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The calcium isotopes have emerged as a critical testing ground for new microscopically derived shell-model
interactions, and a great deal of experimental and theoretical focus has been directed toward this region. We
investigate the relative spectroscopic strengths associated with 1 f7,, neutron hole states in .9 Ca following
one-neutron knockout reactions from **°Ca. The observed reduction of strength populating the 7/2; state in
4Ca, as compared to *’ Ca, is inconsistent with shell-model calculations using both phenomenological interactions
such as GXPF1, and interactions derived from microscopically based two- and three-nucleon forces. The result
suggests a fragmentation of the / = 3 strength to higher-lying states as suggested by the microscopic calculations,
but the observed magnitude of the reduction is not reproduced in any shell-model description.
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I. INTRODUCTION

The calcium isotopic chain is a focus of nuclear structure
physics, both from experimental and theoretical perspectives.
This chain contains novel examples of evolving shell structure
far from stability [1,2] and is an active region to test three-
body (3N) forces in microscopically derived shell-model
interactions and large-space ab initio calculations [1,3-16].

From the theoretical perspective, new developments are
enabling a microscopic description of these nuclei, with
calculations being performed from **Ca to °Ca using effective
shell-model interactions [3,10], or large-space calculations
[4,8,9,11,13,16] based on two-nucleon (NN) and 3N interac-
tions derived from chiral effective field theory. These calcula-
tions have already shown differences compared to predictions
of phenomenological shell-model interactions, even for nuclei
as close to stability as *°Ca. For larger neutron number N, pre-
dictions for the location of the dripline are strongly model de-
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pendent, varying from OCato’Ca [3,4,17]. Data on the struc-
ture of the neutron-rich Ca isotopes is critical to benchmark
the various new calculations and validate their predictions.

Measurements of properties such as masses [1,5] and
spectroscopy [2] at the limits of current facilities are well repro-
duced by the newest calculations, but recent data have revealed
discrepancies with theoretical predictions, bringing into ques-
tion extrapolations toward the dripline. For example, a laser
spectroscopy measurement at CERN-ISOLDE [14] reported
charge radii that show an anomalously large increase from “Ca
to >2Ca, significantly exceeding all theoretical predictions.

Single-particle occupancies, while not direct observables,
can provide a test for theoretical descriptions. Phenomenologi-
cal interactions like GXPF1 [18,19] and microscopically based
interactions both find reasonable agreement with spectroscopic
data, but they predict different distributions of the neutron
vl f7, strength in *’Ca. Phenomenological models are more
consistent with the single-particle description, where one
would expect the full v1 f;7/, strength to be concentrated in
the 7/2, state for Ca nuclei at and immediately beyond
N = 28. However, the microscopic interactions suggest a
possible fragmentation of this strength.

In this paper, we report the results of an experiment using
the high-resolution y-ray array GRETINA [20] to measure
exclusive neutron-knockout cross sections from >°Ca to states
in ¥Ca, and from **Ca to “’Ca. Based on the data and
theoretical cross sections, calculated under the assumption of
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FIG. 1. Experimentally observed y-ray spectra (left) and populated level schemes (right) of (a) *’Ca from Ca(—1n), and (b) ¥Ca from
Ca(—1n) reactions. Experimental spectra are marked with the observed transitions in keV. In (c) and (d) the assigned spins and parities
come from the literature, while the width of the arrows corresponds to the (efficiency-corrected) relative intensity of the y-ray transitions. For
reference, S,(*'Ca) = 7.3 MeV and S,(*’Ca) = 5.1 MeV. (e) and (f) show the parallel momentum distributions for the 7/2; and 3/2] states
in ¥Ca respectively, showing direct contributions and tails to low momentum resulting from indirect reaction processes.

the sudden removal of a neutron with a given set of quantum
numbers [21,22], we extract spectroscopic factors, that can be
compared with the predictions of shell-model calculations. A
relative measurement, such as that performed here compar-
ing “Ca(—1n) and *°Ca(—1n) neutron removal, provides a
framework to firmly establish the trend in the spectroscopic
strength distributions for the neutron pf orbitals. Our results
indicate a decrease in the population of the lowest 7/2~ state
in °Ca, at odds with the phenomenological description. This
trend is partially reproduced by NN+3N calculations in the
pf shell-model space.

