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Measurements of the "*C(**C,"*C['°Be + «]) breakup reaction have been made at a beam energy of 98.2 MeV.
The studies were performed with two charged-particle telescopes that permitted the energy, mass, charge, and
emission angle of each detected particle to be determined. A series of '*C excited states at energies of 14.3, 14.8
15.6, 16.4,17.3, 18.6, 19.8, 20.6, and 21.6 MeV was observed to decay to either the 10Be ground state or the first
excited states. Angular correlation measurements suggest an assignment of J* = 3~ for the 15.6 MeV state.
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I. INTRODUCTION

It is a long-standing belief that the o particle strongly
influences the structure of light nuclei. In certain instances
it has been suggested that the nucleus can condense into an
ensemble of « clusters. The influence of valence neutrons
on the stability of these cluster structures is intriguing. For
instance it has been proposed that neutrons occupy cova-
lent orbits stabilizing the cluster structures against bending
modes [1].

The carbon isotopes are an interesting case. The '>C nucleus
may be described in terms of a geometric arrangements of three
«a particles. The 7.65 MeV 0" state has been identified as a
low density «-cluster state, possibly with properties that are
analogous to a Bose gas, or even condensate [2]. The location
of the linear cluster configuration remains a question of some
debate, but it may be associated with the 10.3 MeV 07 state that
has been the subject of recent investigation [3]. Alternatively,
this state may be a monopole excitation of the gas state.

The fact that no clear experimental signature has emerged
for such a linear-chain state may be related to the intrinsic
instability of such an arrangement against the collapse into
more stable structures. Calculations by Itagaki et al. [4] do in
fact demonstrate this instability and, moreover, demonstrate
that the linear chains may be stabilized in the neutron-rich
carbon isotopes by the presence of the valence neutrons. These
ideas have been explored extensively by Milin, von Oertzen,
and collaborators, in two papers on 3C [5] and “C 6],
by attempting to eliminate states in these nuclei associated
with shell-model-like single-particle states and then assigning
the remaining states to rotational bands they proposed for
prolate (linear chain) and oblate (triangular) cluster structures
in 13’14C.

However, many of the states involved in this analysis
are not well understood. In particular the spin and parity
assignments are uncertain, and further measurements are
required to confirm their character. The proposed cluster bands
should exhibit a strong « decay, and recent measurements of
the o decay of '3C and '*C have produced results that are not
entirely consistent with the earlier interpretation [7]. Thus, it
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is clear that more experimental information is required to fix
the properties of these states.

Here we present measurements of the « decay of “C
observed in the *C(**C,'*C['"Be + «]) reaction in which we
measure the spin of one of the a-decaying excited states in '*C
in this region of great interest.

II. EXPERIMENTAL DETAILS

The measurements were performed using the Tandem
accelerator facility at IPN-Orsay, France. An 80% enriched
14C (280 pg/cm?) target was bombarded with a '*C beam at
an energy of 98.2 MeV. The beam exposure was 1.09 mC, with
typical beam intensities of 7 to 10 enA.

The charged breakup fragments produced in the reactions
were detected by two forward-mounted telescopes (at £17.0°
with the beam axis) each consisting of three elements. The
position-sensitive elements of both telescopes were located
at a distance of 149 mm from the target. The first element
of each telescope was a silicon detector with an area of
50 x 50 mm? and a thickness of 70 um. These were subdivided
into quadrants each 25 x 25 mm? to reduce the detector
capacitance and thus improve the energy resolution. The
second element was position-sensitive silicon strip detectors
with an area of 50 x 50 mm? and a thickness of 500 ;«m. These
possessed 16 strips, each 3 mm wide, separated by 0.13 mm
and covering the entire width of the active area. The strips were
aligned in the horizontal plane, i.e., with the position-sensitive
axis directed toward the beam axis (the z axis). The final
elements of the telescopes were 50 x 50 mm?, 1-cm-thick CsI
scintillation detectors.

