray transitions) newly identified from
this work are shown in red (blue). The inset shows excita-
tion energy vs. angular momentum for the yrast J1+ (black)
and yrare J;7 (red) bands, where the lines are to guide the
eyes.

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 transitions. These observa-

tions prompt two possible assignments: (9) — (8) — (7)
r (10) — (9) — (8), as discussed further below.

Figure 5(b) presents the result of the large-scale shell
model calculation in the sd — pf — sdg valence space
including cross-shell excitations for negative-parity one-
particle-one-hole (1p-1h) states as well as positive-parity
Op-Oh and 2p-2h states, without mixing across con-
figurations. The SDPF-MU interaction [43] with the
modification found in Ref.
netic strengths were calculated using effective charges
(ep,en) = (1.5e,0.5¢) and effective g, 0.7gs and
g; = 1.0g; modified from bare g values.

[6] was used. Electromag-

The present calculations for the Op-Oh states shown in
Fig. 5(b) are essentially the same as the results from
an fp-shell shell model calculation using the GXPF1A
Hamiltonian. However, the predicted locations of the



87-10] states are much higher than the cascade of tran-
sitions newly observed in this work. The broad reliabil-
ity of GXPF1A to accurately reproduce high-spin yrast
level energies is well-established [44], so this discrep-
ancy with the observed level spacing does not support a
107 — 97 — 8] 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 (97) — (87) — (77) cas-
cade transition. In particular, the 8] — 7, 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] — 7; 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 97 — 8] transition is consistent with the exper-
imental lower limit of 0.11 W.u. This suggests that the
observed cascade corresponds to the 97 — 8 — 75 shell
model levels.

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 (97) — (87) — (77)
cascade in “6Ca has a much smaller level spacing as com-
pared to the (77) — 5~ energy difference, and does not
follow the increasing J(J+1) level spacing as observed for
the rotational-like negative-parity band in **Ca. In the
case of #Ca, strong E2 transitions are observed among
the negative-parity states, whereas the 37, 5;, and (77)
states in “6Ca appear to primarily decay by E1 transi-
tions to the yrast band, suggesting a particle-hole char-
acter for these states. This view is also supported by
the large gap between the 5; and (77) states, which is
comparable to that observed for the O;S and other yrast

levels, because 5] can be formed as the (d§/12)(f71/2) spin-
stretched state coupled to O, whereas the (77) state
requires core excitations.

On the other hand, it should be noted that the (65 ) —
43 gamma transition energy was found to follow the
J(J 4+ 1) trend expected for a rotational band (Fig. 5

inset), confirming the deformed band structure on top of
the 05 state. The shell model calculations show a some-
what 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;, 4;, and 6; decays, respec-
tively), suggesting substantial collectivity. The present
calculations also show dominant proton 2p-2h excita-
tions in these yrare states. These results indicate the
prevalence of shape coexistence in “6Ca formed by the
different particle-hole (Op-Oh and 2p-2h) configurations,
confirming the transition of O;r bands (suggested in Ref.
[19]) from dominant 4p-4h (6p-4h) configurations in 4°Ca
(2Ca) 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 gamma-ray spectroscopy.
Three new states and five new transitions were observed
in 46Ca. Together with the consistency with the large-
scale shell model calculations, the present results sug-
gest the persistence of shape coexistence in 45Ca 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 iso-
topes away from stability, where new magicity has re-
cently been identified.
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