II. EXPERIMENTAL DETAILS

The experiment was performed at the National Supercon-
ducting Cyclotron Laboratory (NSCL) at Michigan State Uni-
versity. Secondary beams of **-*°Ca were produced following
fragmentation of a 140 MeV/u ¥*Se primary beam on a
423 mg/cm? °Be target. Reaction products were separated
through the A1900 fragment separator [23], based on magnetic
rigidity and relative energy loss through a 600 mg/cm?
Al degrader wedge. Fragments were delivered with a momen-
tum acceptance of 2%Ap/p and impinged on a 370 mg/cm?
thick Be target at the target position of the S800 spectrograph
[24]. The knockout products were identified event by event
through time of flight and energy loss measured by the focal
plane detectors of the S800.

Seven GRETINA modules surrounded the target position
of the S800 to detect y rays emitted from excited states
populated in the knockout residues. Four modules were placed
atd ~ 58°, and three at & ~ 90° relative to the beam direction.

The y-ray interaction position information from GRETINA,
along with the particle trajectory information from the S800
were used to provide an accurate event-by-event Doppler
reconstruction of the observed y rays, achieving a y-ray
resolution of 1.5%. Yields for individual transitions were
determined by a fit to data using a GEANT4 simulation of the
GRETINA response [25], including the angular distribution
of emitted y rays (based on the calculated population of
the m substates in the knockout reaction); the simulation is
conservatively taken to contribute an absolute error of 1%.
The results are summarized in Fig. 1 and Table 1.

III. RESULTS

The Doppler-shift corrected spectra of y rays in coincidence
with 47%°Ca reaction products are presented in Figs. 1(a)
and 1(b). The corresponding level and decay schemes, as
observed in this work, are shown in Figs. 1(c) and 1(d).
Thirteen transitions are observed and associated with levels
in ¥’Ca populated in the one neutron removal reaction. The
majority of the transitions were previously observed [26] and
their placement in the level scheme follows the literature. Two
y rays, at 3425 and 3267 keV, were not previously reported, but
are placed as transitions directly to the ground state, supported
by B-decay data [27]. Where statistics are sufficient, the level
scheme was verified by y-y coincidences. For **Ca(—1n), the
states of primary interest are at 2.60, 2.58, and 0 MeV (ground
state) corresponding to direct removal of a 51,2, d3/2, and f7,»
neutron, respectively.

For “Ca, eight transitions of appreciable statistics, all
previously placed in the level scheme, are observed [28,29].
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TABLE 1. Summary of states populated in direct one-neutron removal reactions from **Ca and *°Ca. Level energies and spin-parity
assignments are from [26,28,29]. Single-particle theoretical cross sections, oy,, along with an A-dependent center-of-mass correction [37]
are used to deduce the values for C? Sexp- Rs quenching factors used to calculate CZS;?;'“ are extracted based on [21]. Theoretical values are
provided for the phenomenological GXPF1 shell-model interaction, as well as the NN+-3N-based interaction in the pf and pfgy,» model
spaces. The range of values for the NN+3N cases is an estimate for the uncertainty associated with varying the NN cutoff in the derivation of
the interaction. The inclusive cross sections for the neutron removal channel in each case are also shown.

Level energy J" O_1n Tsp C?Sexp Rg C? Sgo Theoretical C2S
(keV) (mb) (mb) GXPF1  pfNN+3N  pfgy, NN+3N
BCa— YCa
0 7/2=  70.6%5¢ 1101 6.4108 0.69 9.3 Dsa(E£1.9)ys 7.7 7.2-7.4 6.7-7.0
2014 3/27 <14 1124 <0.1 0.66 <0.2 0.06 0.05-0.07 0.05-0.07
2578 3/2 9453 746 13704 065 1.9(H09)qu(£0.4),
2599 127 105717 1258 0.8(1) 0.65  1.3(£0.2)u(£0.2)gys
Direct inclusive: 111(10) [7otal inclusive: 123(10)]
OCca — ¥Ca
0 3/27  41.8%35  18.63 2.1(3) 0.77  2.7( ) Dsa(F£0.5)ys 1.73 1.70-1.72 1.50-1.56
2023 127 44798 1504 028700 074 037(00)(£0.1)y 017 0.12-0.14 0.12-0.14
3357 7/2~ 389735  10.87 3.4+04 0.72 4.7(08)qar(£0.9)5ys 7.7 5.6-5.7 6.3-6.7
3750-3900°  7/2" 1.5-1.8 0.4-0.5
4017 9/2+ <0.8 11.39 <0.07 0.71 <0.09 0.15-0.20

Direct inclusive: 98(10) [Total inclusive: 116(10)]

*Prediction for 7/2; state in NN+3N calculations; the range captures the prediction for calculations in the pf model space (400 keV above

7/27) and pfgo;,» model space (550 keV above 7/2).

