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Abstract. The reaction 11B + p has been used to populate the (Jπ, T ) = (2+, 1) state at an excitation
energy of 16.11 MeV in 12C, and the breakup of the state into three α-particles has been studied in
complete kinematics. A two-step breakup model which includes interference effects is found to provide the
most accurate description of the experimental data. The branching ratio to the ground state of 8Be is
determined to be 5.1(5)% in agreement with previous findings, but more precise by a factor of two, while
the decay to the first excited state in 8Be is found to be dominated by d-wave emission.

1 Introduction

The breakup of the excited 12C nucleus into three α-
particles has been studied since the days of Lord Ruther-
ford, motivated by a desire to understand the breakup
mechanism and gain new insights into the nuclear struc-
ture [1]. In the 1960s and 1970s it was demonstrated that
the breakup primarily proceeds in a sequential manner,
i.e., 12C → α1 + 8Be followed by 8Be → α2 + α3. The
sequential model was successfully applied to describe the
breakup of several states in 12C [2], but it failed in the
case of the (Jπ, T ) = (2+, 1) state at an excitation energy
of 16.11MeV. Initially, this led to the suggestion that the
breakup of the 16.11MeV state proceeds directly to the
3α final state [3], but it was later shown that the breakup
can be described within a more sophisticated sequential
model, which takes into account the interference due to
Bose symmetry in the 3α final state [4–8].

The 3α breakup has gained renewed attention in the
past decade, in part due to the advent of large-area seg-
mented silicon detectors and fast multi-channel data ac-
quisition systems which have made it possible to collect
improved experimental data. In particular, it has become
possible to perform double and triple-coincidence mea-
surements with high efficiency and high resolution (en-
ergy and angle), allowing the breakup mechanism to be
studied in far greater detail than previously possible. The
renewed interest in the 3α breakup is also motivated by a
broader interest in understanding the new multi-particle
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decay modes that are being discovered in exotic isotopes
close to the driplines, e.g., two-proton radioactivity.

Modern detection techniques were first applied in
the early 2000s to the breakup of the (1+, 0) state at
12.71MeV [9]. Using the β decay of 12N as a means to pop-
ulate the 12.71MeV state, the breakup was measured in
complete kinematics for the first time and was shown to be
in quantitative agreement with a sequential model based
on the R-matrix formalism [10]. More recently, the reac-
tion 11B(3He, d) has been used to investigate the breakups
of the (2−, 0) state at 11.83MeV, the (1+, 0) state at
12.71MeV and the (4−, 0) state at 13.35MeV. Again, the
same sequential model was found to provide the most
accurate, though in this case not fully satisfactory, de-
scription of the breakups [11]. In the same experiment the
breakup of the (0+, 0) state at 7.65MeV was shown to be
primarily sequential [12]; see also refs. [13–15].

As argued in ref. [16] the distinction between a sequen-
tial and a direct decay becomes ambiguous if the total de-
cay energy is comparable to or smaller than the width of
the intermediate state through which the sequential de-
cay would proceed. In such cases it matters little which
decay model one adopts. As long as Bose symmetry and
spin-parity conservation are correctly incorporated into
the models, the calculated 3α momentum distributions
will not differ much, making it very difficult to distinguish
between sequential- and direct-decay models based on a
comparison to experimental data. For some states, such
as the 12.71MeV state, the constraints imposed by Bose
symmetry and spin-parity conservation are particularly
strong, leaving less room for the decay mechanism to in-
fluence the 3α final state. Indeed, fairly good descriptions
of the breakup of the 12.71MeV state have been obtained
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with rather different models [9,11], including the direct-
decay model of ref. [17] (known as the democratic model),
the three-body model of ref. [18] and the aforementioned
sequential model of ref. [10], which provides the most ac-
curate description of the three.

Previous to this work the 3α breakup of the (2+, 1)
state at 16.11MeV in 12C had not been studied with a
modern experimental setup (see, however, ref. [19] which
reports on a measurement of the branching ratio for the
sequential breakup through the ground state of 8Be). The
most recent studies of the breakup of the 16.11MeV state
date back to the late 1960s [4,5] and early 1970s [6–8]. In
the present work the 16.11MeV state is populated via the
p + 11B reaction, and the 3α breakup is measured with
a state-of-the-art detection system with the aim of ob-
taining a quantitative and accurate understanding of the
breakup mechanism. Another aim of this work has been
to measure the weak γ-decay branches of the 16.11MeV
state. Preliminary results on this aspect of the work have
been published in ref. [20]. The p + 11B reaction is also
of interest due to its potential use as the primary source
of energy in an aneutronic fusion reactor [21]. This moti-
vated a recent study of the 3α breakup of the (2−, 0) state
at 16.6MeV by Stave et al. [22].

The paper is structured in the following way: sect. 2
describes the breakup models which will be tested against
the experimental data. Section 3 covers the experimental
part, including a description of the setup and a discus-
sion of the calibration procedures. Section 4 describes the
data reduction and analysis. Section 5 presents the results,
followed by a discussion of the results in sect. 6. Finally,
sect. 7 concludes and provides an outlook.

