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Invariant-mass spectrum of 1'Q
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The invariant-mass distribution of ''Q fragments formed in two-neutron-knockout reactions with a >0
projectile and °Be target has been further examined. Gating on events where the °C decay fragments produced
following 2p emission are recoiled transversely in the projectile’s frame improves the overall invariant-mass
resolution. The observed peak is now shown to have contributions from at least two 10 levels, in contradiction
with the suggestion of Fortune [Phys. Rev. C 99, 051302(R) (2019)]. The data, however, do not differentiate
between the ground-state properties obtained by the Gamow coupled-channels calculation and the prompt
2p-decay model of Fortune. The ground-state 2p-decay energy is 4.25(6) MeV in a two-level fit to the data,
but lower values are possible if more states contribute to the observed spectrum, as suggested in the previous

analysis.
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In a recent experiment, the invariant-mass technique was
used to make the first observation of 'O [1] and pro-
duce a high-statistics spectrum of '2Q states [2]. These
particle-unbound states were produced from double- and
single-neutron-knockout reactions with an 130 projectile. The
invariant-mass spectrum for 'O contained a wide peak which
was interpreted with the aid of Gamow coupled-channel
(GCC) calculations as a multiplet with contributions from
fours states: 3/2,,3/25,5/2], and 5/27 . Subsequently, For-
tune disagreed with this interpretation and suggested that the
observed peak is largely from the ground state (3/2]) alone
[3]. His interpretation was based on his calculation of a much
larger ground-state decay width compared with the GCC
value. In an additional paper [4], Fortune further suggested
that, based on a simple model of the overlap between the
structures of the '*Q projectile and the 'O states, only the
ground state should be populated with any significant yield.
In light of these issues we further examine the experimental
data.

The GCC is a state-of-the-art structure model that treats
bound and continuum effects on an equal footing [5]. Cou-
pling between shell-model states and the continuum can
modify the predicted configuration, especially in the vicinity
of a threshold. For !'Q, the calculation has two protons
interacting with a deformed °C core. Fortune calculated the
decay width using a more traditional technique [3,6]. He
calculated a decay width of 1.6 MeV from sequential decays
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through the lowest 1=, 27, 1, and 27 states of 'N. He also
calculated a decay width of 2.46 MeV from the simultaneous
emission of both two p-shell protons and two sd-shell protons.
Fortune suggested that the width of the experimental peak is
consistent with the simultaneous-decay prediction alone. The
GCC model does not specifically consider simultaneous and
sequential 2p-decay processes, but rather calculates the total
decay width in a more general framework which allows for
more complex decay patterns [7].

The experiment was performed at the National Super-
conducting Cyclotron Laboratory at Michigan State Univer-
sity, which provided a secondary beam of 30 at E/A =
69.5 MeV. This beam bombarded a 193-mg/cm>-thick Be
target. Charged particles produced in reactions between the
target and projectile were detected in the High Resolution
Array (HiRA) [8]. More details can be found in Refs. [1,2].
Low-lying '' O states undergo 2p decay and the invariant-mass
spectrum is constructed from detected 2p + °C coincidence
events [1]. The 2p-decay energy Ey was determined from
the measured invariant mass of these events and the spectrum
for all detected events was presented in Ref. [1] and is also
shown in Fig. 1(a). A small background subtraction from
events where '°C and !'C are misidentified as °C was made
(see Ref. [1] for details).

The previous decomposition of this peak into contributions
from the two lowest 3/27 and 5/2% states and a smooth
background is also shown by the curves. The relative location
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FIG. 1. Fits to the experimental ''Q — 2p 4 °C decay-energy
spectra obtained with the invariant-mass method with (a) all exper-
imental events and (b)—(d) for the events where the core is emitted
transversely from the moving parent fragment. The solid red curves
show fits to these spectra with contributions from the states shown
as the dotted green curves and a background component given
by the dashed blue curves. The fit in panels (a), (b) includes the
contributions from the 3/27, 3/25, 5/2}, and 5/2; states predicted
in the GCC. In panel (c), the fit includes only the ground-state peak
as predicted by Fortune [3]. The fit in panel (d) is a two-peak fit
using R-matrix lineshapes for diproton emission, with both widths
and centroids varied. The data and fits in panel (a) are the same as
presented in Ref. [1] where it was incorrectly stated in the figure
caption that a transverse gate was applied.

and width of each of the states were obtained from the GCC
calculation.

