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Background: Cluster states in '3N are extremely difficult to measure due to the unavailability of °B +« elastic-
scattering data.

Purpose: Using B-delayed charged-particle spectroscopy of >0, clustered states in '*N can be populated and
measured in the 3o + p decay channel.

Methods: One-at-a-time implantation and decay of '*O was performed with the Texas Active Target Time
Projection Chamber. 14983a p decay events were observed and the excitation function in >N reconstructed.
Results: Four previously unknown a-decaying excited states were observed in >N at an excitation energy of
11.3,12.4, 13.1, and 13.7 MeV decaying via the 3« 4 p channel.

Conclusions: These states are seen to have a [*B(g.s) @ «/ p + 2C(07)], [9B(%+) X al, [9B(%+) & «], and
[9B(§+) Q@ «] structure, respectively. A previously seen state at 11.8 MeV was also determined to have a [p +
12C(g.s.)/ p + '2C(07)] structure. The overall magnitude of the clustering is not able to be extracted, however,
due to the lack of a total width measurement. Clustered states in '*N (with unknown magnitude) seem to persist
from the addition of a proton to the highly a-clustered '2C. Evidence of the ; state in °B was also seen to be

populated by decays from N*.

DOLI: 10.1103/PhysRevC.109.054308

I. INTRODUCTION

The most well-known instance of « clustering in light
nuclei is perhaps that of the Hoyle state in '2C [1]. When
additional protons or neutrons are added to this system, the
propensity for clustering is of interest to study to understand
the phenomenon of clustering. While clustering in '*C and '4C
has been examined through resonant scattering, the unbound
nature of B means that these data for 3N are not accessible.
Instead, one must use different mechanisms to populate these
highly excited exotic states. Combined with the experimental
difficulties of observing the 3o + p decay of these states (as
the characteristic clustered decay mode), a high-sensitivity
experimental approach is required.

To probe these a-clustered states in >N, B-delayed
charged-particle spectroscopy was used to populate states
in 1¥N via 30 and decays to a final state of 3o + p were
then measured. To achieve this, the Texas Active Target

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2469-9985/2024/109(5)/054308(10)

054308-1

Time Projection Chamber (TexAT TPC) was used to perform
one-at-a-time implantation and decay which has been demon-
strated previously to have a very high sensitivity to rare decays
due to the absence of background [2—4]. This paper provides
more details on this approach and deeper insight into the states
observed in a previous paper detailing the first observation of
the B3ap decay channel [5].

II. EXPERIMENTAL SETUP

The experimental setup utilized for this experiment fol-
lows that successfully applied to studying the rare decay
modes of near-threshold a-clustered states in 2C [2-4] via
the B-delayed 3a-particle decay of 2N via '2C*. Instead, the
B-delayed 3o p-particle decay of >0 via 3N* is studied here.

The K500 Cyclotron at Texas A&M University was used to
produce a beam of 18.5 MeV /u '“N which was incident on a
90-cm-long *He gas cell [6] at 77 K with a pressure of 775 torr
to produce a secondary beam of '3Q via the '*“N(*He, xn) >0
reaction. The 30 of interest was then selected using the mo-
mentum achromat recoil separator (MARS) [7] with a typical
intensity of 5 pps and an energy of 15.1 MeV/u. The beam
was then degraded to 2 MeV/u using an aluminum foil in
order to stop the beam inside of the sensitive area of the TexAT

Published by the American Physical Society
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TPC [8] in 50 torr of CO, gas. The one-at-a-time S-delayed
charged-particle spectroscopy technique requires the implan-
tation of the B-decaying nucleus '3Q into the active area of
the TexAT TPC (with 71/, = 8.58 ms). The implanted ion then
subsequently decays with the TPC volume being insensitive
to the 8% in the gas (and the subsequent 87 from the decay of
13N for some events). When states in '*N are populated above
the particle decay threshold (1.944 MeV for the p threshold
and 9.496 MeV for the « threshold), the daughter nucleus can
undergo particle decay and the recoil products are measured
inside the TPC.