2 Breakup models

Two conceptually different pictures of the breakup are
tested in the present work: direct and sequential.

2.1 Direct breakup

For the direct picture we adopt the so-called democratic
model of ref. [17]. In this model the α-α interaction is
assumed to play an insignificant role in the breakup, im-
plying that the breakup proceeds without the formation
of an intermediate two-body resonance. The breakup am-
plitude is calculated by performing an expansion in hyper-
spherical harmonics (eigenfunctions of the grand angular
momentum operator of the three-body system) retaining
only the lowest-order term permitted by symmetries. The
amplitude is further symmetrised in the coordinates of the
three identical α-particles as dictated by Bose symmetry.

2.2 Sequential breakup

The sequential model takes the opposite position of the
direct model. The α-α interaction is assumed to play
a central role in the breakup by “locking up” two of

the α-particles in an intermediate two-body resonance.
The breakup is modelled as a sequence of two two-body
breakups, i.e., 12C → α1+8Be followed by 8Be → α2+α3,
the only correlations between the two breakups being
those due to the conservation of energy, momentum, an-
gular momentum and parity. We shall refer to α1 as the
primary α-particle and α2 and α3 as the secondary α-
particles. We consider breakups of the 16.11MeV state
(Jπ = 2+) through the narrow ground state (Jπ = 0+)
and the broad first excited state (Jπ = 2+) in 8Be, which
we shall refer to as the 8Be(gs) and 8Be(exc) channel, re-
spectively. In the former case the orbital angular momenta
allowed by spin-parity conservation are l = 2 in the first
decay and l′ = 0 in the second decay; in the latter case
l = 0, 2, 4 and l′ = 2.

Implementation of the sequential model is straightfor-
ward for the 8Be(gs) channel, but requires special care for
the 8Be(exc) channel due to the large width of the first
excited state in 8Be. Following the approach of refs. [9,10],
we employ the R-matrix theory [23] in which resonances
are parametrised in terms of level energies and reduced
widths, while penetration factors account for the energy-
dependent probability of quantum tunneling through the
Coulomb and angular-momentum barriers.

We begin by introducing some notation:

Ei = kinetic energy of αi in the 12C rest frame
Eij = relative kinetic energy of αi and αj

(Θi, Φi) = emission angles of αi in the 12C rest frame
(θi, φi) = emission angles of αi in the 8Be rest frame

j, j′ = total angular momentum
m,m′ = angular-momentum projection

l, l′ = orbital angular momentum
Γl, Γ

′
l′ = partial decay width

γl, γ
′
l′ = reduced width

Sl, S
′
l′ = shift function

Pl, P
′
l′ = penetrability factor

ωl, ω
′
l′ = coulomb phase shift

φl, φ
′
l′ = hard-sphere phase shift

E′
0 = level energy of the 2+ resonance in 8Be,

where unprimed quantities refer to the first decay, 12C →
α1 + 8Be, and primed quantities refer to the second de-
cay, 8Be → α2 + α3. Since we shall be assuming that a
single orbital angular momentum dominates in the first
decay, and since only a single orbital angular momentum
is allowed in the second decay, we will leave out the sub-
scripts l and l′ in what follows to simplify the notation.
The partial decay widths are given by Γ = 2P (E)γ2 and
Γ ′ = 2P ′(E′)γ′2, where E = 3

2E1 = 11
12Ebeam + Q − E′

is the energy available in the first decay and E′ = E23

is the energy available in the second decay, Ebeam being
the kinetic energy of the proton in the laboratory frame
and Q = 8.682MeV being the Q-value of the 11B(p, 3α)
reaction.

Disregarding the overall orientation of the breakup,
knowledge of the relative kinetic energy of the secondary
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α-particles, E23, and the angle between the first and sec-
ond breakup, θ2, is sufficient to fully specify the kinematics
of the 3α final state.

2.2.1 No symmetrisation

Neglecting Bose symmetry and assuming that a single or-
bital angular momentum dominates in the first decay, the
E23 dependence of the breakup probability is given by1

|f |2 ∝ ΓΓ ′

(E′
0 − E23 − γ′2[S′(E23) − S′(E′

0)])2 + Γ ′2/4
.

(1)
Since the reduced width in the first decay only enters as an
overall multiplicative factor, not affecting the functional
dependence, we arbitrarily fix it to γ2 = 1MeV. For the
2+ resonance in 8Be we use the R-matrix parameters from
ref. [24],

E′
0 = 3129 ± 5(stat) ± 1(sys) keV,

γ′2 = 1075 ± 6(stat) ± 3(sys) keV,

which assume a channel radius of 4.5 fm. Note that in
ref. [24] the level energy is given relative to the ground
state, whereas here it is given relative to the 2α thresh-
old, which is 92 keV lower in energy. We compute the chan-
nel radii as a = a0(4

1
3 + 8

1
3 ) and a′ = a0(4

1
3 + 4

1
3 ) with

a0 = 1.42 fm. (This gives a′ = 4.5 fm consistent with the
channel radius adopted in ref. [24].)