These peaks can be moved collectively along the energy
axis by adjusting the depth of the p — °C potential in the GCC
model. The spectrum in Fig. 1(a) is the best fit obtained by
varying this depth and allowing the relative intensities of the
four levels to vary. The effect of the detector resolution and
the Er-dependent efficiency has been included in this fit by
using Monte Carlo simulations of the reaction [1]. A smooth
background was assumed in this fit, which is parametrized
as a inverse Fermi function multiplied by a linear function.
The parameters of this background function were also varied
in the fit.

The invariant-mass resolution in p and 2p decay in ex-
periments with HiRA has been shown to be largely deter-
mined by the effects associated with energy loss of the decay
fragments in the target material [9,10]. Specifically, the cores
(°C in this case) are slowed down more than the protons,
thus changing their relative velocities and the invariant mass.
While an average correction is made by assuming that the
decay occurred at half the target depth, the contributions from
different decay depths dominate the invariant-mass resolution.
In Refs. [9,10] it was shown that the invariant-mass resolu-
tion can be improved by restricting events to those where
the core is emitted close to 90 degrees, i.e., transversely,
in the reference frame of the decaying parent. Such gates
were applied in the analysis of the 'O invariant mass in
Ref. [2]. It is thus desirable to now include such gates for the
analysis of ''Q.

Figure 1(b) shows the transverse-gated spectrum for ''Q
where |cos6,.| < 0.2 and 6, is the emission angle in the
parent’s reference frame and 6, = 0 corresponds to the beam
axis. This spectrum shows more structure than the ungated
spectrum in Fig. 1(a) with the emergence of a small bump,
or shoulder, on the high-energy side of the peak at Er ~ 6.4
MeV. This bump occurs close to the predicted location of
the second 5/2% state in the GCC fit. The solid red curve in
Fig. 1(b) is fit with the same ingredients as the original fit,
except the experimental resolution and efficiency in the Monte
Carlo simulations are modified to include the transverse gate.
The relative contribution from each of the four peaks is
quite similar to our fit of the ungated spectrum in Fig. 1(a).
However, we note that the 3/2; and 5/2] states are nearly
degenerate in both fits, so a three-peak fit would give a similar
level of reproduction.

To further highlight that the observed peak is a multiplet,
we have taken the lineshape predicted by Fortune for the
ground state (solid curve in Fig. 1 of Ref. [3]), incorporated
the experimental resolution and the Er-dependent detection
efficiency, and fit the experimental data with the same back-
ground parametrization. The result is shown in Fig. 1(c),
where most of the experimental spectrum can be reproduced
except for the region of the bump. A second state, at least,
must be present in order to fit the full spectrum.

Figure 1(d) shows a two-peak fit using lineshapes taken
from R-matrix theory [11] for diproton emission with the
p — prelative energy fixed to zero for simplicity. The centroid
and widths of the ground and excited states from the poles
of their § matrix are Ey = 4.25(6) MeV, I' = 2.31(14) MeV
and Er = 6.40(7) MeV, I' = 2.5(4) MeV, respectively. At this
ground-state energy, the GCC prediction for the ground-state
width is T' = 1.29 MeV but could be envisaged to increase
to ~1.9 MeV if the ground-state configuration is pure (s /2 )?
[1]. The latter width approaches the fitted value of 2.31(14)
MeV in our two-peak fit, but the preferred interpretation in
the GCC requires the presence of at least one other state. This
fitted ground-state width is consistent with the value of 2.46
MeV predicted by Fortune for simultaneous 2p decay alone.

