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Probing proton cross-shell excitations through the two-neutron removal from *Ca
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Bound states of the neutron-deficient, near-dripline nucleus **Ca were populated in two-neutron removal
from the ground state of *Ca, a direct reaction sensitive to the single-particle configurations and couplings
of the removed neutrons in the projectile wave function. Final-state exclusive cross sections for the formation
of *Ca and the corresponding longitudinal momentum distributions, both determined through the combination
of particle and y-ray spectroscopy, are compared to predictions combining eikonal reaction theory and shell-
model two-nucleon amplitudes from the USDB, USDC, and ZBM2 effective interactions. The final-state cross-
section ratio o (2{)/o(0%) shows particular sensitivity and is approximately reproduced only with the two-
nucleon amplitudes from the ZBM2 effective interaction that includes proton cross-shell excitations into the pf
shell. Characterizing the proton pf-shell occupancy locally and schematically, an increase of the sd-pf shell gap
by 250 keV yields an improved description of this cross-section ratio and simultaneously enables a reproduction
of the B(E2;0f — 2]) excitation strength of **Ca. This highlights an important aspect if a new shell-model
effective interaction for the region was to be developed on the quest to model the neutron-deficient Ca isotopes

and surrounding nuclei whose structure is impacted by proton cross-shell excitations.
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The calcium isotopic chain constitutes an attractive testing
ground for nuclear models due to its diverse structure with
changing neutron number, N. Besides the well-established
magic numbers at N = 20 and 28, new neutron (sub)shell
closures have been identified for the neutron-rich >2Ca [1-3]
and >*Ca [4,5] isotopes at N = 32 and 34, respectively. At
the neutron-deficient end of the calcium isotopic chain, a
recent mass measurement of *Ca suggests a doubly magic
character also for 3°Ca (N = 16) [6]. Due to their location at
the northern boundary of the sd shell, the nuclear structure
of the calcium isotopes is highly susceptible to the occupa-
tion of proton pf-shell orbitals. However, calculations using
nuclear density functional theory, which were employed for
the description of nuclear charge radii, indicate only a small
proton pf-shell occupancy in the ground state [7], thus largely
leaving the Z = 20 shell closure intact. Studies of the nucleus
3%Ca using configuration-interaction shell-model calculations
[8] corroborate these results [9,10] but identify an almost pure
proton 2p-2h intruder configuration for the first excited 05
state. This interesting level exhibits one of the largest known
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mirror-energy differences on the nuclear chart [9], which was
subsequently confirmed experimentally through a combina-
tion of (p, d) and (p, t) transfer reactions [10].

In contrast to the findings above, an earlier shell-model
study of nuclear charge radii was interpreted to indicate a
considerable weakening of the Z = 20 and N = 20 shell clo-
sures already in the vicinity of doubly magic “’Ca [11]. Due to
the possibility of proton excitations, a weakened Z = 20 shell
closure should also result in enhanced quadrupole collectivity
of the neutron-deficient calcium isotopes. Indeed, the success-
ful description of the measured B(E2;0; — 2{) transition
strengths of 3®38Ca was shown to require the incorporation
of sizable proton pf-shell occupancy in the ground states
[12]. In contrast, the USDB Hamiltonian, which is limited
to the sd model space [13], underestimates the excitation
strength by about one order of magnitude, presumably due
to the absence of proton excitations. Enlarging the model
space to include the pf shell and employing the SDPF-U-MIX
effective interaction [14], which yields a good description of
the low-energy structure and mirror-energy differences of the
36Ca-30g pair [9,10], offers only a small increase relative to
the USDB results and fails to adequately account for the low-
lying collectivity of **3¥Ca [12]. This quadrupole collectivity
seems solely captured by the ZBM?2 effective interaction in
the (1d3/2, 2S1/2, 1f7/2, 2[73/2) model space [11], which pre-
dicts proton sd shell occupancies of merely 55 and 40%
in the ground states of ®Ca and *Ca, respectively [12]. In

©2023 American Physical Society
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FIG. 1. Event-by-event particle identification plot of projectile-
like residues produced in the Be(**Ca, X + y)Y reaction. The
figure displays the data used for determination of absolute inclusive
cross sections and has a particle-y coincidence condition applied.
Inelastically scattered *Ca beam entering the focal plane and the
3%Ca two-neutron removal residues are marked.

the future, the emerging evidence for the influence of proton
cross-shell excitations could be tested and quantified through
direct proton-removal reactions.

