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The neutron-deficient Ca isotopes continue to attract attention due to their importance for testing isospin
symmetry and their relevance in capture reactions of interest for nova nucleosynthesis and the shape of light
curves in Type I x-ray bursts. To date, spectroscopic information on ***Ca is largely limited to data on lower-spin
excited states. Here, we report in-beam y-ray spectroscopy of complementary higher-spin, complex-structure
states in *Ca populated in fast-beam-induced, momentum-dissipative processes leading to neutron pickup
onto excited configurations of the projectile, “Be(**Ca*, *Ca +y)X. Such a dissipative reaction was recently
characterized for the case of inelastic scattering of *Ca off *Be, *Be(**Ca, *¥Ca +y)X. Additional data and
discussion on the nuclear structure of **Ca is also presented. An explanation for the more-complex-structure
states, populated with small cross sections in one-nucleon knockout reactions, and observed in the tails of their

longitudinal momentum distributions, is also offered.

DOLI: 10.1103/PhysRevC.106.064303

I. INTRODUCTION

The study of the structure of rare isotopes is fueled by
an increasing body of complementary experimental data that
reach further and further into the territory of high isospin.
Here, changes in the nuclear structure challenge nuclear the-
ory in the quest for a predictive model of nuclei. Often, direct
reactions or inelastic scattering processes are used in experi-
mental studies that select single-particle or collective degrees
of freedom, predominantly, providing information on low-
lying states. Complex-configuration, higher-spin states near
the yrast line that may be part of collective, band-like struc-
tures have traditionally been accessed with fusion-evaporation
reactions on the neutron-deficient side of the nuclear chart
when suitable stable projectile and target combinations exist.
Incomplete fusion [1] or cluster transfer reactions in normal
kinematics induced by stable beams [2] or inverse-kinematics
reactions with radioactive projectiles and light stable targets
[3-5], at low beam energies, have been used in only a very
few cases to access high-spin yrast states; the latter type of
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studies is sparse due to the limited availability of the intense
low-energy rare-isotope beams that are necessary.

Here, we extend the work on neutron-deficient nuclei re-
ported in Ref. [6] and present the in-beam y -ray spectroscopy
of complex-structure, core-coupled states near the yrast line
of *Ca. These states were populated in fast-beam-induced,
dissipative (high-momentum-loss) reaction processes leading
to single-neutron addition onto excited configurations of the
projectile, *Be(**Ca*, **Ca +y)X. Complementing the anal-
ysis presented in Ref. [6], we provide further discussion on
the inelastic scattering, 9Be(38Ca, BCa +y)X, at high mo-
mentum loss. Figure 1 shows the location of these systems
on the nuclear chart.

The neutron-deficient 3®Ca isotope continues to attract
attention due to its importance for testing fundamental
symmetries [7-13] and as the compound nucleus in the
3 Ar(er, p)*’K capture reaction of relevance for x-ray bursts
[14]. For nuclear structure studies, >*Ca can be accessed via
(*He, n) and (p, t) reactions from stable 3 Ar and “°Ca, re-
spectively. Hence an extensive body of work is available on,
for example, pairing vibrations [15], f p-shell configurations
[16], and an anomalous L = O transition to the first excited
0" state. The latter was observed in the (p, t) reaction from
#0Ca [17-20]. The intermediate-energy Coulomb excitation
measurement by Cottle et al. [21], exploring isospin symme-
try, is the only one using a beam of unstable **Ca projectiles.
The sole published studies using y-ray spectroscopy are from

©2022 American Physical Society
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FIG. 1. Part of the nuclear chart showing the projectile beam
38Ca and the one-neutron pickup residue *Ca in the proximity of
the proton dripline.

1970 [22] [(3He, ny), using three Ge(Li) detectors] and 1999
[21] (intermediate-energy Coulomb excitation, using a Nal
scintillator array). The National Nuclear Data Center (NNDC)
further quotes y-ray data from a 1974 Duke University PhD
thesis [23] which appears unpublished for all practical pur-
poses. The data presented here constitute the first y-ray
spectroscopy of *¥Ca exploiting a modern, high-resolution
high-purity germanium (HPGe) y-ray tracking array.