Calibration of the telescopes was performed using a
combination of direct exposure to a three-line « source (*°Pu,
5.155 MeV; *' Am, 5.488 MeV; and >**Cm, 5.805 MeV) and
by elastically scattering a '*C beam at 43.7 MeV from a
208Pb target. Measurements were made without the first silicon
detectors in situ to provide an accurate, and independent,
calibration of the silicon strip detectors. The energy resolution
of the telescopes was dominated by the silicon strip detectors
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with a resolution of 300 keV. The position resolution along the
strip (x direction) was <1 mm, and 1.5 mm in the y direction,
as defined by the strip width. These telescopes provided
information on the mass, charge, energy, and emission angle
of each detected particle.

III. ANALYSIS AND RESULTS

The detection system permitted the determination of
the direction and energy (and hence momentum) of the
14C breakup products. As the recoil particle was not detected,
momentum conservation was used to provide a complete
reconstruction of the reaction kinematics. To obtain a clean
separation of reaction channels, particle identification was
of prime importance. A plot of the energy detected in the
strip detectors (E) against the energy detected in the quadrant
detectors (A E) provided particle identification (Fig. 1).

Analysis was performed of the breakup of the excited
14C nuclei into '"Be + « at forward angles in the projectile-
target center-of-mass frame. Here the dominant excitation
mechanism was expected to be inelastic scattering. The
momentum of the recoil particle was deduced from the
difference in momentum of the beam and the two detected
fragments. Thus, the kinetic energy of the unobserved recoil
could be determined. This allowed a calculation of the total
final state kinetic energy (Eo), Which is related to the reaction
Q value via

Q = Eiot — Epeam. (1)

A total energy spectrum therefore reveals the states of the three
final state particles.

Figure 2 shows the total energy spectrum obtained after
coincident detection of '’Be and « particles (the '°Be and
a particles being detected on opposite sides of the beam
axis), assuming a '“C recoil. The strong peak at 86.2 MeV
corresponds to events in which all of the particles are emitted in
their ground states and is consistent with the reaction Q value

AE [MeV]

E [MeV]

FIG. 1. Particle identification plot. The vertical stripe at E <
25 MeV corresponds to the coincident detection of uncorrelated
« particles.
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FIG. 2. (Color online) Total final state kinetic energy (E,y) for
the “C(**C,'""Be + a)'*C reaction at a beam energy of 98.2 MeV.
The spectrum indicated by the red histogram corresponds to the
2C(*C,"9Be + «)'2C reaction measured with the natural carbon
target. This latter spectrum has been scaled such that it corresponds
to the expected '?C component in the '*C target.

of —12.011 MeV. The resolution with which the total energy
is reconstructed was 1.4 MeV (FWHM), which is typical for
such measurements [8]. The peak observed at a total energy
of 82.8 MeV corresponds to events where the '’Be is emitted
in the 3.36 (21) MeV first excited state. Owing to the much
higher energy of the first excited states in “He (20.21 MeV)
and '“C (6.09 MeV) this peak cannot correspond to events
in which either of these particles are in an excited state.
The peak observed at the total energy of 79.4 MeV (i.e.,
6.8 MeV less than the highest energy peak) is most probably
a combination of excitations of several states, when either the
19Be or the recoiling '*C nucleus is excited (we return to this
point later). It is also observed that the width of this peak
is larger than the two higher energy peaks, which is consis-
tent with this interpretation. In particular, the '*C states at
6.09 (17), 6.59 (07), 6.73 (37), 6.90 (07), and 7.01 MeV
(2*) and the four 'Be states at ~6 MeV are expected to
contribute. There is one further peak in the total energy
spectrum, which appears at an energy of 10.8 MeV below
the peak corresponding to production of all the nuclei in
their ground states. It is proposed that this peak coincides
with excitation of the '*C recoil to the states listed above,
together with the '°Be being emitted in the first excited state.
Separate measurements were performed with a natural carbon
target. These measurements confirmed that the contaminant
12C contributions to the total energy spectrum in Fig. 2 are
small. The spectrum from the measurements with the natural
carbon target is shown. There is a spectrum of peaks in this
spectrum, but it is observed that these are different from those
arising from the '“C target. Particularly, the peak close to
82 MeV is broader than that for the '*C target because of
the presence of the 4.4 MeV 12¢ recoil excitation. Moreover,
the lower total energy peaks at 77-80 MeV are found not to
coincide with the strong peak in the '4C target data. This would
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FIG. 3. (a) '"*C excitation energy spectrum for the decay to '°Be +
o, measured at a beam energy of 98.2 MeV. The solid line corresponds
to the variation in detection efficiency with excitation energy, as
calculated using Monte Carlo simulations. The maximum detection
efficiency is indicated. (b) The excitation energy spectrum corrected
for the variation in detection efficiency to give normalized yield.
Fits to the peaks are also shown, together with an indication of the
background.