As the ion is incident into the TPC active volume, the
implantation beam track triggers the GET electronics setup
[9] which sends a 30-ms-long busy signal to the K500 phase
shifter which blocks the transmission of the primary '*N
through the cyclotron and therefore prevents any subsequent
implantations. During the 30 ms busy signal, the data acqui-
sition then awaits an additional event corresponding to the
decay of ’N* through the proton or «-decay channels. For the
majority of events, this second trigger is not generated because
the 130 decays to states in >N that are particle bound. After
either 30 ms has elapsed or a decay event has registered, the
data acquisition is ready for a new implantation event and the
K500 phase shifter signal is disabled. This setup is known as
the “2p mode” in the GET system Mutant module and allows
for the beam implant and decay events to be correlated. The
implantation from the beam is referred to as the L1A trigger
and requires 10 channels in TexAT to be above threshold. The
decay event is known as the L1B trigger and requires only a
multiplicity of 1 to allow for very low-energy recoils to trigger
the data acquisition. The time between the L1A and L1B event
(known as the d2p time) is also recorded in the GET system
and corresponds to the decay time of the S-delaying particle.
Partial events where an L1A trigger was not followed by an
LIB trigger were also recorded for normalization and beam
characterization. An overview of this experimental setup is
shown in Fig. 1.

III. METHODOLOGY

To select events of interest, the full L1A (implant) + L1B
(decay) events were selected where the time between the two
was between 1 and 30 ms (with small times omitted to remove
double trigger events due to sudden beam-induced noise). In
addition to the secondary 130 of interest, there were also some
other beam contaminants. Therefore, to ensure the implanted
ion corresponded to '3Q, the energy deposited by the beam
implant event in the Micromegas “Jr” (MM Jr) beam tracker
[10] at the entrance to the TexAT chamber was recorded. The
beam contaminants were 'Be and '°C, dominated by "Be at
~28% of the beam intensity. The energy spectrum from the
MM Jr is shown in Fig. 2.

Following a selection of >0 implants, the stopping po-
sition of the beam was evaluated event-by-event and events
where the beam stopped inside the active area of the Mi-
cromegas were taken, events where a signal was observed in
the zero-degree silicon detector were automatically vetoed as
signifying the beam did not stop in the gas. Because of the
proximity of some events to the edge of the active region, only
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FIG. 1. An overview of the experimental setup showing how
the K500 Cyclotron phase shifter inhibits the YN primary beam
following an implantation event from the 'O secondary beam (L1A).
Following this, for a fraction of events a subsequent decay (within 30
ms) of the *N — 3a + p (or more-likely, a single proton) provides
a second L1B (decay) trigger and the decay products from can be
reconstructed inside the TPC. A silicon detector at zero degrees was
used for tuning the radioactive beam and providing a veto signal for
beam events that do not stop inside of the TexAT active region.

events which were more than 31.5 mm from the edge of the
Micromegas were taken for further analysis. Due to the large
energy degradation required to stop inside Tex AT, the spread
in the >0 stopping position was 67.5 mm.

To ensure the implant and decay events are correlated,
the two-dimensional (2D) distance (in the plane of the Mi-
cromegas) between the stopping position of the implanted
beam and the decay vertex (identified by the highest energy
deposition inside the active volume) is then evaluated. Follow-
ing previous results [2], the separation for correlated events is
given by

= 2
fr)=re” 5 (M)
with the fitted value o = 4.9 mm for these data which agrees
well with a predicted diffusion value of ~4 mm from the
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FIG. 2. Energy deposition (dE) within the MM Jr detector to
differentiate the beam species. The contaminants to the '*Q were
dominated by "Be and they total ~28% of the total beam intensity
of 5 pps.
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FIG. 3. Decay time between the implant of 'O and proton
or o decay overlaid with a background-free exponential fit yield-
ing a value of f,,, =8.55+0.09 (stat.) ms compared with the
adopted value of 8.58 £ 0.05ms [11]. > = 1.26 from log-likelihood
minimization.

ideal-gas law. A selection of events with a displacement of
<5 mm were taken as correlated. To determine the purity of
this selection, the time between the implantation and decay for
these events was accumulated (the d2p time). A background-
free exponential fit yielded a half-life value of 8.55 £ 0.09
(stat.) ms compared with the adopted value of 8.58 + 0.05 ms
(%> = 1.26) which is shown in Fig. 3. The excellent agree-
ment without the need for any background demonstrates the
purity of the selection of >0 in the system.