Unlike for *¥Ca, modern y-ray spectroscopy data are avail-
able for ¥Ca. For example, from (a) a recent (*He, ay)
experiment [24], aimed at observables important for the
38K (p, y)*Ca reaction rate, and (b) from a high-spin spec-
troscopy study via the '°Q(*Si, any)*’Ca reaction [25]. In
the present work, we show that dissipative processes in the
fast-beam one-neutron pickup channel populate the very same
states as reported in the high-spin study of Ref. [25], sug-
gesting a possible novel and practical pathway to study such
states in rare isotopes. This also elucidates the observation
of such states, with low yields, in the low-momentum tails
of longitudinal momentum distributions in nucleon knockout
experiments, reported in recent measurements.

II. EXPERIMENT, RESULTS, AND DISCUSSION

The experimental details and setup are also discussed in
Refs. [6,26] and a brief summary is provided here. The *Ca
rare-isotope beam was produced at the Coupled Cyclotron Fa-
cility at NSCL [27] in the fragmentation of a stable 140-MeV/
nucleon “°Ca primary beam in the A1900 fragment separator
[28], on a 799 mg/cm? ?Be production target and separated
using a 300 mg/cm? Al degrader. The momentum width was
limited to Ap/p = 0.25% for optimum resolution, resulting in
160 000 *¥Ca /s interacting with a 188-mg/cm?-thick *Be foil
placed in the center of the high-resolution y -ray tracking array
GRETINA [29,30] surrounding the reaction target position
of the S800 spectrograph [31]. The **Ca projectiles had a
midtarget energy of 60.9 MeV /nucleon. The incoming beam
and the projectile-like reaction residues were event-by-event
identified using the S800 analysis beam line and focal plane
[32]. The scattered *®Ca and one-neutron pickup residues,

Energy loss (arb. units)

<--Time of flight (arb. units)

FIG. 2. Particle identification showing the same data as in Fig. 2
of Ref. [26] with *3°Ca highlighted.

3Ca, are cleanly separated in the particle identification plot
displayed in Fig. 2. The magnetic rigidity of the S800 spectro-
graph was tuned for the two-neutron removal reaction to **Ca
and so only the outermost low-momentum tails of the reacted
38Ca and *’Ca longitudinal momentum distributions were
transmitted to the S800 focal plane, as quantified below. In
the following, we will first discuss the general characteristics
of the reactions and then focus on the detailed spectroscopy
results for *’Ca and on additional data and discussion for **Ca
not presented in [6].

With the chosen magnetic rigidity, optimized for *Ca,
the parts of the ¥Ca and **Ca momentum distributions that
enter the S800 focal plane are approximately +300 MeV/c
about the momentum py = 11.222 GeV/c. Figure 3 shows
the measured parallel momentum distributions of (i) the low-
momentum tail of the *3Ca distribution on a logarithmic
scale (shown as an inset), over a slightly reduced momen-
tum range that is not subject to further acceptance effects,
and (ii) the tail of the ¥Ca one-neutron pickup distribution
(purple curve) from the same setting. This **Ca distribution
is further impacted by the focal-plane acceptance starting at
about pg + 275 MeV/c. The momentum distribution of the
unreacted *¥Ca after passage through the target is also shown
(blue curve, roughly centered on py = 11.932 GeV/c) to help
clarify the momentum losses in the observed *°Ca and **Ca
tail distributions.

The parallel momentum distribution of *°Ca is cut by
the S800 focal-plane acceptance on the high-momentum end,
leaving only a tail within the acceptance. It is interesting to
estimate where the centroid of the full distribution would be.
The complication here is that this depends on the momen-
tum of the neutron picked up from the target which is not
precisely calculable, given that our reaction is highly linear-
momentum mismatched and is dominated by the pickup of
deeply bound, high-momentum neutrons [33]. Such fast-beam
one-nucleon pickup reactions have been carried out for a
number of projectiles upon '>C and °Be targets within the
same experimental scheme [33-37]. The only one-neutron

064303-2



EXPLOITING DISSIPATIVE REACTIONS TO PERFORM ...