If the “bump” in the E; spectrum is associated with the
5/25 state, as suggested by the GCC model, then Fortune’s
arguments that only the ground state should be excited in a 2n-
knockout reaction are incorrect. Possibly Fortune’s structure
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FIG. 2. Experimental longitudinal-momentum distributions of
reconstructed residuals following (a) 1n and (b) 2n knockout from
the 13O projectile. In panel (a), results are presented gated on the two
indicated states in '2Q, while in panel (b), the data are for all 2p + °C
events in the invariant-mass peak. The longitudinal momentum is
determine in the frame of the projectile at its velocity in the center of
the target. The curve in panel (a) is a prediction with the eikonal
model (with same ingredients as in Ref. [12]) normalized to the
experimental peak height and the experimental resolution included
via Monte Carlo simulations. It roughly reproduces the experimental
data at the higher momenta. The curve in panel (b) is a Gaussian
fit to the high-momentum data above the maximum to highlight the
asymmetry of the experimental data.

model is too simplistic, or the reaction mechanism is more
complex than assumed. At the bombarding energies of this
work, theoretical treatments of single-nucleon knockout often
invoke the sudden approximation with an eikonal treatment
[13]. The predicted longitudinal-momentum P distributions
of the projectile residuals are symmetric in shape and the
width is characterized by the angular momentum of the re-
moved nucleon. In Fig. 2(a) the extracted distribution for the
ground and 2; states '>Q are shown for the one-neutron-
knockout reaction, where the momentum is determined from
the center of mass of the 2p + '°C decay products. These
two distributions are very similar to each other but are far
from symmetric in shape with a significant tailing to smaller
momenta. This is highlighted by the symmetric curve in
Fig. 2(a), which is a calculation using the eikonal model and
where the experimental resolution is folded in. This curve
reproduces the high-momentum region rather well, except for
the very highest momentum where the model is expected to
fail because it does not conserve momentum [14]. Based on
the observations in Ref. [14], the distribution may be expected
to have a narrow peak-like structure at the maximum possible

momentum of P = 154 MeV /c (4427 MeV in the laboratory
frame) in Fig. 2(a). However, due to the large momentum
resolution of 100 MeV /c (FWHM) in this measurement, any
such structure would be washed out. Low-momentum tails
have been observed in a number a knockout reactions [14—18],
but the magnitude of the tail in this instance is more significant
than most cases, but not unprecedented [16].

The equivalent distribution for two-neutron knockout asso-
ciated with our observed !'Q peak is shown in Fig. 2(b). Here,
to highlight the asymmetry we have just fit a Gaussian curve
to the high-momentum region. The 2n-knockout distribution
is wider than the 1z distributions in Fig. 2(a), which would be
expected if the total angular momentum of the two knocked
out neutrons is nonzero [19], but it also has a significant
low-momentum tail. This asymmetry has been ascribed to the
dynamics of the removed nucleon inside the potential of the
residual nucleus [14,20] or caused by dissipative knockout
reactions. The latter can involve excitation of either the target
nucleus or the core or both. A reduction in the residual
momentum of 100 MeV /c corresponds to a dissipation of 230
MeV into excitation energy. While such large dissipations
maybe dominating the tail regions, it is not clear whether
smaller dissipations also contribute to the high-momentum
region of the distribution. We note that the “bump” in the
10 invariant-mass distribution does not disappear when gated
on P, values above the peak in the momentum spectrum.
Whether dissipative knockout reactions are responsible for
the production of the 5/27, and possibly the other low-lying
excited states, is not clear. Further understanding of these
reactions is needed.

Finally, we note that the efficiency-corrected yield in the
10 invariant-mass peak is of similar magnitude as those
determined for the observed 1n-knockout states in Ref. [2].
In fact, this yield is 34% larger than the 1n-knockout yield to
12Qg... In addition, the second observed 2% state in '?Q has a
yield of about twice the observed yield of the 'O peak. Given
that the cross section for knockout of a deeply bound neutron
is expected to be small [12], the 2n yield is expected to be
significantly smaller. If the observed peak has contributions
from four states of similar magnitude as suggested in the
GCC interpretation, the ''Q ground-state yield is closer to this
expectation, but still the relative yield is significant.

In conclusion we have shown that invariant-mass spectrum
of 2p + °C events produced in the 21 knockout from an *Q
beam cannot be understood as the production and decay of a
single 'O state as suggested by Fortune [3]. A high-energy
shoulder or bump can be resolved in this spectrum when
a selection of events associated with transversely emitted
cores is applied. The location of this bump is consistent with
contribution of the 5 /23L state predicted in Gamow coupled-
channels calculations. However, the data are not able to differ-
entiate between the ground-state location and width predicted
in the Gamow coupled-channels model and the simultaneous
2p-decay calculations of Fortune.
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