Having assumed that a single orbital angular momen-
tum dominates in the first decay, we can determine the θ2

dependence of the breakup probability from theory [25].
(For the general case in which several orbital angular mo-
menta contribute, the θ2 dependence cannot be uniquely
determined because the relative phase shifts are not known
a priori.) Assuming that l = 2 dominates, one obtains the
following angular distribution,

Wl=2(θ2) = 1.12 + 0.80 sin2(2θ2). (2)

Here θ2 is the angle of α2 relative to α1, measured in the
8Be rest frame. As we shall see, the assumption that l = 2
dominates is supported by the experimental data. Finally,
we note that the angular distribution for the 8Be(gs) chan-
nel is isotropic because the ground state has J = 0 and
hence no directional memory.

2.2.2 Symmetrisation

To take into account Bose symmetry, the modified expres-
sion from ref. [10] is used for the amplitude,

f1,23 =
∑

m′

(lm − m′j′m′|jm)Y m−m′

l (Θ1, Φ1) Y m′

l′ (θ2, φ2)

× [(Γ/E
1
2
1 )(Γ ′/E

1
2
23)]

1
2 ei(ω−φ)ei(ω′−φ′)

E′
0 − E23 − γ′2[S′(E23) − S′(E′

0)] − i1
2Γ ′ . (3)

1 The same formula appears in ref. [9], but with a wrong sign
in the denominator.

The factors E
1
2
1 and E

1
2
23 have been introduced to remove

the two-body phase-space factors inherent in the pene-
trability factors. The breakup probability is obtained by
symmetrising in the coordinates of the three α-particles,
then squaring and finally averaging over the initial spin
directions,

|f |2 =
∑

m

|f1,23 + f2,31 + f3,12|2. (4)

This result is then multiplied by the appropriate three-
body phase-space factor. If the symmetrisation step is ne-
glected, eq. (1) is recovered. The symmetrisation step in-
troduces interference effects in the 3α final state, the im-
portance of which has been clearly demonstrated in the
case of the 12.71MeV state [9,10].

2.2.3 Coulomb repulsion

As discussed in ref. [9] it is possible to incorporate a rough
correction for the Coulomb repulsion between the primary
and the secondary α-particles into the sequential model.
This correction turns out to be significant for the breakup
of the 12.71MeV, where the primary α-particle only trav-
els a very short distance before the short-lived 8Be nucleus
breaks up.

The correction is based on a greatly simplified pic-
ture of the breakup process, in which the 8Be nucleus and
the primary α-particle move apart until they reach a cer-
tain separation, r0, at which point the 8Be nucleus breaks
up. In this picture, the primary α-particle must first tun-
nel through the potential barrier of the α1-8Be system to
r = r0, after which it must tunnel through the combined
potential barrier of the α1-α2 and α1-α3 systems to r = ∞.
Since the tunneling probabilities combine multiplicatively,
the penetrability factor in eq. (3) must be replaced by2

Pl

(
3
2
E1

)
→

(
E1

E12E13

) 1
2 Pl( 3

2E1)

P̃l( 3
2E1)

P̃ ′
l12(E12) P̃ ′

l13(E13),

(5)
where the “tilde” sign indicates that the penetrability fac-
tors should be evaluated for the enlarged channel radius
ã = r0. For the present calculations, we adopt ã = 10 fm
and assume l12 = l13 = 2 for the orbital angular mo-
menta of the α1-α2 and α1-α3 systems. A näıve estimate
of the distance travelled by the primary α-particle may be
obtained by considering the asymptotic relative speed of
the α1-8Be system, v ≈ 0.068c, and the mean lifetime of
the first excited state in 8Be, τ ≈ 0.47 × 10−21 s, yielding
vτ ≈ 9.6 fm. Assuming an initial separation equal to the
channel radius of a = 5.1 fm, this gives the rough estimate
r0 ≈ 15 fm.

2.2.4 Possible extensions of the sequential model

Below, we outline some possible extensions of the sequen-
tial model which, however, are beyond the scope of the
present study.

2 The penetrability factor is included implicitely through
Γ = 2P (E)γ2.
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Table 1. List of the models that are being compared to the
experimental data. See the text for details.

Model Seq./Demo. Symm. l Coulomb corr.

M1 Demo. yes 2 no

M2 Seq. no 2 no

M3 Seq. yes 0 yes

M4 Seq. yes 2 yes

Several l values. Equation (3) is easily generalised to the
case of several l values by introducing a second summation
running over all orbital angular momenta allowed by spin-
parity conservation (l = 0, 2, 4). Since, however, neither
the relative magnitude nor the relative sign (+ or −) of
the reduced widths, γl, are known, these would have to
be treated as free parameters, to be constrained by fitting
the experimental data.