PHYSICAL REVIEW C 106, 064303 (2022)

] Ap=p-p, BCa ¥Ca
500 p,=11.932 GeV/c p,=11.222 GeV/c
\
6000755, p,=11.222 GeV/c I
40012000 r
1000 / I
£ 1300 o )
2 " ’J L
> 3004 100 - ‘
2
S 1 30 M’M o
S 10 ]
2004 5 7 1
2200 —100 0 100 200 b
& ~
100 Wl
ARl
1 ff‘lru;r ~ —L
04—Lhr , . L
300 200  -100 o | 100 | 200 = 300
Ap (MeV/c)

FIG. 3. Measured tails of the parallel momentum distributions,
versus Ap = p — po (with py = 11.222 GeV/c) for the *°Ca one-
neutron pickup residues (purple curve) and, as an inset, for the
38Ca nuclei that have undergone a momentum loss of order of 700
MeV/c (black curve). The latter is shown on a logarithmic scale,
revealing its exponential character. The momentum distribution ver-
sus Ap = p — po (with py = 11.932 GeV/c) of the unreacted **Ca
after passage through the target is also shown (blue curve). These
central momentum values, p, for each isotope, correspond to the
respective magnetic rigidity setting of the S800 spectrograph. The
low-momentum tail distributions of the **Ca reaction residues and
of the reacted ¥Ca entered the focal plane in the same setting and
thus py value, while the unreacted **Ca is from a different magnetic
setting with a different p, value.

pickup from a °Be target onto a neutron-deficient projectile
was “Be(**Mg, Mg +y)X.

So, to estimate the centroid position of the full distribution
we resort to the systematics presented in Fig. 7 of Soulioutis
et al. [38]. This confronts the centroid of the parallel mo-
mentum per nucleon of the pickup residues relative to the
parallel momentum per nucleon of the beam, f, with the
number of nucleons transferred from the target, AA,, rela-
tive to the mass of the fragment, Ay, i.e., f vs. AA;/Ar. As
one would expect, the systematics show that with increasing
fragment mass and a small number of nucleons transferred,
f approaches 1, meaning that the parallel momentum per
nucleon between the beam and pickup residues is essentially
unchanged following the reaction. However, the systematics
include only pickup from heavier targets, such as Al and
Ta [38], and it is not a priori clear how well these may
apply to the neutron pickup from the complex Be target—
which may be viewed as having predominantly the structure
of two « particles plus an additional neutron. To benchmark
the systematics for a one-neutron pickup from °Be onto a
neutron-deficient projectile, we deduce f = 0.974 from Fig. 3
of [33] and extrapolation to a midtarget reaction vertex for
‘Be(?*Mg, >*Mg +y)X. This result indeed fits well into the
systematics of [38] at AA;/A; = 0.04. Now, for ¥Ca and
AA;/Ar =0.026, an f closer to 0.990 would be expected.
Using this value to calculate the parallel momentum of 3°Ca
from pickup onto *®Ca at midtarget predicts a centroid of

the parallel momentum distribution, as measured behind the
target, of 12.165 GeV/c, more than 600 MeV/c outside of
the S800 acceptance captured by our setting. So, indeed, we
appear to observe only the outermost tail of the **Ca pickup
distribution. Although the fast-beam pickup reactions are very
sensitive to the nuclear structure of the projectile and the
beam energy, perhaps supporting that only the outermost tail
is observed, the cross section determined for the part of the
distribution we observe—from the number of *Ca relative
to the number of *¥Ca projectiles and target nuclei—yields
o(po £330MeV/c) =0.11(1) mb, which is more than a
factor of 20 smaller than the inclusive cross section for the
22Mg +n reaction reported in Ref. [33], for example.