Here, the direct two-neutron removal reaction from ¥Ca
is used to gain valuable and complementary insights into the
wave-function overlap of the ground state of *Ca and the
bound final states of **Ca. The associated final-state exclusive
cross sections are modeled through a combination of eikonal
reaction dynamics and shell-model two-nucleon amplitudes
(TNAs) [15,16]. The latter, which encode the overlap be-
tween the initial and final states, facilitate a sensitive and
unique benchmark of different model spaces and interac-
tions when confronting the measured and theoretical cross
sections. In the present case of two-neutron removal from
the ground state of 3(Ca to final states of 3°Ca, calculated
cross sections o', employing the USDB, USDC, and ZBM2
interactions, are compared to experimental values from the
9Be(*®Ca, *°Ca +y)X reaction to explore the adequacy of the
pure sd-shell description (USDB and USDC) versus the need
for proton cross-shell excitations across the Z = 20 shell gap
(ZBM2).

The unstable secondary **Ca beam was produced through
fragmentation of a stable 40Ca beam, accelerated by the
Coupled Cyclotron Facility of the National Superconducting
Cyclotron Laboratory [17] to 140 MeV /u, on a 799-mg/cm?
°Be production target and separated using a 300 mg/cm?
Al wedge degrader in the A1900 fragment separator [18].
The momentum acceptance of the separator was limited to
Ap/p = 0.25%. The resulting secondary beam, which exhib-
ited an approximately 85% purity in **Ca and a typical rate of
1.6x10° 38Ca ions per second, was impinged on a secondary
188 mg/cm? thick Be target located at the target position of
the S800 magnetic spectrograph [19]. The midtarget energy
of the 3¥Ca projectiles was 60.9 MeV /u, corresponding to a
velocity of v/c &~ 0.345.

The particle identification in the entrance and exit channel
was performed on an event-by-event basis using plastic timing
scintillators and the S800 focal-plane detection system [20].
The incoming projectiles were identified from their velocity
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FIG. 2. Doppler-corrected (v/c = 0.341) y-ray spectrum de-
tected by GRETINA in coincidence with **Ca residues registered in
the focal plane of the S800 spectrograph. The solid red curve rep-
resents a background model comprising an exponential component
(dashed red) and GRETINA’s detector response (dotted red) ob-
tained from simulations employing the GEANT4-based [30,31] code
UCGretina [32].

difference measured between two plastic scintillators located
at the exit of the A1900 and the object position of the S800
analysis beam line. The outgoing reaction residues were dis-
tinguished based on their energy loss determined in the S800
ionization chamber and the time of flight measured between
the object position of the analysis beam line and the plastic
scintillator at the back of the S800 focal plane. As evident
from the particle-identification plot shown in Fig. 1, the **Ca
nuclei produced in two-neutron removal are well separated
from the other reaction residues entering the large-acceptance
focal plane of the S800 spectrograph. Results from additional
reaction channels populated in this experiment are reported in
Refs. [21-23].