Tracks from these events were fit with a single track
segment using a randomly sampled x-squared minimization
algorithm (more detail on this fitting technique is covered in
Sec. V). For those tracks for which the reduced x squared was
good, these events were identified as single-proton events and
are discussed in Sec. I'V. For those which gave a poor reduced
X squared, these events were fit with four track segments as
candidate 3« + p events using randomly sampled y-squared
minimization and were visually inspected to evaluate the qual-
ity of fit and also identify any events which were unable
to be fit with the algorithm (given the complexity of the fit
required). These 3« + p events are discussed in Sec. V.

IV. SINGLE-PROTON EVENTS

Due to the low gas pressure used, the majority of proton
event tracks escape the TPC active volume. To evaluate the
state populated in '*N”, the recoiling '>C was therefore used
instead which has 1/12" of the proton energy and a much
higher dE /dx therefore stops safely inside the active volume.
To calculate the '2C recoil energy, the decay event is fit with
a single line segment defined by two points: the endpoint
of the proton track and the endpoint of the '2C track. The
decay vertex then dissects this line segment and the energy
in the point cloud that is on the recoil side of the fit was
also added to the '>C recoil energy. Figure 4(a) shows the
relationship between the recoil energy and range from the
track overlaid with the expected TRIM result which allowed for
an additional cut on the data. The events that lie outside of this
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FIG. 4. Selection of (*N, po.;) events. (top) Experimental data
of '2C recoil range in TPC versus energy. The expected result from
TRIM [12] is overlaid as a dotted red line. (bottom) Proton energy
spectrum from these data obtained from the 12C recoil (red his-
togram). The expected yield using previously obtained branching
ratios [13] is overlaid as a black solid line after being convoluted
with a Gaussian profile to best replicate the data.

cut constitute events where the separation between the proton
and '2C recoil could not be accurately attained. The number
of events lost through this cut is <4% which has little effect
on the branching ratios but removes all background at higher
excitation energies. Given the typical energy of the recoil is
from 0.12 to 1.1 MeV (corresponding to track lengths of 6.7
to 30.5 mm), the resolution of the energy spectrum using
this technique is poor and the proton energies and relative
intensities from previous studies [13] are used to demonstrate
the compatibility of our result with those previously ob-
served. The excitation function obtained is shown in Fig. 4(b)
with the expected yield overlaid from previous studies [13]
convoluted with a Gaussian response. Any deviation can be
attributed to the dynamics of the gas avalanche that is better
characterized as a Breit-Wigner convoluted with a Gamma
distribution (representing the gas gain dynamics), convoluted
with a Gaussian (representing the resolution associated with
noise and difficulties associated with fitting the '>C recoil
track). This also confirms the implanted number of '3Q that
make it through our cuts is 1.90 x 103 from 1.86 x 10* proton
decay events. An independent branching-ratio measurement
from the number of implants was not reliable during this
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TABLE 1. States in >N observed in the current work with a preferred (but not definite) spin-parity assignment along with the decay
properties of the states, calculated from the yields for the state in several different decay channels. The fractional reduced width is also

efficiency corrected.

State Counts Efficiency corrected 72

E, Jr o o) a3 poll3] pi[13]  po (o) o) o3 Do 141 D2
11.3(1) (3/27) 1844 0 0 6(2.6) <3 72.8) 6721)% 0% 0% 4(2)% <1%  29(13)%
11.8(1) (3/27) <1.8 0 0 28(14) <4 422) <12% 0% 0% 50(30)% 0% 38(25)%
124(1) (3/27) 22(4.8) 4(2.2) 0 <3 <10 52.5) 6(2)%  88(49)% 0% <0.1% <2% 2(1)%
13.1 1/27) 0 3(2) 52.5) 21(6) <10 0 0% (D%  98(48)%" 0% <0.4% 0%

(5/27) 0% 10(10)% 89(44)% 0.7(0.2)% <0.2% 0%
13.7(1) (3/27) 114) 3 422 <3 <10 627 1% 8®)%  75(42)% <0.5% <7% 8(3)%

“Here the a3 channel is assumed to be through the J* = %7
experiment due to a sizable noise contribution which ad-
versely affected the L1A/L1B ratio (corresponding to the
branching ratio to particle-unbound states) but was necessary
to ensure 100% trigger efficiency on genuine proton events.