The low-momentum tails of parallel momentum distribu-
tions in fast-beam, one-nucleon pickup, as well as in knockout
reactions, have long been suspected to reveal the presence of
rare, higher-order, more-dissipative processes [35,39—42]. Of
particular relevance may be the observation of a core-coupled
state in the *Be (**Mg, *Al+y)X one-proton pickup reac-
tion where a pronounced low-momentum tail dominated the
measured parallel momentum distribution of 23 A1[35]. There,
the only excited state observed was the first (7/27) level,
almost 1400 keV above the proton separation energy, which
could only be reached in a complex rearrangement: pickup of
a ds;, proton onto 22Mg excited into the ZT state [35]. This
was indeed supported by the fact that the excitation of the
21 and 47 states was observed in the low-momentum tail of
the reacted Mg projectiles passing through the target [35].
Our current observations display an astonishing bounty of
these more-complex, higher-spin states, accessible in *Ca via
in-beam y-ray spectroscopy. The spectroscopy of **Ca will be
discussed in the following subsection.

When compared to the parallel momentum distribution of
the unreacted *Ca passing through the target and suffering
only in-target energy loss, the reacted **Ca nuclei in the
reaction setting have undergone an additional longitudinal
momentum loss of about 700 MeV/c, that is 18 MeV/c per
nucleon in momentum or 5.4 MeV /nucleon in energy. The
logarithmic plot in the inset in Fig. 3 reveals that this low-
momentum tail of the *¥Ca parallel momentum distribution is
essentially exponential. As for the pickup cross section quoted
above, the cross section for finding *Ca with large momen-
tum loss in the interval py & 330 MeV/c was extracted to
yield o (po = 330 MeV/c) = 3.8(4) mb, making these inelas-
tic large-momentum-loss events also rather rare. See Ref. [6]
for a detailed discussion of the most strongly populated con-
figurations in *Ca at high momentum loss.

A. ¥Ca spectroscopy

The event-by-event Doppler reconstructed y-ray spectrum
measured in coincidence with the °Ca reaction residues de-
tected in the S800 focal plane is shown in Fig. 4. Nearest
neighbor addback, as detailed in [30], was used. All y-
ray transitions observed here have been reported before, for
example in Refs. [25] and [24], with unambiguous place-
ments in the *°Ca level scheme. A few peculiarities of
in-beam y-ray spectroscopy at or above 30% of the speed of
light are apparent. The v/c = 0.30 chosen for the Doppler
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FIG. 4. Doppler-reconstructed addback y-ray spectrum as de-
tected in coincidence with the *Ca one-neutron pickup residues
identified in the S800 focal plane. All y-ray transitions are labeled
by their energy. The two insets magnify low-statistics regions of
the spectrum. All transitions are known—nine of the ten reported
energies agree with the literature values within uncertainties and the
discrepancy for the 2797-keV transition [25] is attributed to lifetime
effects as discussed in the text.

reconstruction gives the best resolution for the presumably
fast M1/E?2 transitions, such as at 252, 843, 1031, and 1093
keV, while the peak quoted at 2780 keV displays a pro-
nounced left-side tail and is too low in energy as compared
to the literature value of 2796 keV [24]. This is due to the
corresponding 7/2~ excited-state having a long half-life of
62(17) ps [43], thus decaying well behind the target and being
Doppler-reconstructed to an energy value that is too low. This
effect was both discussed and simulated for this beam energy
regime and setup in Ref. [44] for the case of "°Fe.

It is noted that there is no clear evidence for the 2467-keV
1/2% first excited state, which would also be obscured by
the Compton edge of the 2780-keV y ray visible at about
2500 keV. Indeed, the population of this state would not be
expected in fast-beam one-neutron pickup due to the large
momentum mismatch at our high beam energies. Table I pro-
vides the observed relative y-ray intensities in **Ca. These are

TABLE 1. Relative intensities /, of the y-ray transitions with
energy E, extracted from the ¥Ca y-ray spectrum shown in Fig. 4.

E, (keV) 1, (%)
252(4) 20(3)
843(6) 41(4)
1031(6) 15(2)
1093(6) 41(4)
1252(8) 9(3)
1510(7) 18(3)
1748(9) 3(1)
2780(9) 100(10)
3009(10) 12(3)
3635(9) 15(3)
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FIG. 5. Level scheme of *Ca as populated in this work. The line
width of the arrows corresponds to the intensities of the transitions
quoted in Table I. We note that the **Ca proton separation energy is
S, =5.7709(6) MeV [45], placing the J = 15/2 states above this
value. For the purpose of this level scheme, we use the energies
quoted in Ref. [25], which, except for the 2797-keV transition due
to lifetime effects as discussed in the text, agree within uncertainties
with the present work.

obtained from the efficiency-corrected peak areas and include
a 7% systematic error added in quadrature to account for
uncertainties in the efficiency when including addback.