Higher-lying resonances in 8Be. In addition to the two
breakup channels considered here, the 16.11MeV state
could also decay via the low-energy tail of the very
broad (Γ ≈ 3.5MeV) second excited 4+ state in 8Be at
11.35MeV. This channel can easily be included in the for-
malism, but only at the expense of introducing more free
parameters. Given the good fit to the experimental data
achieved with the existing model, the motivation for in-
cluding the extra channel is limited.

Formation channel. Some degree of polarisation of the 12C
resonance formed in the p+11B reaction is to be expected.
This could potentially distort the experimental Dalitz plot
(cf. sect. 4.4) because the detection system does not cover
all of 4π. However, previous experiments have determined
the polarisation to be less than 5% [26], so the distortion
should be negligible. We note that an extended formalism
which allows for polarisation has been developed [27], but
the formalism introduces additional free parameters which
would have to be constrained by fitting the experimental
data.

2.3 Summary of the breakup models

Table 1 gives an overview of the four models that are be-
ing tested in the present study. M1 is a direct model based
on the democratic-decay formalism of ref. [17] while M2–
M4 are three variants of the sequential model. M2 is the
unsymmetrised model based on eq. (1) and eq. (2) and
assumes l = 2. M3 and M4 are symmetrised models based
on eq. (3) and eq. (4), which also include the rough correc-
tion given in eq. (5) for the Coulomb repulsion between
the primary and the secondary α-particles. M3 and M4
differ in that the former assumes l = 0 while the latter
assumes l = 2.

3 Experimental procedure

The experiment was performed at the 400 keV Van de
Graaff accelerator at Aarhus University. The 16.11MeV

Fig. 1. Detector setup used in the experiment. The target is
shown in the center, and the beam direction is indicated by the
arrow. The active area of the detectors (light grey) measures
5 cm × 5 cm. The segmentation (dark grey) is vertical on the
front and horizontal on the back.

state in 12C was populated through the p + 11B reaction,
using protons accelerated to energies of 167–170 keV. At
the target position the typical beam intensity was 1 nA,
while the transversal size of the beam was approximately
2mm×2mm, as defined by a set of horizontal and vertical
slits. The target consisted of natural boron on a 4μg/cm2

carbon backing. Several such targets were used in the ex-
periment, with the boron thickness ranging from 10 to
15μg/cm2. The reaction chamber was pumped by an oil
diffusion pump. The experiment was conducted during a
period of 6 months3 wherein several changes were made
to the setup as described below. A detailed account of the
experiment is given in ref. [28].

3.1 Detection system

The detection system consisted of two double-sided silicon
strip detectors (DSSSD) of the W1 type [29] with 16× 16
strips and an active area of 5 cm×5 cm. The detectors used
in the present experiment were both 60μm thick; enough
to fully stop the most energetic α-particles from the p +
11B reaction which have energies of up to 5.9MeV. One
detector had a deadlayer of 200 nm Si equivalent (DSSSD
1), the other 700 nm (DSSSD 2). For the largest part of
the experiment the detectors were positioned as shown in
fig. 1, at a distance of 2–3 cm from the target (see table 2

3 The long measurement time was mainly motivated by the
search for the weak γ-decay branches of the 16.11 MeV state.
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Table 2. Overview of the 10 data sets. The table gives the measurement duration (col. 2), the beam energy (col. 3), the
detector angles (col. 4 and 5), the detector positions (col. 6 and 7) and the target angle (col. 8). See fig. 1 for the definition of
the coordinates.

Data set Beam time [hours] Ebeam [keV] β1 [deg] β2 [deg] (x1, y1, z1) [mm] (x2, y2, z2) [mm] βfoil [deg]

1 27.5 167 110 290 (20.0,−0.8,−4.5) (−30.1, 0.0, 10.9) 131

2 19.3 167 110 290 (20.0,−0.8,−4.9) (−30.1,−0.5, 10.9) 131

3 17.8 170 110 290 (20.0,−0.8,−9.2) (−33.1, 0.0, 10.6) 316

4 15.8 170 110 290 (16.9, 0.0,−10.5) (−32.1, 0.0, 9.0) 306

5 28.0 170 110 290 (16.9, 0.0,−11.2) (−32.1, 0.0, 8.8) 306

6 44.4 170 110 290 (18.8,−0.5,−7.7) (−24.0,−0.5, 5.8) 306

7 34.9 167 110 290 (18.6,−0.5,−5.5) (−23.9,−0.5, 6.1) 126

8 35.6 167 105 285 (19.5,−0.8,−4.5) (−24.6,−0.1, 4.7) 126

9 30.1 169 105 285 (19.4, 0.0,−4.5) (−23.5,−0.5, 4.90) 126

10 78.9 169 105 285 (19.0, 0.0,−4.9) (−23.6,−0.5, 4.9) 126

for the precise positions), providing a combined solid-angle
coverage of 35% of 4π, with DSSSD1 covering the center-
of-mass angles 60◦–150◦ and DSSSD2 covering 35◦–120◦.
The intrinsic energy resolution of the detectors was 40 keV
(FWHM).