V. 3¢ + PROTON EVENTS

A total of 149 3« + p events were identified. Due to the
size of the TPC and limitations on reconstruction in parts of
the TexAT TPC, only 102 out of 149 of these events could
be fully reconstructed. These events that are lost are almost
exclusively from o decay because this produces a high-energy
« particle that may escape. The efficiency for the oy decay
starts to deviate from 100% at E, = 10 MeV, slowly drops to
around 60% at E, = 14 MeV. The efficiency for «; and o3
are less affected and only decrease to 70% at E, = 14 MeV.
For events that proton decay to the Hoyle state, the majority
of the energy is taken by the proton which is not required for
reconstruction. Corrections to the yields obtained during this
work are made to account for this effect in Table I.

To accurately fit the four-track events, a highly robust
fitting technique is required. To achieve this, the ansatz for
the reaction vertex is identified by the stopping position of
the beam and then the point cloud for the decay events is
fit with 15 parameters: the decay vertex and the endpoint of
each of the four tracks [with each being a three-dimensional
(3D) vector]. Due to the highly complex nature of the fit with
many free parameters and a “noisy” fitting space, a modified
version of RANSAC [14] was used that has been successfully
employed in several other TexAT experiments whereby the
four parameters are randomly selected from the set of points
in the point cloud (as per RANSAC) and then a goodness of fit
is evaluated by the sum of the distance-squared for all points
to the nearest line defined by the vertex to each of the three
endpoints. It is better characterized as RANdomly Sampled
Chi-Squared Minimization, referred to here as RANSChiSM.
To reduce the influence of outliers, where the distance to all
three lines exceeded 10 mm, the distance was saturated to be
10 mm. This functional form is given by

Noos - - > 2

3 petnts P,—V:)xL;

=t minj_;234 w, 101), @
Npoints |L]|

channel in °B rather than the J™ =

"
27 state.

where f’, is the ith point in the point cloud, ‘7]- is the vector

for the endpoint of the jth track, and L ; 1s the vector from the
decay vertex to the endpoint of one of the three tracks. The
vector product here merely calculates the shortest 3D distance
of the point 3, to the line ;. To ensure the point that is chosen
is at the end of the track, if the distance between the point and
the vertex exceeds the distance between the vertex and the end
of the arm, then the distance between the point and the end
of the arm is taken instead, weighted by a factor of 10. This
was seen to be very effective at ensuring the proper selection
of the end of the tracks which is necessary for the conversion
between range in the gas and the energy. To reduce the number
of random samples of endpoints and the decay vertex, one
endpoint was defined as that which had the largest distance
from the decay vertex and a weighting scheme was used where
two of the remaining three endpoints were randomly sampled
with a weight given by the distance of the point in the point
cloud to the randomly chosen decay vertex squared. Similarly,
only points within 5 mm of the known beam stopping point
were allowed to be selected for the decay vertex point. A
schematic of this fitting is shown in Fig. 5. For the B3ap
events, 20 000 iterations were sufficient to converge on the
best fit. Each decay was examined manually and those that

dist >10 mm
Counted as 10 mm away

Point is further away from the ‘
vertex than the endpoint so the

shortest distance to the
endpoint is taken with a
weighting factor (10) to penalize

®

=@

FIG. 5. Schematic showing the basis of the RANSChiSM fit by
selection of five points to parametrize the four-track fit. Any points
in the point cloud more than 10 mm from the nearest track line are
counted as if they are 10 mm away to reduce the influence of outliers.
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FIG. 6. Relative energy spectrum for pairs of « particles (taking
the smallest relative energy) showing the ®Be(g.s.) energy of 92 keV
(represented by the red dashed vertical line) is well-reproduced in
our data.

were not perfectly fitted were reanalyzed (e.g., a short decay
track was missed) and, if needed, the parameters for certain
tracks were constrained manually and the fit reevaluated. For
some extremely short tracks, this was necessary due to the
presence of many “fake” minima in the chi-squared phase
space.