Figure 5 displays the level scheme of *°Ca reported from
the present work where the widths of the arrows scale with the
y-ray intensities quoted in Table I. It is noteworthy that
the level scheme populated here is essentially identical to that
reported in Ref. [25] from the 28Si + '°Q fusion-evaporation
reaction. The only state and corresponding transition reported
in Fig. 3(b) of [25] that is not observed here is a proposed
(19/27) state above 7.7 MeV in excitation energy.

These observations are in contrast to the population of
final states in the *“°Ca(’He, «)*Ca transfer reactions of
Refs. [24,46]. There, a number of strong positive- and
negative-parity low-spin states were reported in addition to
some of the high-spin, more-complex-structure states seen
here but which appear only very weakly populated in Fig. 2
of Ref. [46], for example.

From Ref. [25], relative to the Op-Oh configurations of
the *°Ca ground state, the configurations of the states ob-
served in the **Ca level scheme are dominated by (i) Op-1h
for the 3/2% ground state, (ii) 1p-2h for the 7/2~ to 13/2~
negative-parity multiplet, (iii) 2p-3h for the 15/2% state
(one of the lowest-lying members of the stretched 7 (f7,2) ®
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FIG. 6. Comparison of the energies of the low-lying states of
3Ca, with the states observed here labeled, with shell-model cal-
culations using the FSU spsdf p interaction and the mirror nucleus
%K [43]. In these plots, the length of the levels indicates the J value
and the color positive parity (red), negative parity (blue), and sd-shell
origin (green). For the panels showing experimental data, the black
dots indicate levels with unknown spin-parity assignment.

v(f7,2) 7" configuration coupled to the K = 1/2 component
of the d3_/32 configuration), and (iv) 3p-4h for the 15/27 state
which is calculated to be one of the lowest-lying members of
the resulting multiplet. The present calculations for 3p-4h are
limited to the 15/2~ and 19/2~ states shown in Fig. 6.

One might be tempted to consider complex two-step pro-
duction mechanisms on different target nuclei, such as proton
removal from *¥Ca with subsequent pn pickup, but estimates
are that these would have a combined cross section orders of
magnitude too small—the pn pickup cross section was deter-
mined to be of order b, as reported in [26]. In the absence
of more exclusive data to elucidate the reaction mechanisms,
it appears reasonable to speculate that the population of the
observed states involves one-neutron pickup onto a *¥Ca core
that has undergone single or multiple nucleon rearrangements
relative to the ground-state configuration.

While the above-mentioned dominant shell-model config-
urations originate from the calculations of Ref. [25]—in the
very truncated d3;, — f7,» model space but allowing for all
configurations of seven valence particles—it is interesting to
compare the data also to new calculations in an extended
model space (spsdf p) using a modern cross-shell interaction
(FSU) [47,48] restricted to pure /iw configurations. The com-
parison is shown in Fig. 6 and shows a remarkable agreement
between the measured 3°Ca energies and the calculations and
highlights the mirror symmetry between Ca and K at A = 39.
In the A = 39 mirror system, the second 11/2~ state near
5 MeV and first 15/27 state near 7 MeV are about 1 MeV
lower in energy than that calculated. The close spacing of the
15/27 and 19/27 in the calculation is a reflection of the close
spacing predicted and observed for the (fp)® configuration
in ¥Sc and *Ti. The more rotational like spacing of the
experimental 11/25, 15/27, and 19/27 energies in ¥K may
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214(4) keV
8000 1
il 489(4) keV
1489(5) keV
4000+ 2213(5) keV
>
<
n 0 L T T T T T T T
> 500 1000 1500 2000 2500 3000 3500
£ 300i() 2537(6) kev
S 3
) ~ >
1 = <
~ —
= ~N
g
200 2 2758(7) ke 3684(8) keV
100
2400 2800 3200 3600 4000
Energy (keV)

FIG. 7. Doppler-reconstructed addback y-ray spectrum as de-
tected in coincidence with the scattered **Ca nuclei that underwent
a large momentum loss. All y-ray transitions are labeled by their
energy. Panels (a) and (b) show the low-energy and high-energy
region of the spectrum, respectively.

be due to deformation beyond that contained in the 3p-4h
truncation.