The setup did not allow us to discriminate between
different types of particles. However, since the 3α chan-
nel is the only open three-body channel, the 3α events
could readily be identified in the off-line data analysis
as those having a multiplicity of 3. Random coincidences
were identified and discarded by imposing additional cuts
as discussed in detail in sect. 4.1, providing us with an ef-
ficient and highly selective method to identify the events
of interest.

The electronic signals were read out using charge-
sensitive Mesytec MPR-32 preamplifiers connected to
Mesytec STM16+ shaping amplifiers and analogue-to-
digital-converter (ADC) modules of the CAEN 785 type.
The amplification gain was stable throughout the exper-
iment. Fast and delayed time signals, generated by the
Mesytec STM16+ modules, were fed to a time-to-digital
converter (TDC) of the CAEN 1190 type, providing time
stamps with a resolution of about 100 ns.

The thresholds of the data acquisition system were set
as low as possible above the electronic noise level. For
all electronic channels, the trigger efficiency was found to
rise gently as a function of energy, increasing from 0%
to 100% within an interval of 200 to 400 keV, depending
on the channel. Trigger thresholds, defined as the energy
at which the efficiency reaches 50%, ranged from 100 to
300 keV for DSSSD 1 and 200 to 500 keV for DSSSD 2.
Low energy cutoffs in each ADC channel ranged from 10
to 100 keV for DSSSD 1 and 100 to 200 keV for DSSSD 2.
Low thresholds are essential to obtain complete kinematic
information for events with low-energy α-particles. The
detection efficiency for low-energy α-particles was further
enhanced by placing the target at an angle relative to
the beam axis, so that the α-particles reaching DSSSD 2
(which has the thickest deadlayer) had to traverse the least
possible amount of target material.

3.2 Data sets

In the course of the experiment several optimisations were
made to the setup. The detectors were turned by a small
angle and moved slightly closer to the target in order to
achieve a better compromise between the elastic scatter-
ing rate and the solid-angle coverage. Small changes in the
detection geometry, arising due to slight changes in the
beam properties, were continuously monitored. The col-
lected data has been divided into 10 data sets, each char-
acterised by slightly different experimental conditions, as
detailed in table 2.

3.3 Calibration

Below, we describe the procedures adopted to calibrate
the energy response and the geometry of the setup. Pre-
cise and accurate calibration is particularly important for
the determination of the 3α detection efficiency, which is
highly sensitive to energy losses and thresholds effects.

3.3.1 Geometry calibration

The geometry is defined by specifying the position of the
detectors relative to the beam spot and their orientation
relative to the beam axis. The geometry can be deduced
with high precision by analyzing the hit pattern from a ra-
dioactive source placed at the target position, which emits
α-particles isotropically. The geometry thus obtained is,
however, not entirely accurate because the source cannot
be positioned exactly at the beam spot. This results in a
distortion of the extracted kinematic curves, most easily
seen in the case of the Be(gs) breakup channel which gives
rise to an α-particle group with a well-defined kinetic en-
ergy of 5.8MeV in the centre-of-mass frame. By adjusting
the geometry until the centre-of-mass energy no longer ex-
hibits any angular dependence, we obtain a more accurate
determination of the geometry, which differs by no more
than 2mm in all three spatial directions compared to the
geometry deduced from the source measurement.
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3.3.2 Energy calibration

The six most intense α-particle lines from the 228Th de-
cay chain were used for the energy calibration, providing
calibration points between 5.4 and 8.8MeV. Calibrations
were made at regular intervals during the experiment;
only small shifts of < 0.2% were observed. SRIM range
tables [30] were used to correct for energy losses in the
source and the detector deadlayers, taking into account
the varying effective thickness due to the angle of inci-
dence and assuming a point-like source. Corrections were
also made for the non-ionizing energy loss [31] in the active
detector volume, i.e., the energy loss that does not con-
tribute to the measured signal. The source thickness was
determined to be 100(4) nm carbon equivalent by rotating
the source relative to the detector while monitoring the
rate of change of pulse height with angle. The thickness
of the detector deadlayers were determined by studying
the variation in pulse height across individual strips due
to the changing effective thickness. Having corrected for
the above effects, a linear fit was made to the calibration
points, giving slope and offset values with statistical errors
of 1 × 10−3 keV/channel and 2 keV, respectively.

3.3.3 Temporal variations

In the course of the experiment, the energy calibration
was seen to vary substantially. The variations had a re-
curring structure: During measurements a gradual, down-
ward shift was observed, but when measurements were
interrupted to vent the chamber, the original calibration
was recovered. The largest shift observed amounted to a
90 keV decrease in the 3α total energy. The shift is most
significant for low-energy α-particles, suggesting that the
cause is energy loss in a material which is gradually ad-
sorbed on the target. The shift in energy calibration was
found to be correlated with a gradual decline in the 3α
detection efficiency, supporting the above conclusion. The
α-source measurements made at regular intervals did not
reveal any significant changes in the calibration, which
rules out adsorption on the detector surfaces. Thus, we
favour the explanation that the adsorption occurs mainly
on the target. The adsorbed material is most likely hydro-
carbons originating from the oil diffusion pump. Similar
effects have been observed in other experiments employing
similar pumps, see e.g. ref. [32].