also imply that the high energy side of the peak at 79.4 MeV
corresponds to excited states in '’Be, whereas the lower energy
side is dominated by contributions from the '*C recoil.

By gating on the peak corresponding to the three final state
particles being produced in their ground states the excitation
energy of the breakup particle can be determined from the
relative velocity of the two decay products. The corresponding
14C excitation energy spectrum is displayed in Fig. 3 and shows
evidence for peaks ranging in excitation energy from 14.3 to
18.6 MeV. The decay to the '°Be ground state shows evidence
for states at E,=14.3, 14.8, 15.6, 16.4, 17.3, and 18.6 MeV,
with possibly a further state at 18.1 MeV.

To compensate for the fact that the experimental detection
efficiency varies strongly with excitation energy, Monte Carlo
simulations were performed. These simulations include the de-
tails of the detector geometry and energy thresholds, together
with those of the reaction kinematics. The angular distribution
of the inelastically scattered 'C was assumed to have an
exponential form, whilst the emission of the breakup products
was assumed to be isotropic. The resulting efficiency profile
is shown in Fig. 3(a). The experimental excitation energy
spectrum is shown normalized for the variation in detection
efficiency in Fig. 3(b). It is the latter spectrum from which the
energy centroids have been extracted, as listed in Table I. It
is possible to determine the excitation energy resolution from
the state at 14.8 MeV, which indicates an energy resolution
of FWHM = 0.4 MeV (assuming the dominant component is
from the experimental resolution and not the intrinsic width).
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This resolution is consistent with that simulated. Given that the
experimental contribution to the excitation energy resolution
increases as / Ey — Eresh (Etnresh = 12.011 MeV being the
decay threshold), the resolution is expected to be ~0.5 MeV
at E,("*C) =16 and 0.7 MeV at 21 MeV.

It is of course possible to also extract the excitation energy
spectra for the other peaks observed in Fig. 2. However,
the excitation energy can only be determined unambiguously
if it is known whether the '*C target recoil or the '"Be
breakup fragment are excited. The excitation energy spectrum
for breakup of '“C to '"Be(2%) 4+ « is shown in Fig. 4(b)
[Fig. 4(a) shows the 10Begs + « decay]. The decay to 10Be(2,
3.37 MeV) proceeds from states at E, = 17.3, 18.4, (19.0),
19.8, and (21.6) MeV. In the region of overlap between these
two spectra there is good agreement between the decay spectra,
with the peaks at 17.3 and 18.6 MeV in the ground state decay
being found in the decay to the 27 state at 17.3 and 18.4 MeV.

For the total energy peak at 79.4 MeV the analysis is
a little more complicated owing to the number of possible
contributions discussed earlier. To estimate the components
from the various possible reactions contributing to this peak
we have produced excitation energy spectra gated on the
two halves of the peak. The excitation energy spectrum
corresponding to the high energy side, which could potentially
contain contributions from the decay to the '"Be excited
states close to 6 MeV, is shown in Fig. 4(c), shifted assuming
the breakup fragment is excited by 5.96 MeV. This shift would
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FIG. 4. '*C excitation energy spectrum for the decay to '°Be + .
Also shown are the fits used to extract the peak centroids listed in
Table 1. Each spectrum was produced by gating on a different region
of the total energy spectrum: (a) the peak at 86.2 MeV, (b) the peak
at 82.8 MeV, (c) the higher energy side of the 79.4 MeV peak, (d) the
lower energy side of the same peak, and (e) the peak at 75.4 MeV.
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TABLEI. Summary of the excited states populated in '*C in the '*C('*C,'*C* —"Be+«)'*C reaction. The table shows
the decays for the '°Be ground state in which the '*C recoil is in either the ground state (column 1) or an excited state
(column 4). Similarly decays to the '°Be(2*, 3.37 MeV) state are shown in column 2 (for the '*C recoil in the ground
state) and column 5 (for the recoil excited state). Decays to the group of '°Be excited states close to 6 MeV are shown in
column 3. States that are observed with the greatest strength are shown in bold. Those in brackets represent tentative
identifications. The states in column 3, in italics, have an additional uncertainty of up to +300 keV, arising from the
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uncertainty in the population of the excited state in '°Be.