For detection of y rays emitted in the decay of excited
nuclear states, the reaction target was surrounded by the high-
resolution y -ray tracking array GRETINA [24,25], consisting
of 12 detector modules; each of which contains four 36-fold
segmented high-purity germanium crystals. The Doppler-
corrected y-ray spectrum of *°Ca produced in two-neutron
removal from **Ca is shown in Fig. 2. The event-by-event
Doppler reconstruction was performed with respect to the spa-
tial coordinates of the y-ray interaction point with the highest
energy deposition as deduced from online signal decomposi-
tion. The spectrum features a prominent peak at 3046(3) keV,
corresponding to the transition of the 2} state to the ground
state. Testament to the proximity of the proton dripline, the
low proton-decay threshold of *°Ca of S, = 2600(6) keV
[26,27] leaves the 2| state with a small proton decay branch in
addition to the y emission. In agreement with previous y-ray
spectroscopy [12,28,29], no transitions from the other excited
states reported in Ref. [10] are observed. The recently dis-
covered O; state at 2.83(13) MeV is not only the first excited
state of *Ca [10] but is also located above S »- Depending on
the Q value, it may decay via proton emission to the 3/2%
ground state of ¥K or de-excite via an EQ transition to the
%5Ca ground state. At present, the Q-value uncertainty exceeds
50% and a dominance of either decay branch is possible.

The S800 magnetic rigidity was optimized on **Ca, allow-
ing for ions with momenta of approximately +0.300 GeV/c
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FIG. 3. Parallel momentum distributions of *Ca after two-
neutron removal from **Ca. (a) shows the inclusive p; distribution
which is fully within the S800 acceptance. The uncertainties are
purely statistical. (b) and (c) display the exclusive p distributions
to the 0T states and the 2] state, respectively. They are compared
to calculations using ZBM2 TNAs (red lines) which are horizon-
tally shifted and vertically scaled for best agreement with the data.
The calculation for (b) is the sum of the 0 and 05 contributions
according to their predicted cross sections (Table I). Due to the
unknown proton decay branch, the 05 contribution is an upper
limits.

around central momentum py = 11.222 GeV/c to enter the
spectrometer’s focal plane. Figure 3(a) shows the measured
inclusive parallel momentum distribution of **Ca produced
in two-neutron removal from 3*Ca. Employing a software
gate on the observed 2] — O transition in the y-ray spec-
trum (Fig. 2), the partial p; distribution for the Ca left
in the 2 final state was extracted. The parallel momen-
tum distribution obtained after subtraction of the 2} from
the inclusive p; distribution now comprises contributions
from the OT ground state and also any contribution from
the 0 excited state if it is proton bound as the resulting
EQ decay will escape detection. These final-state exclusive
paralle]l momentum distributions are displayed in Figs. 3(b)
and 3(c).

Theoretical calculations of p; distributions were obtained
from eikonal reaction theory with the ZBM2 shell-model
two-nucleon amplitudes as the nuclear-structure input. Since
two-neutron removal from a neutron-deficient nucleus, as
here, proceeds as a direct reaction [15,16,33,34], the widths
and shapes of the parallel momentum distributions have
sensitivity to the total angular momentum of the removed
nucleons [35,36] and also to the orbital angular momentum
couplings of the two nucleons [37]. Recently, the spectro-
scopic capabilities of p; analyses were demonstrated for
neutron-deficient sd-shell nuclei [38]. In order to facilitate
a comparison to experimental p; distributions, the symmet-
ric theoretical distributions are transformed to the laboratory
frame and folded with a rectangular function modeling the
momentum difference due to the spatial extent of the target

in the beam direction. The resulting distributions are fur-
thermore convoluted with experimental p; distributions of
inelastically scattered beam particles in coincidence with
y rays above 1000 keV. This last step introduces a slight
asymmetry and facilitates an empirical description of the
low-momentum tails frequently encountered in intermediate-
energy nucleon-removal reactions [38,39]. As demonstrated
in Figs. 3(b) and 3(c), the shapes of the calculated distri-
butions obtained from this procedure agree well with the
experimental ones and display the characteristic difference
in widths for the different total angular momenta, J*, while
the low-momentum tail in the 0" distribution remains slightly
underestimated.

We note that since the two-neutron removal occurs from
the J = 0 ground state of *¥Ca, the total angular momentum
of the removed neutrons uniquely determines the total angular
momentum of the populated final state of *Ca, confirming
the previous J™ assignments [12,28,29]. For the present case,
the parallel momentum distributions calculated with the TNAs
from the various shell-model effective interactions are essen-
tially indistinguishable and cannot discriminate between the
nuclear-structure input, unlike the cross sections discussed in
the following.