To identify the parent state in >N, the lowest-energy-
deposition arm was identified as the proton track and the
momentum of the 3« particles was determined by the length
and direction of the track in the gas. As the proton almost
always escapes the TPC sensitive volume, the proton mo-
mentum is reconstructed from momentum conservation. The

Counts/100 keV

N W A OO N 00 ©

-

0 05 1 15 2 25 3
E., (MeV)

FIG. 7. For events that do not decay via the Hoyle state
(E,<8.1 MeV), the relative energy spectrum is shown here which is
generated by selecting the two « particles that produce the ®Be(g.s.)
and then reconstructing the °B relative energy with the proton. Over-
laid in dashed red are simulated data for the ground-state contribution
(Ere1 = 186 keV, I' = 0.54 keV) and in solid red are the %+ and %+
states from single channel R-matrix calculations convoluted with a
Gaussian with ¢ = 0.23 MeV. The %Jr parameters are those obtained
by Wheldon [15] and show excellent agreement.

Counts/100 keV

8 85 9 95 10 105
E, (MeV)

FIG. 8. Invariant-mass spectrum for '2C from 3« particles. A
peak at 7.65 MeV is seen, well reproducing the Hoyle state energy
(denoted by a red dashed vertical line) and a broad peak is seen at
higher excitation energies which correspond to events that decay via
’B +a.

decay energy is then the sum of the three o particles and
the proton energy. From here, the Be (Fig. 6), °B (Fig. 7)
relative energies and '>C (Fig. 8) excitation energies were
determined from the invariant mass. This allowed for a selec-
tion of events which proceeded to decay via p + '2C(05)[p2].
o +°B(gs)laol, @ +°B(} Dlorl, and @ +°BG il A
selection of events proceeding through the Hoyle state (p;)
correspond to an excitation energy of <8.1 MeV. An example
p» event is shown in Fig. 9 and an example «( event is shown
in Fig. 10. It is remarkable to see in Fig. 7 evidence of strength
in °B between 1 and 2.4 MeV that cannot be explained without

the long-sought after %+ state in °B that is the mirror of the

well-studied °Be y. The ground-state contribution (from
Monte Carlo simulations) and the higher-lying states from
a single-channel Breit-Wigner convoluted with a Gaussian
(o0 = 0.23 MeV) were fitted to the spectrum. Attempting to
fit the spectrum with and without the %Jr contribution shows
the probability such a peak can occur by chance is 0.01%

250
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FIG. 9. An example p, ['2C(0f) + p] event where the energy
deposition as a function of distance in the TPC is shown projected
in 2D.
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FIG. 10. An example o [°B(g.s.) + o] event where the energy
deposition as a function of distance in the TPC is shown projected in
2D. The track going downwards can be identified as the proton by its
lower energy deposition. Also shown in Ref. [5].

demonstrating this contribution can only occur due to a con-
tribution from the %Jr due to the absence of any background.

The %Jr state in °B was selected by taking an excitation
energy of between 1.4 and 2.4 MeV in °B [following the

centroid and width as observed via °Be(PHe, t) [15] which

. . . +
is consistent with our current results] and the % was taken as
having an excitation energy of above 2.4 MeV. A more recent
experimental study has suggested the possibility that discrep-

ancies in experimental results are the result of a doublet of

%+ states [16]. Any contribution from the relatively narrow

2.345 MeV g_ is not present in the presented plots as this
state decays almost exclusively via °Li and therefore would
not correspond to a peak in the ®Be spectrum. There were
only three events associated with this decay to SLi hence the
statistics were insufficient to incorporate into the analysis.

Following the channel selection, the excitation energy in
BN was calculated and is shown in Fig. 11. Despite low
statistics, a number of states can be seen and will be dis-
cussed individually. A summary of the properties of these
states observed is then shown in Table I. A GEANT4 simulation
was performed to test the variation in experimental resolution
as a function of excitation energy for the oy channel which,
as shown in Fig. 12, is typically around o = 200 keV. The
p> channel resolution is almost entirely dominated by dis-
crepancies between the expected and real stopping powers
for the o particles and therefore cannot be accurately deter-
mined and is extremely sensitive to small changes. For all
excitation energies, it is realistically greater than o = 160 keV
however.