For each measurement we translate the observed en-
ergy shift into an equivalent thickness of adsorbed carbon.
The values thus obtained range from 10 to 30μg/cm2.
To keep the analysis tractable, we do not take into ac-
count the gradual nature of the absorption process when
we determine the detection efficiencies. Instead we assume
a constant thickness equal to half of the maximal thick-
ness. The 3α detection efficiency is, as noted above, signif-
icantly influenced by the extra energy loss in the target.
This dependency it not surprising since for the 16.11MeV
state, secondary α-particles are emitted with energies as
low as 40 keV, far below the detection thresholds of our
setup.

4 Data analysis

In this section we discuss the various cuts applied to the
experimental data in the off-line analysis. We also discuss
how Monte Carlo simulations are used to model exper-
imental effects and determine detection efficiencies, and
finally we introduce the Dalitz-plot analysis technique.

4.1 Data reduction

The data reduction involves several cuts designed to re-
move random coincidences, i.e., events in which one or two
α-particles from a reaction in the target are recorded in
coincidence with a spurious signal due to electronic noise,
an elastically scattered proton, or another α-particle orig-
inating from a separate, but nearly simultaneous, reaction
in the target. First, we use the TDC information to narrow
the coincidence window from 2.5μs (the width of the ADC
window) to 100 ns, thereby reducing the number of ran-
dom coincidences by approximately a factor of 25. Second,
we require the energies measured on the front and back
sides of the detectors to match within 150 keV, while al-
lowing for the possibility that two particles may hit the
same strip, whereby their energy is added up (summing),
and the possibility that a particle may hit an interstrip
region in such a way that its energy is shared between the
two adjacent strips (sharing). It may be noted that sum-
ming occurs more frequently for the 8Be(gs) channel than
the 8Be(exc) channel due to the small relative energy of
the secondary α-particles in the former channel.

We define the multiplicity of an event as the number of
particles in that event which survive the above cuts. For
those events which have a multiplicity of two, we use mo-
mentum conservation to reconstruct the momentum of the
unobserved α-particle. For those events which have a mul-
tiplicity of three, we can apply additional cuts to further
clean the data: Firstly, we impose momentum conservation
by requiring the magnitude of the total momentum in the
centre-of-mass frame to be less than 50MeV/c. Secondly,
we require the relative angles of the three α-particles to
add up to 360◦. Thirdly, we require the breakup to occur
in a plane, as dictated by momentum conservation. For
the last two cuts a margin of 10◦ is allowed. The com-
bined effect of the three cuts is shown in fig. 2. Panel B
shows the total momentum versus the excitation energy
in 12C, reconstructed from the energies of the three α-
particles, while panels A and C show the projection onto
the excitation-energy axis with and without any cuts im-
posed, respectively. The dotted (red) line indicates the cut
imposed on the total momentum.

While the cuts clearly help in cleaning the spectrum,
an exponential low-energy tail remains. The cause of this
tail has not been fully clarified, but we believe it is re-
lated to the stochastic nature of the energy-loss processes
by which the α-particles are being slowed down in the tar-
get and stopped in the detectors. In any case, the tail is
sufficiently weak that its effect on the Dalitz-plot distri-
butions (fig. 6) can be neglected.
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Fig. 2. (Color online) Panel B: Total momentum of the
three α-particles in the centre-of-mass frame versus the re-
constructed excitation energy in 12C. Only multiplicity-three
events have been included. Panels A and C: Projection with
and without kinematic cuts applied, respectively (see text for
details). The dotted (red) line shows the cut imposed on the
total momentum.

4.2 Identification of the breakup channel

The narrow width of the 8Be ground state, combined
with a high experimental resolution, makes it possible to
cleanly identify the 8Be(gs) channel on an event-by-event
basis by evaluating the relative energy of the three possi-
ble pairs of α-particles,

Eij =
(pi − pj)2

4Mα
, (6)

where pi and pj are the α-particle momenta and Mα is
the α-particle mass. If any pair has a relative energy con-
sistent with the 8Be ground-state energy of 92 keV within
the experimental resolution, we assign the event to the
8Be(gs) channel. In the opposite case, we assign the event
to the 8Be(exc) channel, though this serves merely as a
convenient label until we have established whether the
sequential model provides an accurate description of the
breakups that do not proceed through the ground state of
8Be. Figure 3 shows the α-α relative-energy spectrum for
multiplicity-two and- three events, clearly displaying the
ground state peak at the expected energy.