UBey 4+ Be(27,3.37MeV)+a  '“Be(6MeV) +a 0Bey 4+ — 4C*  1°Be(2", 3.37 MeV)+a — 4C*
14.3(1)
14.8(1) (14.8(1))
15.6(1) 15.7(1)
16.4(1) 16.4(1)
17.3(1) 17.3(1)
(18.1)
18.6(1) 18.4(1) 18.4(2)
(19.0(2)) (19.0(1))
(19.3(1))
19.8(1) 19.8(1)
20.4(1) (20.3(1))
20.9(1) 20.6(1)
(21.6(2)) (21.9(1))
(22.5(1))
(23.1(2))

coincide with the excitation of either the 2 or 1™ states at this
energy. It is possible that the peak corresponds to the excitation
of the slightly higher energy 0" and 2~ states, which would
result in the shift being ~300 keV larger. It is clear that this
spectrum is more complex and it is only the dominant strength
that has been used for the fits. The spectrum corresponding
to the lower energy gate, which should be dominated by
excitations of the recoil particle, is shown in Fig. 4(d). It is
clear that the two spectra are very different, which would
support the hypothesis that Fig. 4(c) contains a dominant
component from decays to the '°Be 6 MeV states. The peaks in
Fig. 4(d) correlate well with those observed in Fig. 4(a)
(Table I). Finally, the data corresponding to the lowest total
energy peak, in which both the recoil and breakup nucleus are
excited, are shown in Fig. 4(e). In this instance there is no
ambiguity, and the decay proceeds to the '’Be(2F, 3.37 MeV)
state.

IV. ANGULAR CORRELATION ANALYSIS

The coincident detection of the breakup products of states
in '*C permits an analysis of the variation of the decay
yield in the 14C center-of-mass frame, as, for example,
described in Ref. [9]. Such an analysis can provide information
on the spin of the decaying state, but relies on there being a
restricted number of reaction amplitudes contributing to the
reaction process, as in the case when all entrance and exit
channel nuclei are spin-zero. In the present experiment this is
the case when all of the final state particles are in their ground
states, but not when one or more of them is in an excited state.
Thus, such an analysis is restricted to the states observed in
Fig. 3.

In the present reaction there are two center-of-mass sys-
tems: the first corresponding to the '“C+!4C—4C*4+14C
inelastic scattering reaction, which may be described in terms
of the two angles 6* and ¢*, and the second being the
subsequent decay into two '°Be + a, described by the angles
¥ and x (as detailed in Ref. [9]). The angles 6* and v are
the polar angles measured with respect to the beam axis and
measure the center-of-mass emission angle of the '*C ejectile
and the inclination of the '°Be +* He relative velocity vector.

Typically, for reactions involving spin-zero initial and final
state particles the number of reaction amplitudes are small and
the correlations observed between the two angles 6* and v take
the form of a sloping ridge pattern. The periodicity of the ridges
is described by a Legendre polynomial of order of the spin of
the decaying state, i.e., P,(cosy). As the dominant orbital
angular momenta in the reaction are those corresponding to
grazing trajectories, the gradient of the ridges is given by the
ratio of the exit channel grazing angular momentum to the spin
of the state populated,

ANZ A J

Ay L L =T @

where [; and [ are the initial and final state grazing angular
momenta. If the “stretched” configuration dominates, which is
typically the case for such reactions (see Ref. [9] and references
therein), then the entrance and exit channel angular momenta
can be related via the expression [y =[; — J.