A. 11.3 MeV state

The first peak in the spectrum corresponds to an excitation
energy of 11.3 MeV in '3N. The strength is almost entirely
dominated by the *B(g.s.) +-« channel with a small fraction
of '2C(0F) 4 p. The yield in the py from the previous Knud-
sen data [13] shows a small very narrow peak at the energy
associated with this potential state [E,(lab) = 8.64 MeV]
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FIG. 11. Excitation spectrum in N for 3o + p separated by
channels: (a) The sum of all channels, (b) p,, (¢) «, (d) @, and
(e) a3. Dashed vertical arrows show the position of observed states
populated by S decay while, in the top panel, black solid arrows note

the location of previously observed states [13].

and is taken as 6(2.6). The yield in the p; channel is harder
to estimate due to the larger background from other states
in this region but also shows no evidence of a peak and is
also taken to be negligible. Fitting this peak in conjunction
with neighboring peaks, the yield in the o channel is 18(4.4)
and yielding o = 280(80) keV and E, = 11.3(1) MeV. In the
p> channel, the yield is 7(2.8) with o = 220(100) keV and
E, = 11.0(1) MeV. These widths are commensurate with the
experimental resolution so I" is expected to be relatively small
(I' < 200 keV). This is also corroborated by the small peaks
seen in the Knudsen data where the counts appear to lie within
one energy bin (width = 40 keV) suggesting the width of
this state may be even be I' < 40 keV but the significance
of this peak means this more strict width limit cannot be
taken as definite. Given the yields for oy and p, are both

strong, the spin-parity assignment is favored towards J* = %7
where the angular-momentum transferis L=0=and L = 1,

respectively. A choice of J* = %_ orJ" = g_ would require
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FIG. 12. Variation of experimental resolution from a GEANT4
simulation of infinitely narrow states decaying via “B(g.s.) + « as a
function of excitation energy. The statistical error bars are not shown
as the error for each point is dominated by systematic errors via the
stopping power uncertainties for « particles and may be as large as
0.1 MeV (towards larger peak o values).

L = 2 for the oy channel which should heavily suppress the

yield and J* = %7 would correspond to L = 3 for p, so these
options are strongly disfavored. From Table I, when taking
the yield of the states and correcting for the different channel
penetrabilities, P;, and efficiencies, one can determine the
structure of the measured states without a measurement of the
width of the state to compare with the Wigner limit. Many of
the states in °B are very broad and the extreme simplification
of calculating the penetrability to the resonant energy is made.
In reality, the average penetrability will be higher. The struc-
ture is therefore determined by the fractional reduced width
72 =v}> i yjz, where y? = I';/2Py. This variable shows
the type of clustering but not the magnitude of the clustering.
This state has considerable strength in both ¢y and p, with
)7i2 as 67% and 29%, respectively. Taking the assumption that
the total width I of the state is <200 keV, one may compare
with the Wigner limit, y2 = #*/ua® which is 0.57 and 2.1
MeV for « decay and p decay, respectively. The ratio to the
Wigner limit, 9‘,2‘, = yiz / Vv%/’ assuming I' =200 keV is then
03 <28 % and <4% for ey and p,, respectively. The former
of these (while notably only an upper limit) constitutes a
well-clustered state.

B. 11.8 MeV state

In the p, channel, the yield is 4(2.2) with o = 170(110)
keV and E, = 11.8(1) MeV. Counts in the «; channel are
from higher excitation energies extending down as the P; for
o is extremely suppressed prohibiting any strength. Due to
the strength of the two nearby states in the ¢ channel, the
yield in the oy channel has very large uncertainties and can
only be limited to be less than 1.8. There are two states

previously known at this energy, a %_ and a %7 with widths

of 115(30) and 530(80) keV respectively. Our data are more

consistent with the %_ assignment which was ascribed as g_

in previous work [13]. A %7 assignment is the least favored
from an angular-momentum perspective (L = 3 vs L = 1 for
%_ or %_) and this state is seen to populate the p, channel
reasonably well. This ambiguity suggests a reexamination of
the total width of each of these two states is needed in future

work. From previous work assuming that the strength seen

was due to the %_, the yield in the py was determined to
be 28(14). Making the same corrections for penetrabilities as
above, this state shares strength in the py and p, channels with
72 > 50% and >38%, respectively with the remaining a
component being <12%. The width for this state is perhaps
poorly known and the reduced width for p, can be compared
with the Wigner limit and is &1%. Therefore, this state is not
strongly '2C(03) &) p clustered (due to the considerable py
branching ratio).