4.3 Experimental acceptance

The α-particle spectrum measured in DSSSD 1 is
shown by the filled histogram in fig. 4, including both
multiplicity-two and multiplicity-three events. The broad
distribution peaking between 3 and 4MeV and the narrow
peak at 5.8MeV are the most significant structures in this
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Fig. 3. (Color online) Relative energy of any pair of α-particles
in multiplicity-two (dotted, red) and multiplicity-three events
(solid, blue) in Data Set no. 1. The vertical line (dashed, black)
shows the 8Be ground-state energy relative to the 2α threshold.
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Fig. 4. (Color online) Energy spectrum measured in DSSSD 1
(Data Set no. 9).

spectrum. The former is the combined energy spectrum of
all three α-particles in the 8Be(exc) channel, while the lat-
ter is the energy spectrum of the primary α-particle in the
8Be(gs) channel.

The multiplicity-two and multiplicity-three spectra are
shown separately by the solid (black) histogram and
the dashed (red) histogram. For the 8Be(exc) channel
we observe a clear reduction in intensity when going
from multiplicity-two to multiplicity-three, while a similar
reduction is not observed for the 8Be(gs) channel. This
difference is easily understood to be a consequence of the
strong kinematic focusing of the secondary α-particles in
the 8Be(gs) channel.

A Monte Carlo simulation program [33] is used to de-
termine the distortion of energy spectrum resulting from



Page 8 of 11 Eur. Phys. J. A (2016) 52: 271

the limited angular coverage of the detector setup, as well
as other experimental effects such as the finite beam-spot
size, the energy loss in the target and the detector deadlay-
ers, the finite granularity and intrinsic energy resolution of
the detectors and the detection thresholds. The simulation
program takes as input the 3α final-state momentum dis-
tribution determined by the breakup models discussed in
sect. 2. The ouput of the simulation is a data file with the
same structure as the data collected in the experiment.
This allows us to pass the simulated data through the
same analysis procedure that we apply to the experimen-
tal data, thus accounting for any bias introduced by the
cuts and gates applied in the analysis procedure. Varying
the experimental parameters within their estimated un-
certainties had negligible effect on the Dalitz distributions
for multiplicity-two events (shown in fig. 7), but had a sig-
nificant effect on the detection efficiency for multiplicity-
three events. Indeed, uncertainties in the geometry make
the largest contribution to the overall error on the inferred
branching ratio of the 8Be(gs) channel, cf. sect. 5.2.

4.4 The Dalitz plot

Assuming an unpolarised initial state, the measurement of
two α-particle energies, E1 and E2, gives complete kine-
matic information. Thus, a two-dimensional energy plot
—a so-called Dalitz plot [34]— provides a useful way to
visualize the 3α final state without loss of information.
For cases such as the 3α system, in which the masses are
identical, it is advantageous to use a special version of the
Dalitz plot, in which the quantities plotted on the abscissa
(χ) and the ordinate (ψ) are

χ =
ε1 + 2ε2 − 1√

3
, ψ = ε1 −

1
3

,

where εi = Ei/(E1 + E2 + E3) are the α-particle energies
in the centre-of-mass frame, normalised to the total decay
energy. Thus, we obtain a representation that exhibits six-
fold rotational symmetry around (X,Y ) = (0, 0) in which
the kinematically allowed region is a circle with radius
1/3. Since the phase-space density is constant within the
kinematically allowed region, any deviation from constant
density is a manifestation of symmetries in the 3α system
or dynamical correlations in the breakup process.

The Dalitz-plot distribution from a sequential breakup
is shown schematically in fig. 5. The distribution is char-
acterised by a band structure, with the 8Be(gs) channel
producing the narrow bands near the rim of the circle, and
the 8Be(exc) channel producing the broad bands closer to
the centre. The widths of the bands reflects the widths
of the intermediate two-body resonances. In the full R-
matrix description, the intensity distribution across the
bands reflects the profile of the intermediate two-body
resonance, modified by the penetration factors in the en-
trance and exit channels, while the intensity distribution
along the bands reflects the angular-correlation function,
as seen from the color scale in fig. 5. Finally, we note that
interference effects due to Bose symmetry are expected
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Fig. 5. (Color online) Schematic illustration of the Dalitz-plot
distribution of a sequential breakup through the ground state
(narrow bands at the rim of the circle) and the first excited
state (broad bands closer to the centre) of 8Be. See the text for
the definition of the quantities plotted along the abscissa and
the ordinate. The triangle and the circle indicate the regions
allowed by energy and momentum conservation, respectively.
Note that in the present figure the color scale indicates the
angle between the first and the second breakup, θ2, and not
the intensity.

where the bands overlap which, as seen in fig. 5, only oc-
curs for the 8Be(exc) channel.

5 Results

5.1 Dalitz distribution of the 8Be(exc) channel

The Dalitz distribution of the 16.11MeV state measured
in the present experiment is shown in fig. 6, separated into
multiplicity-two events (a) and multiplicity-three events
(b). As discussed in sect. 4.3, the difference between the
two distributions is entirely an effect of the experimen-
tal acceptance. The lack of events near the centre of the
multiplicity-three distribution reflects the fact that for the
8Be(exc) channel the probability of detecting all three α-
particles is significantly reduced compared to the prob-
ability of detecting just two α-particles. In contrast, no
such suppression is observed for the 8Be(gs) channel (the
three narrow bands near the circumference of the Dalitz
plot), reflecting the fact that for the 8Be(gs) channel the
probability of detecting all three α-particles is similar to
that of detecting just two α-particles.