The inclusive two-neutron removal cross section for the
formation of *®Ca was determined from the efficiency-
corrected number of *°Ca residues detected in the S800
focal plane, the number of incident 3¥Ca projectiles,
and the areal density of the target. It amounts to
Oinc = 0.408(9)5tat(12)syst mb and is corrected for the known,
small proton decay branch of the 2] state [12]. Employing
particle-y coincidences, the exclusive cross sections to the 0
and ZT states are obtained; the former more than twice as large
as the latter (see Table I). Due to the low proton-separation
threshold, the existence of sizable unobserved feeding can be
excluded. Lacking a y-ray detectable in GRETINA, exclusive
cross sections to the OT and O;“ states are indistinguish-
able. In the following, their summed cross section is denoted
o(07) =0 (0]) + o (05). In Table I, the measured cross sec-
tions are compared to calculations from eikonal reaction
theory incorporating shell-model TNAs from the USDB [13],
USDC [40], and ZBM2 [11] interactions. Due to the uncer-
tain proton decay branch, the calculated two-neutron removal
cross sections to the 0; state are an upper limit.

While the calculated relative cross sections of the pop-
ulated final states are highly insensitive to reaction model
inputs, their absolute values are reaction-model dependent.
Differences in the absolute measured and calculated inclusive
cross sections have previously been quantified in terms of their
ratio R;(2N) = oii’;pl /critl?C [16]. Earlier analyses, of several
two-neutron removal cases involving nuclei embedded in the
sd shell, yielded values R;(2N) =~ 0.5 [16,34,38]. Although,
for several two-proton removal cases, the R;(2N) were sig-
nificantly smaller, these involved systems that undergo major
structural changes between the initial and final states [41-44],
not expected here. Accounting for the experimental insepa-
rability of o®*P'(0]) and o®*P'(05) if the 05 level is proton
bound, we include cross sections to both states in the ZBM?2
value of o/ along with the 2 state whose population is
revealed through the y-ray spectrum (Fig. 2) and known
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TABLE 1. Comparison of experimental and calculated two-neutron removal cross sections from *#Ca to final states of **Ca on a *Be target.
Since only the sum of cross sections to the 0f and 05 states, o (07) = 0(07) + 0(05), is experimentally accessible, the theoretical cross
sections are treated accordingly. In the case of the USDB and USDC shell-model effective interactions, the reported 07 intruder state is outside

the model space.

Experiment ZBM2 [11] ZBM2gap USDB [13] USDC [40]
o (mb) 0y 0.654 0.637 0.609 0.625
0.292(8 )star (8)syst”
(0 0.058 0.064
2F 0.116(6)gtat (3)syst 0.140 0.192 0.824 0.824
inclusive 0.408(9)stat (12)yst 0.851 0.893 1.433 1.449
R;(2N) 0.479(10)sa (14)syst -~ 0.457(10)50ac(13)syst ~ 0.285(6)star(B)syst  0-282(6)s1at (8)syst
o (2)/o(07) 0.396(26) 0.197 0.274 1.353 1.318

*Combined cross section to the 0 and 07 states.

proton branch [12]. For the sd-shell restricted USDB and
USDC calculations the 0 intruder state lies outside the model
space. In fact, the first excited 0" state calculated with the
USD interactions is similar in nature to the O;F level of ZBM2,
almost 2 MeV above S, and would predominantly decay via
proton emission. As evident from Fig. 4(a), calculations using
the ZBM2 TNAs yield R;(2N) consistent with earlier two-
neutron removal cases while the TNAs from the USD family
of effective interactions yield appreciably smaller values.
Additional guidance is obtained from the ratios of the
final-state exclusive cross sections; in the present case of
low proton-emission thresholds, only the cross-section ra-
tio o(2f)/a(0+) with an experimental value 0.396(26) is
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FIG. 4. Comparison of calculated and measured cross sec-
tions. (a) Measured to theoretical inclusive cross-section ratios
R,2N) = o™/ cri‘nhC [16] with (without) inclusion of the 0 state in
the calculation of the theoretical inclusive cross section are shown in
black (grey), illustrating the small contribution of the 05 state. The
expected value of 0.5 [16,34,38] is indicated by the grey dashed line.
(b) Ratio of the exclusive cross sections to the 2 and 0" final states
of **Ca. The 1o region around the experimental result is indicated in
gray. For this comparison, the statistical and systematic uncertainties
are added in quadrature.