C. 12.4 MeV state

Fitting this peak in conjunction with neighboring peaks,
the yield in the o channel is 22(4.8), yielding o = 310(90)
keV and E, = 12.4(1) MeV. The corresponding yield of «;
is 4(2.2). In the p, channel, the yield is 5(2.5) with o =
110(70) keV and E, = 12.5(1) MeV. Despite the relatively
small yield in the «; channel, when correcting for penetrabil-
ity, the or; dominates the strength with 7 ~ 88% with & and
p> sharing the remainder with 6% and 2%, respectively. The
strong nature of the 9B(%Jr) & o suggests this is some kind of
near-threshold p-wave state, following the conclusions from a
series of recent experimental [1,17-21] and theoretical studies
[22,23], cementing the ideas formulated as far back as Wigner
[24] and Ikeda with his eponymous Ikeda diagram [25].

This energy regime enters the region where existing
°Be(a, ap) [26,27] and *Be(w, ng) [28] are available and one
may look for analogous states in '>C. Given this state is in

the s wave in the entrance channel (assuming J* = %_) and
is expected to be relatively narrow, and previous data seem to
have a very large experimental width, it is perhaps possible
to explain that such a state has not been observed in this
excitation energy in 3C in the °Be(w, ap) channel. It can be
seen, however, that the «( is rather weak and therefore this

state may not be strongly populated in this way. The sole

dominant feature in this region is a strong %Jr state at 11.95
MeV.

It is worth noting that the &r; channel is subthreshold in 1*C
and the n, channel is heavily suppressed until '3C excitation
energies of above 13 MeV [28]. There are many states in this
region (E, > 2 MeV) visible in the *Be(«, ny) channel but
the data are insufficient resolution to provide spin-parity and
width assignments.

This perhaps motivates a more extensive investigation of
near-threshold states in '3C from the *Be 4« channel with
higher resolution and angular coverage. It is also worth noting
in the previous proton data [13] that there is a peak at this
corresponding energy for the p; channel [E,(lab) = 5.55
MeV] where a peak with a yield of ~6 can be seen above
a considerable background. The conservative limit of <10 for
p1 is therefore taken. The width in this spectrum is also seen
to be small, which agrees with our results.
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D. 13.1 MeV state

Around 13.1 MeV, there is a relatively strong component
seen in the o3 channel where decays occur through the 2.75

MeV %Jr. There is only a very small contribution from the
oy channel at this excitation energy so this state is almost

exclusively 9B(%+)®a. Given the dominance of «3, this

suggests a spin-parity of J7 = 2, which suppresses the other

channels. ?

In °B, there is also the extremely broad 2.78 MeV %7 with
I' = 3.13 MeV which cannot be excluded as the source of the
a3 strength. The reason for this is because we are decaying
into a broad intermediate state, the penetrability to lower
excitation energies in °B is exponentially enhanced, there-
fore meaning that the width-dependent Breit-Wigner shape
is hugely distorted towards lower excitation energies. Simple
R-matrix calculations show that the %7 being fed by an ex-
citation energy of around 13 MeV in 3N with L = 0 may
produce a yield in the °B relative energy space that looks
similar to the narrower 2.75 MeV §+ in °B. Our data do not

have sufficient statistics to exclude this possibility and the

%7 decays primarily through 8Be via proton decay. In this

possibility, the preferred spin-parity assignment is obviously
J' = %_ corresponding to L = 0 o3 decay. The results for
both spin-parities assignments are included in Table I.

As with the 12.4 MeV state, there is evidence of a peak in
previous data at the correct energy in the p; channel [E,(lab)

= 6.20 MeV], which is given a similar limit of <10.

E. 13.7 MeV state

There is a collection of strength in the p,, o, o1, and a3
channels. With a yield of 6(2.7), the state is dominated by
p2 and has parameters of o = 260(70) keV and E, = 13.7(1)
MeV. Given the large y2 in the a3 channel, this state can

be assigned as either 3 or 3 . A 2~ would correspond to

2 2
L = 3 for the p, channel, so a %_ assignment would be more
commensurate with the reasonable p, yield. This state also
exhibits a 9B(§+) &) « structure.