B. *¥Ca spectroscopy

Complementing the spectroscopy data and shell-model
theory discussion published in Ref. [6], presented here is
the full level scheme including very weak transitions and
the corresponding coincidence relationships not discussed in
[6], all relative peak intensities with their uncertainties, and
the determination of an upper limit for the 3; — 0] branch
which is relevant for Coulomb excitation studies that report
population of the near-degenerate 3] and 27 states.

The event-by-event Doppler reconstructed y-ray spectrum
obtained in coincidence with the *¥Ca reaction residues de-
tected in the S800 focal plane at large momentum loss is
shown in Fig. 7. Nearest neighbor addback, as detailed in
[30], was used. Of the seven y-ray transitions compiled in
[23], those at 2213(5), 1489(5), 489(4), 3684(8) keV are ob-
served here, while the transitions at 214(4), 1048(6), 2417(7),
2537(6), 2688(7), and 2758(7) keV are reported for the first
time in the present work (see also [6]).
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TABLE II. Relative intensities /, of the y-ray transitions with
energy E, extracted from the 8Ca y-ray spectrum shown in Fig. 7.

E, (keV) L, (%)
214(4) 27(2)
489(4) 31(2)
1048(6) 3.005)
1489(5) 75(5)
2213(5) 100(7)
2417(7) 1.8(3)
2537(6) 4.8(5)
2688(7) 2.0(3)
2758(7) 2.94)
3684(8) 6.6(6)

Table II lists the relative y -ray intensities deduced from the
efficiency-corrected peak areas from the spectrum displayed
in Fig. 7. These include a 7% error, added in quadrature, to
account for the uncertainty in the photopeak efficiency with
addback. Remarkably, the fourth strongest y ray, at 214 keV,
has not been reported previously.

To construct the level scheme, yy coincidences were used.
The level scheme, comprising the transitions with 3% or more
relative intensity in the above table, is discussed in detail in
Ref. [6]. For placement of the weaker transitions not previ-
ously discussed, Fig. 8 shows the coincidence analysis of the
higher-energy part of the *3Ca spectrum (right) in addition to
the clear coincidences present below 2.5 MeV (left). On the
right, the figure shows the high-energy part of the projection
of the yy coincidence matrix and cuts on the three strongest
y-ray transitions in this energy region. There is evidence that
the four y rays between 2417 and 2758 keV are in coincidence
with 2213 keV and that the 2417-keV transition is coincident
to 489 keV. We note that there was no evidence for any of the
high-energy y rays in the coincidence spectrum with 214 keV
which is not shown here. The narrow feature at 2268 keV
in the spectrum coincident to 1489 keV is not visible in the
singles spectrum and is not claimed as a transition here. Curi-
ously, the 3684-keV transition, present in the projection of the
coincidence matrix, appears coincident with y rays between 4
and 6.5 MeV, as shown in the inset.

Figure 9 shows the resulting level scheme with the intensi-
ties of the y-ray transitions indicated by the line width of the
arrows.

The 2688 and 2758-keV transitions, which appear to feed
the 21+ state, establish levels at 4901 and 4972 keV, respec-
tively. The first of these two levels likely corresponds to the
previously reported 2% at 4902 keV [23], while the 4971-
keV state might be the mirror level of the *8Ar (27) state
at 5084 keV [23] which decays predominantly to the first 2
state, as observed here. The 2417-keV transition on top of the
(47) state suggests a level at 6608 keV in ¥Ca. The only level
in the mirror nucleus in that energy region, that decays the
strongest to the 4~ state, is another 4~ level at 6602 keV [23].
Itis, however, peculiar that the mirror level in 38 Ar would now
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FIG. 8. Left: Coincidence relationships in the lower-energy part
of the spectrum, with a clear level scheme emerging from these (see
Fig. 9 and [6]). Right: Doppler-corrected projection of the y y matrix
in the higher-energy region of the spectrum and coincidence spectra
in this energy range obtained from cuts on the labeled transitions.
Background was subtracted via a cut of equal width at slightly higher
energy. Evidence for coincidence relationships is present also in the
higher-energy region of the spectra. The inset shows that there may
be unresolved weak high-energy transitions that feed the 3684-keV
state.

be about equal in energy, while they are significantly higher
for the other negative-parity states [23].