The angular correlations therefore provide two signatures
of the spin of the decaying '“C state. The periodicity yields a
value for J, which should correlate with that extracted from
the ridge gradient, assuming that /; is known. In addition, the
value of J extracted from the periodicity should provide a
consistent value of /; for all of the correlations.
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FIG. 5. Projection of the two-dimensional 0*—r data onto the
6* =0, ¢ axis for the 15.6 MeV state. The data are overlaid with a
Legendre polynomial of order 3.

Figure 5 shows the projection of the correlation data onto
the 6* = 0, ¥ axis for the 15.6 MeV peak. The periodicity of
the data is compared with a Legendre polynomial of order 3.
Most of the oscillatory features of the data are reproduced.
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From the angle of projection [Eq. (2)] it is possible to extract
a value for /;, the entrance channel grazing partial wave. For
J = 3, this would correspond to /; = 24 7. A calculation of the
grazing angular momentum of the '*C +'% C reaction at the
present beam energy gives a value of 25 7, i.e., very close to
that extracted. This provides an additional level of confidence
ina J" = 37 assignment for this state.

A similar analysis of the other peaks observed in Fig. 3
was performed. However, the correlations were considerably
less well determined, and at best only tentative spins or ranges
of spins could be deduced: the state at 14.8 MeV may be
J™ = 2%, and the state at 16.4 J™ = 1~ or 3~. Clearly, the
major limitation is the greatly reduced statistics for these states,
and higher statistic measurements should be performed. Such
measurements are planned for the future.

V. DISCUSSION

The present results for the a decay of '*C to both the
ground and 2%, 3.37 MeV states in '’Be are summarized in
Table II, together with other measurements of the spectrum
of C excited states. These include the a decay following
one-neutron transfer using the '*C('*C,'°Be + «) reaction [7],
a decay of '“C via the "Li(°Be,'°Be + «) reaction [12], states
in '*C populated in the same reaction but with the projectile and

TABLE II. Summary of the excited states populated in '*C in the “C(*C,"*C —'°Be[07(gs), 27(3.37 MeV)] + «)'*C reaction. A
comparison with previous work is also included. States that are populated strongly in the various reactions are shown in bold. It should be
noted that there are some differences between the *C(n, n) data in Ref. [10] (Table V) and Ref. [11] (Table 14.8).

This work Be®C,"Be +a) [7]  "Li(°Be,'"Be*+a) [12]  °Be(’Li, d) [6] 2n transfer [6] 3C(n, n) [10], Table V
E. (MeV) J™ (h) E. (MeV) E. (MeV) E.(MeV)  E,(MeV)  JT  E (MeV)  JT
14.3(1)
14.67 14.67(5) 67 14.63:14717 (17):4"
14.8(1) 14.9(1) 14.7(1) 14.87 14.87(4) 5- 14.91 ah
15.18 15.20 4=
15.6(1) 3~ 15.5(1) 15.40 15.55 3~
15.75(8) 15.8 (1)
15.9(1) 15.91 4+b
16.4(1) 16.5(1) 16.4(1) 16.43:16.53 16.4(1) 6+ 16.43
16.72 16.72(5) (67) 16.715 ah
17.3(1)
17.30 17.30 4=
17.52 17.5(1) (17.5) 1+
17.91 17.95
18.03 18.10
18.6(1) 18.5(3) 18.5(1) 18.39:18.60 18.6(1)
(19.0(2)) (19.1(2)) (19.1(1)) 19.14
(19.3(1))
19.8(1) (19.9(2)) 19.8(1) 19.73 19.8(1) 2"
20.02
(20.3(1))
20.6(1) 20.6(1) 20.75 20.4
21.00
21.6(2) 21.3(4) 21.4(1) 21.41 21.4(2)

“Decays to both the °Be ground state and 2+, 3.37 MeV.
This resonance also appears in the 13C(n, ) channel [10].
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target inverted [6], states populated via two-neutron transfer
onto '2C [6], and finally neutron resonant scattering on '3C
[10]. The °Be +’Li reactions [6,12] have the potential for
populating the most complex configurations in '*C given the
numbers of particles that must be exchanged between the target
and the projectile. In fact, there is some evidence that this
reaction proceeds via a compound type mechanism [12].