Examining the previous work for evidence of a peak in
the p; is not possible for this state due to the presence of a
strong po branch from a lower-lying state at the same energy.

A similar limit of <10 is therefore placed on this state.

VI. CONCLUSIONS

Three new states and a previously tentative state have been
observed with a strong 3« + p nature with their excitation
energies relative to the thresholds shown in Fig. 13. The first is
a narrow potential %_ state at £, = 11.3(1) MeV with mixed
’B(g.s) @« and p + 2C(07) nature.

Another previously observed %7 was seen to have mixed
p+ 12C(g.s.) and p+ 12C(O;) nature at 11.8 MeV with
around half of the total strength as p + '2C(g.s.).

At higher excitation, another strong «-decaying state was
seen at E, = 12.4(1) MeV although this state has a much
stronger 9B(%Jr) &) « nature.

13.7 3/2
13.1 1/2 or5/2
12.4 3/2°0,12.25 2.751 5/2*
118 3/2° 0, 1.5 7325 2/2

113 32~ %113 _1.38(1) 1/2

7.654 0 p, 96

oy 9.5 0 3/2-

12C+p 9B+a

1
1
1
1
1
|
=
1
1
1
1
1
1
1
1
1
1
1
1

TTTTTTTTTM

E Jn

X
13N

FIG. 13. Level scheme of measured 3o + p states in N in the
central column with the proposed spin-parity assignments. The loca-
tion of the thresholds for proton and « decay are shown in red with
the equivalent excitation energy shown. The corresponding states in
the daughter nuclei (*?C and °B) are similarly displayed. Also shown
in Ref. [5].

A revised excitation energy of 13.1(1) MeV is suggested

. F
for a previously seen state at 13.26 MeV. The 9B(% YR

structure dominates in this state and a spin assignment of J™ =

%_ or %7 are therefore preferred.

Finally, another %_ is seen at 13.7 MeV which is also

dominated by 9B(%+) R a.

The inability to extract the width of these narrow states
means that the magnitude of clustering cannot be fully
evaluated, however, the type (channel) of clustering can be
determined without this information. Higher resolution data
focusing on the proton channel may provide further informa-
tion on the magnitude of this clustering phenomenon. From
our current data, one may conclude, however, when compar-
ing the reduced widths that the clustered channels are very
competitive against the single-particle py channel. Configura-
tion mixing may, however, be very strong in these states and
therefore quench the single-cluster nature of these resonances.

One can compare these states with 3o + p events observed
via other reactions such as those populated by single proton
decay from highly excited states in '*Q* in complete kinemat-
ics [29]. Due to the spin-parity selectivity of 8 decay and the
unusual population method of states in '3N* in the previous
work, it is perhaps not surprising that the same states are not
observed in the current work.

Work using '*C(*He, t) by Fujimura et al. has also been
performed which, at high energy, is a better analog to inverse

B decay and should preferentially populate similar states al-
though the ground-state spin-parity of '3C is J™ = 1 rather
than J* = %_ as for 130 [30]. This work relies on the exci-
tation energy being extracted by missing mass and the decay
channels tagged solely by protons to separate pg, p1, p2, etc. A
broad peak at E, = 13.5 MeV can be seen in the p, channel.

This lies close in energy to our observed peak at 13.8 MeV
which, with a preferred J* = %7 agrees with the state being
observed with (3He, t). The 11.8 MeV states, also observed
previously by Knudsen was also seen to be very strongly
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populated in the Fujimura data. Their data show a smaller pg
and p; yield and a dominant p, yield, which is at odds with the
Knudsen result which ascribed the yield in this region to the

JT = %_, which would not be populated strongly by Fujimara.

Is it therefore possible that, in the current work and that of
Knudsen, the J™ = %_ and J* = %7 are both contributing
strength here in different channels. Alternatively, in the work
by Knudsen the p; yield could have been partially obscured
by the strong py yield for the 7.376 MeV state. Further studies
with higher spin-sensitivity are necessary to disentangle these
two contributions.

We hope this experimental work will motivate further the-
oretical studies for 13N including using the Algebraic Cluster
Model (D},) as performed for '*C [31] and antisymmetrized
molecular dynamics calculations.
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