The 3.36 MeV state and the ground state are of primary
interest, corresponding predominantly to the removal of an
f22 and a p3,, neutron, respectively. Recent work has also
suggested that the 7/2; state has wave-function components
from the coupling of p3,; neutron to the 21+ state in **Ca [30],
though we do not expect to populate this state through this
component of the wave function. We note that the 1/27 state
at 2.02 MeV may also be populated through direct removal of
a py,2 neutron, should such a configuration be present in the
0Ca ground state.

Cross sections for the population of the states of interest in
47.499Ca via direct — 1n knockout are given in Table I and were
deduced from the observed level schemes while accounting for
feeding from higher-lying states. Cross sections were corrected
for losses associated with the momentum acceptance of the
S800. The exclusive parallel momentum distributions were
found to be consistent with the expected angular momentum
transfer for these states; i.e., [ =0, 2, and 3 for the 2.60,
2.58 MeV, and ground state, respectively, in the **Ca(—1n)
reaction and / = 3 and 1 for the 3.36 MeV and ground state
in the °Ca(—1n) reaction [see Figs. 1(e) and 1(f)]. A fit
of the partial momentum distributions with the calculated
distributions allowed us to deduce the required acceptance
correction factors, on average contributing a correction of
order 10%, with a maximum value of 20%. These corrections
contributed an error of 10% to the overall error budget.
This procedure also ensured that any population of states via
an indirect reaction process, as identified by a momentum

distribution shifted to lower momentum [31], was not included
in the calculation of spectroscopic factors. Such indirect
population accounts predominantly for the population of
higher-energy states in the —1n removal.

The measured direct neutron knockout cross sections can
be compared to theoretical predictions. To do this we relate
the measured cross section to a theoretical single-particle
knockout cross section, oy, for removal of a neutron in an orbit
nlj assuming a spectroscopic factor, C2S = 1. The formalism
and methodology to calculate oy, are given in Refs. [21,22,32].
From the calculated oy, and measured cross sections, o_j,,
in Table I we extract experimental spectroscopic factors
C? Sexp-

To compare with shell-model calculations, we correct by
Rg, a suppression or quenching factor, required to scale
calculated single-particle cross sections to measurements
[21,32]. Following Ref. [31], the Ry values used here and
given in Table I were obtained from a fit to the systematics
of Ry as a function of AS = S, — S, for inclusive neutron
knockout data [21]. A 20% systematic error associated with
the local scatter in Ry as a function of AS is propagated in the

calculation of C2S3o™.

The value of C2S™™ = 9.3(*|3)ur(£1.9)sys for the lowest

exp
1f7/> state in #1Ca is consistent with the results obtained
in (p,d) and (d,t) neutron transfer measurements [33,34]
and with the expected value of 8 (i.e., a full 1f7,, orbital
in the “Ca ground state). The spectroscopic factors to the
lowest 1ds/, state at 2.58 MeV and the lowest 25/, state
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FIG. 2. Ratio of the spectroscopic factor for the population of
the first 7/2~ state in one-neutron knockout from *°Ca — “’Ca vs
Ca — Y7Ca, as predicted by the shell model calculations using the
GXPF1A phenomenological interaction (left), NN+3N interaction
in the pf (center right) and pfgo/,» (center left) model spaces, and
measured (blue column, right).

at 2.60 MeV in ¥*Ca(—1n) are similarly consistent with the
literature values. However, in 3°Ca(—1n) the spectroscopic
factor to the first 7/27 state at 3.36 MeV is significantly lower
than that observed in **Ca(—1n), at only 4.7(*0)sat(£0.9)sys-

The CZSQ,?;'“ values for the population of the ground state

(v2 p31 P level) in “Ca, and the first excited state at
2.02 MeV (1)2[)%/2 state) are 2.7(30.4)s(£0.5)sys and
0.4(£0.1)5ta:(£0.1)4ys, respectively.