The present data can also shed further light on the Coulomb
excitation work of Ref. [21] where two states were proposed
to be excited (see Fig. 1 of [21]), with two transitions depop-
ulating the 3685-keV 27 level. The picture emerging here is
rather that, in fact, three states may be excited: the first 27, the
second 27, and the first 3™ states. The 1479-, 2206-, and 3685-
keV transitions reported in [21] would then correspond to
the 37) — 2{.,2] — 0f,and 2] — 0 decays, respectively.
While we cannot exclude the existence of a weak 25 — 2
transition, due to the proximity to the spectrum-dominating
1489-keV y ray, as discussed above, we can limit the (3]) —
OT transition that was briefly discussed in [21]. Figure 10
shows a coincidence spectrum obtained by gating on the 489-
keV transition that feeds predominantly the (37) state. Given
the photopeak efficiencies and assuming that there are at most
three counts at 3702 keV, we can limit the branching ratio for
the (37) decay to the ground state to < 1%.

Similar to the case of *°Ca, discussed above, the config-
urations of the states populated in the dissipative scattering
discussed here appear to require the simultaneous rearrange-
ment of several nucleons in a single collision, giving hitherto
unconsidered access to complex-structure states in rare iso-
topes [6].
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(4)T 6608
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3684
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3684

FIG. 9. Proposed level scheme for *¥Ca, extended version based
on Ref. [6]. The width of the arrows is proportional to the y-ray in-
tensity of the corresponding transition. The proton separation energy
of §, = 4.54727(22) MeV [45] places the four highest-excited states
in this level scheme above the proton separation energy. Spin-parity
assignments in parenthesis are tentative.

III. SUMMARY

In this work, the population of higher-spin complex-
structure states at high momentum loss, discussed in Ref. [6]
for 3¥Ca excited following inelastic scattering off °Be, is

200 coincidences to 489 keV 38Cal
1489 keV 80
= 150 r
2 r60
R L
~
» 100
o 2213 keV L40
3 3702 keV
V)
50
0
1400 1800 2200 2500 3500 4500

Energy (keV)

FIG. 10. Coincidence spectrum gated on the 489-keV feeder to
the (37) level at 3702 ke V. No evidence for the (37) — 0] transition
at 3702 keV is observed.

extended to the case of fast-beam-induced single-neutron
pickup onto excited-state configurations of the projectile,
“Be(*®Ca*, *?Ca+y)X. The states populated in the low-
momentum tail of the *Ca one-neutron pickup parallel
momentum distribution, with total angular momenta up to
J = 15/2, are the same as observed in high-spin spectroscopy
following a fusion-evaporation reaction. There is no evidence
for population of the low-spin states usually reported in the
*0Ca-induced light-ion nucleon transfer reactions. As pro-
posed in Ref. [6] for 38(a, the excited states of *°Ca formed
in one-neutron pickup onto **Ca at high momentum loss are
consistent with the simultaneous rearrangement of multiple
nucleons in a single energetic collision with a °Be target
nucleus. It is argued that the same mechanism is responsible
for the weak population of complex-structure states often
reported in the low-momentum tails of one-nucleon knock-
out longitudinal momentum distributions. Complementing the
discussion of *®Ca in Ref. [6], the complete spectroscopy
data on this nucleus from the present work is provided.
While the detailed mechanism(s) responsible for the large-
momentum-loss events observed in the reactions remain
unexplained at present, these pose an interesting experimental
challenge. Their clarification would certainly require a char-
acterization of the target breakup channels. Regardless of the
detailed reaction mechanism(s), this work demonstrates that
exploiting such dissipative processes offers the potential to
use high-luminosity, fast-beam-induced reactions to perform
higher-spin spectroscopy of rare isotopes.
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