In general, the spectrum of states observed in the present
measurement coincides well with those in the other reactions.
There are only a few exceptions. First, in the present work
there are two previously unreported states observed, one at
14.3(1) MeV and another at 17.3(1) MeV, that cannot corre-
spond to the 4~ unnatural parity state identified in the *C(n, n)
reaction [10], but is possibly associated with that observed
in the ?Be("Li, d) reaction [6]. Second, there is a marked
difference in the excitation of the 15.6 and 15.9 MeV states in
the various «-decay studies. In the present inelastic scattering
measurements only a state at 15.6 MeV is observed, whereas
in the one-neutron transfer study a state appears at 15.9 MeV
and in the °Be +’Li reaction a state at 15.5 (15.4) MeV is
only relatively weakly excited. An examination of the three
spectra associated with the '*C(!3C,!Be 4 «) measurements
[7] (reproduced in Fig. 6) suggests that the presence of a state
at 15.6 MeV cannot be excluded, because of the finite energy
resolution, but that the strength is rather much less than that of
the 15.9 MeV state. Conversely, there is little or no evidence
for the 15.9 MeV state in the present data. Such a difference
must be related to the population mechanism.

The l1n-transfer reaction (shown in Fig. 6) would
strongly populate one-particle states. The inelastic scattering
process can excite a whole host of collective states including
the 1p-1h excitations. We can understand the difference in the
population of the 15.6 MeV (37) state in the above-mentioned
reactions if this state has a vpg/lz, vd51 P configuration. In this
case the 15.6 MeV state cannot be excited via one-nucleon
transfer to the '3C ground state and can easily be produced
in inelastic scattering with / = 3. The fact that the 15.9 MeV
state (also seen in the '*C 4 n resonant scattering [10] and
assigned J™ = 4%) is predominantly populated in the 1n
transfer suggests that this state has a '3C, + n configuration.
Such an excitation would, however, have to be to the fp
shell to produce a positive parity state. Indeed, an estimate
of the optimum angular momentum for the 1n transfer in
the 3C +!* C interaction, using the Brink matching conditions
[13], indicates that the transfer proceeds optimally to an [ =
3 orbit. The present data demonstrate that the 15.9 MeV (41)
state is not strongly excited in the inelastic scattering. At
present it is not easy to understand why this might be. It is
possible that this arises from kinematics or that '*C ground
state and 15.9 MeV excited state are structurally different and
the excitation probability is correspondingly reduced.

The otherwise remarkable similarity between the spectra of
the a-decaying states in '“C probed, in the different reactions
recorded in the first three columns of Table II, is striking.
Given the nature of the 1n transfer and inelastic scattering
excitation mechanisms it is reasonable to speculate that these
states have a reasonably strong overlap with the '*!*C ground
states. It has been suggested that in this region of excitation
energy both prolate and oblate deformed cluster structures
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FIG. 6. '*C excitation energy spectra for the “C('3C,"°Be +
«) reaction [7] for beam energies of (a) 77.8, (b) 112.25, and
(c) 119.25 MeV. The vertical dashed lines indicate the energies of
the states from the present measurements (Tables I and II).

should exist [6,14]. As suggested in Ref. [7] it is probable that
the present measurements are more strongly associated with
oblate type structures.

VI. SUMMARY

A measurement has been undertaken of the o decay of
14C excited states populated in inelastic scattering from a
l4c target. A series of states at 14.3, 14.8 15.6, 16.4, 17.3, 18.6,
19.8, 20.6, and 21.6 MeV was observed to decay to either the
10Be ground (07) or first excited (27F) states. Measurements of
the decay fragment angular correlations were used to assign a
spin and parity of 37 to the 15.6 MeV state. The spectrum
of states observed in the present measurements is similar,
with few exceptions, to those populated in other reactions, for
example, 1n transfer onto '3C, suggesting that the structures
are strongly connected with the '*!*C ground state. Two
families of cluster states are predicted in the excitation energy
region probed here, with both oblate and prolate characters. If
the present states are structurally linked to either of these, then
it is probable that the oblate configurations are being probed
in the present study. Additional measurements of the spins of
the *C states will be required to firmly establish the cluster
systematics in this region. In particular the determination of
the spin of the 14.8 MeV state would help link the present
measurements to the rotational systematics identified in
Ref. [6]. Such measurements are planned for the future.
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