accessible. As shown in Fig. 4(b), the USD-type calculations
limited to the sd shell fail to describe the cross-section ratio.
The USDB (USDC) TNAs overpredict the cross-section ratio
by a factor of 3.4 (3.3) (see Table I and Fig. 4). In the ZBM2
calculation, the sd-shell cross section is shared between the
first and second 27 states, the latter proton unbound, yielding
the near reproduction of the observed o(ZT) /o (0™) ratio.

Figure 4 immediately indicates that only the cross-
section calculations with the ZBM2 TNAs get close to the
data, but are not fully in agreement. To explore the needed
amount of proton pf-shell occupancy schematically, we mod-
ify the sd-pf shell gap in ZBM2. Its size can be varied
in shell-model calculations as a proxy for the magnitude
of proton cross-shell excitations; with the gap increased
by 250 keV the fraction of proton closed-shell configura-
tion in the ground state is raised from 55 to 62%. Using
this interaction, labeled ZBM2gap in the following, the
cross-section ratio a(2|+) /o (0") of Fig. 4(b) increases from
0.20 to 0.27, reducing the deviation from experiment and
hinting that potentially fewer proton cross-shell excitations
than present in standard ZBM2 are needed to match the
measurement.

While this is not an attempt to propose a modification of
ZBM?2, but rather to explore the role of proton excitations,
it is instructive to study the effect on the quadrupole col-
lectivity as well, which is expected to be very sensitive to
pf-shell proton occupancy. Employing the ZBM2gap inter-
action with the same effective charges as used in Ref. [12],
e, =136 and e, =045 a B(E2;0] — 2{) value of
133¢*fm* for %Ca is obtained. This value is in bet-
ter agreement with the measured transition strength of
B(E2;0 — 2}) = 131(20) ¢*fm* than the calculated value
of 179 ¢*fm* obtained with the standard ZBM?2 interaction
[12]. This observation is also consistent with the suggestion
above that likely less proton cross-shell excitations are needed
to describe the structure of **Ca. However, the significant lim-
itations of such a local, ad hoc modification become apparent
when comparing the measured and calculated B(E2) values
for ¥Ca. The B(E2;0] — 2]) = 68 ¢*fm* value calculated
for ZBM?2gap underestimates the measured value within 3o
[12] although being in better agreement than the sd-shell
limited calculations.
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FIG. 5. Comparison of the partial experimental level scheme
of 3°Ca with shell-model calculations. The measured 0F intruder
state [10] is absent from the USD-type shell-model calculations and
the second excited 0™ state in the USD computations is closer in
structure to the 0F state of ZBM2 and ZBM2gap. The experimental
excitation energies of the 0 and 25 states as well as predictions from
the SDPF-U-MIX interaction are taken from Ref. [10]. Energies are
given in MeV.

Lastly, excitation energies of low-lying states can yield
further insight into the need for proton pf-shell occupation.
As shown in Fig. 5, the USDB and USDC calculations do not
reproduce the measured level ordering. Only the interactions
incorporating proton cross-shell excitations into the pf shell,
namely ZBM?2, ZBM?2gap, and SDPF-U-MIX, correctly place
the 05 as the first excited state. In ZBM2, the 05 level is
characterized by a 42% 2p-2h proton intruder component
in the wave function; a weakening compared to the almost
pure (82% 2p-2h) intruder structure reported in Ref. [10]. A
distinct difference, though, is found in the predicted energies
for the 2; state at 4.71(9) MeV [10]. While calculations using
the SDPF-U-MIX interaction, which identify it as an intruder
state (79% 2p-2h) similar to the OgL level, underestimate its
excitation energy by approximately 0.90 MeV, the ZBM2
and ZBM?2gap interactions enable a reproduction within 0.23
and 0.07 MeV, respectively. The next 2" states in ZBM2
(ZBM2gap) are 0.6 (0.7) MeV above the ones discussed here.