We updated the calculations of Refs. [3,6,10] to compare
with these new experimental measurements. Following the
same perturbative many-body approach for generating the pf
and pfgo/» valence-space Hamiltonians outlined in Ref. [10],
we start from NN+-3N interactions that predict realistic satura-
tion properties of nuclear matter within theoretical uncertain-
ties [35,36]. These interactions have also been used to study
the Ca isotopes [13,14]. By varying the low-resolution cutoff
in NN forces, Any = 1.8-2.2 fm™!, we obtain an uncertainty
estimate for the calculations. Low-lying excited states for the
pf-shell calculation agree reasonably well with experiment.
For instance in *’Ca, the 3/2; and 7/2; states lie at 2.15 and
3.23 MeV excitation energy, respectively, for Axy = 1.8 fm ™!,
within 200 keV of experiment, and 1/2] and 3/2; states are
predicted below 3 MeV, in agreement with spin-unassigned ex-
perimental levels. All states are shifted 300 and 600 keV higher
in energy for Ay = 2.0, 2.2 fm~!. In **Ca the central energy
values given by Axy = 2.0 fm~! of E(1/27) =2.07(05) MeV,
E(5/27) =12.32(03) MeV, E(7/2])=3.40(30) MeV, and
E(5/2;5) = 3.53(25) MeV, with approximate uncertainties in
parentheses, agree well with experiment, outside of the 5/27
state which is predicted more than 1 MeV too low in energy.

IV. DISCUSSION

The ratio of spectroscopic factors to populate the lowest
7/2] state in the neutron knockout from *°Ca and **Ca is
plotted in Fig. 2. There is marked difference between the
experimental and theoretical ratios. In the phenomenological
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description, the full 1 5, strength of C%S = 8 is concentrated
in the lowest 7/2 state in both the **Ca and *’Ca reactions.
For the NN+3N calculations, the 1 f7,, strength is also largely
concentrated in the 7/2 state at N = 28, but in NCa(—1n),
a reduced strength to the 7/2 state is seen, particularly for
the pf valence-space calculation. Consequently, both GXPF1
and the pfgo;» NN+3N interaction predict a ratio ~1, while
for the pf interaction the ratio is 0.78. Experimentally, we
determine a ratio of 0.51(£0.09)(30.15)sys, shown by the
blue bar in Fig. 2. The error bar indicates the statistical error
from the data; the bracketed error bar includes the systematic
error from the determination of Rg.

The disagreement with the well-established phenomeno-
logical GXPF1 interaction can provide important feedback
to refine this family of interactions. Likewise, disagreement
with the pfgo/» NN+3N predictions along with deficiencies
in spectroscopy of low-lying 9/2* states [28,38] may call for
an improved treatment in valence spaces beyond one major
shell [39]. The most reasonable agreement is found for the
pf NN+3N interaction, in which the reduced cross section
in the 3°Ca(—1n) reaction is due to a fragmentation of the
1 f7,2 strength to states at higher excitation energies in “Ca.
However, we see no evidence of significant population to a
higher-lying candidate 7/2; state (within a detection limit
of approximately 3 mb, assuming deexcitation directly to
the ground state). It is also worth noting that the extent of
the reduction is larger in experiment than the predictions of
the pf-shell NN+3N calculation, despite the fact that these
interactions are now in good agreement with experimental
excitation spectra and electromagnetic moments of neutron-
rich calcium isotopes (in contrast to previously derived
pf shell MBPT interactions [40]).

Finally, we comment briefly on the °Ca(—1n) spectro-
scopic factor populating the “’Ca ground state, associated with
removal of 2p3,, neutrons. Within an extreme single-particle
description, a value of C%S = 2 is expected: both GXPF1 and
the two NN+-3N interactions exhaust >75% of this maximum
value. Including the possible systematic error associated
with overestimation of the ground state, as discussed above,
the present measurement of 2.7(420.4)4,(320.5)4ys is slightly
above 2, but agrees within errors. It is interesting to note that
an apparent enhancement of / = 1 and depletion of the / = 3
strength was reported in the neighboring Sc isotopes [41].

V. CONCLUSION

In summary, first measurements of spectroscopic factors in
0Ca(—1n), considered together with recent electromagnetic
properties, provide intriguing results on the shell evolution
in the Ca isotopes beyond N = 28, and point to the need
of refining shell model interactions. Current state-of-the-art
shell-model calculations make different predictions regarding
the population of 7/27 states following direct neutron removal
from *8Ca and *°Ca. The present results indicate a reduction
of the strength populating the 7/27 state in “Ca as compared
to */Ca outside of all model expectations. The best agreement
is obtained with shell-model calculations based on NN+3N
forces in the neutron pf model space, while the results are
inconsistent with calculations using the phenomenological
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GXPF]1 interaction, and with NN+3N calculations including
the v1gg,, orbital.
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