Collecting the conclusions drawn above, a clear pic-
ture emerges for *°Ca. Solely the ZBM2 calculations are
capable of describing the low-lying level scheme and its
quadrupole collectivity, and capturing the relative strengths of
the final-state exclusive two-neutron removal cross sections.
Furthermore, ZBM2 (ZBM?2gap) provide spectroscopic fac-
tors of 0.82 (0.86) and 0.42 (0.51) for the one-neutron transfer
from *'Ca to the 0 and 2 states of *°Ca, respectively. It is
evident that these are in better agreement with the experimen-
tal C2S values of 1.06(22) and 0.66(14) than the values 0.94
(0.91) and 1.16 (1.01) obtained from the USDB (SDPF-U-
MIX) interactions [10]. All of this is a clear affirmation of the
importance of sizable proton pf-shell components in the wave
functions of the neutron-deficient ®*¥Ca nuclei as proposed
in Refs. [11,12]. For 3°Ca, in particular the ZBM2gap inter-
action that slightly modifies the pf-shell content allows for
an improved description of the experimental B(E2; 0] — 27)
and 0(2]L) /o (0™) values. In this context, we note a mistake in

the caption of Table VI of Ref. [12]. The reported results are
erroneously attributed to the standard ZBM2 interaction but
were actually obtained from ZBM2gap.!

In summary, the Be(*®Ca, *Ca +y)X direct two-neutron
removal reaction was used to populate bound states of **Ca.
Final-state exclusive cross sections for the formation of **Ca
in the 2] and ground state were deduced from particle-y coin-
cidence spectroscopy. Eikonal reaction dynamics employing
as nuclear-structure input two-nucleon amplitudes from the
shell-model effective interactions USDB, USDC, and ZBM2
help clarify the importance of proton pf-shell occupancy:
The sd-shell restricted interactions USDB and USDC, which
describe neither the low-energy spectrum nor the low-lying
quadrupole collectivity of **Ca correctly, are also not able to
reproduce the ratio of the cross sections to the two individual
final states in the two-neutron removal reported here. The
ZBM?2 effective interaction in the (1d3,2, 251/2, 1 f7/2, 2p3/2)
model space models the structure of the neutron-deficient
calcium isotopes the best. With ZBM2 TNAs as input to the
reaction model, a typical value of the measured to theoretical
inclusive cross-section ratio R,(2N) is obtained for the two-
neutron removal from *¥Ca to **Ca and the ratio of the 0F
and 2] exclusive cross sections is reproduced qualitatively.
This agreement can be further improved by increasing the
sd-pf shell gap in ZBM?2 by 250 keV; this also brings the
B(E2;0] — 27) excitation strength of **Ca into agreement
with the experimental result. Our new studies clearly demon-
strate the need for proton cross-shell excitation into the pf
shell already for the 0} and 2] states of **Ca, adding to the
recent body of new data near the sd-shell model-space bound-
ary. Ultimately, spectroscopic factors obtained from a proton
removal reaction leading from *°Ca to (unbound) pf-shell
final states of the very weakly bound dripline nucleus ¥K
would surely quantify the pf-shell occupancy in the ground
state of *°Ca [12].
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'For log,,(T9) < 0.3, the 3K (p, ¥)**Ca rate is dominated by the
2 state for which all of the needed properties have been measured
and are given in Table VI of Ref. [12]. At higher temperatures the 17
and 27 states, which partially rely on shell-model calculations, start
to contribute. Here, standard ZBM?2 deviates less than 10% from the
ZBM2gap results.
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