In the following we focus on the 8Be(exc) channel,
which is much richer in physics than the 8Be(gs) channel
due to the large width and non-zero spin of the first excited
state in 8Be. Multiplicity-two Dalitz distributions gener-
ated from simulations of the 8Be(exc) channel are shown in
fig. 7. The different breakup models (M1–M4) give notice-
ably different distributions. By comparing to the measured
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Fig. 6. (Color online) Dalitz distribution measured in the present experiment (Data Set no. 9), separated into multiplicity-two
(a) and multiplicity-three (b) events. The color scale shows the event density.

Fig. 7. (Color online) Dalitz distributions generated from sim-
ulations of multiplicity-two events based on the breakup mod-
els discussed in sect. 2.

distribution, shown in fig. 6(a), we conclude that M4 pro-
vides the most accurate description of the breakup. The
democratic model (M1) fails altogether at reproducing the
triangular shape of the measured distribution, whereas the
sequential models (M2–M4) all reproduce it in various de-
grees. Among the sequential models, M3, which assumes
an s-wave (l = 0) primary α-particle, is the least consis-
tent with the measured distribution, while M2 and M4
both come quite close, showing that the breakup is domi-
nated by a d-wave (l = 2) primary α-particle. M4, which
includes symmetrisation, is seen to fill out the inner re-
gion in better agreement with the measured distribution
than M2, which does not include symmetrisation. Thus,
the effect of the symmetrisation is to cause constructive
interference at the centre of the triangle and destructive
interference on the outside, resulting in sharper edges and
a more uniform intensity distribution within the triangle.

To facilitate a quantitative comparison of the simu-
lated and measured data, we consider three different pro-
jections of the Dalitz plot, designed to highlight different
aspects of the two-dimentional distribution. The projected
coordinates ρ, ξ and η are given by [35]

(3ρ)2 = (3εi − 1)2 + 3(εi + 2εj − 1)2,

2
√

3ξ = 1 − 2(εi − εj),

2
√

3η = 3 − 2(εi + 2εj), (7)

where we have re-ordered the α-particle energies such that
εi < εj < εk. The projections thus obtained are shown in
fig. 8. In accordance with our previous conclusion, M3
and M4, which both assume l = 2, give the most accurate
description of the experimental data. A close comparison
of M3 and M4, which only differ by the extra barrier-
penetrability factors included in M4, reveals that M3 gives
a slightly better description of the η projection, while M4
gives the best description of the ρ and ξ projections.

5.2 Branching ratio of the 8Be(gs) channel

In order to extract a precise and accurate value for the
branching ratio of the 8Be(gs) channel, precise and ac-
curate knowledge of the coincidence detection efficiency
for both the 8Be(gs) and the 8Be(exc) channel is neces-
sary. We use our Monte Carlo simulation program to de-
termine the detection efficiencies for both channels. For
the 8Be(exc) channel we adopt the breakup model M4,
since it was found to give the best fit to the measured
Dalitz distribution. Detection efficiencies are determined
separately for each of the 10 data sets listed in table 2.
The multiplicity-three detection efficiencies thus obtained
range from 11 to 15% for the 8Be(gs) channel and from
0.2 to 0.8% for the 8Be(exc) channel. The corresponding
efficiencies for multiplicity two range from 23 to 30% and
from 17 to 29%.
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Fig. 8. (Color online) Projections of the multiplicity-two Dalitz distribution. The filled histograms (grey) show the measured
data. The curves show the simulated data based on model M2 (blue long dashed), M3 (black solid) and M4 (red dashed).

Correcting for the efficiencies, we determine the
branching ratio of the 8Be(gs) channel to be 5.4(1.1)% us-
ing multiplicity-two data, and 5.1(5)% using multiplicity-
three data. The quoted uncertainties represent our best
estimate of the total uncertainty, taking into account the
statistical uncertainty and all known sources of system-
atic uncertainty including the breakup mechanism of the
8Be(exc) channel. We find that the finite precision of the
measurement of the detector geometry is the dominant
source of uncertainty. The two values for the branch-
ing ratio are mutually consistent, and furthermore they
are consistent with the most recent literature value of
5.8(9)% [19], with our multiplicity-three value being more
precise by almost a factor 2. Note that the branching ra-
tios do not include the contribution due to the ghost of
the 8Be ground state [36], which was found to be about
20% in ref. [19].

6 Discussion

In sect. 5.1 we showed that a sequential breakup model,
which includes Bose symmetry and a rough correction for
final-state Coulomb repulsion, gives a reasonable fit to the
experimental data. In contrast, the democratic, direct-
decay model was found to give a poor fit to the exper-
imental data. The simple picture of a stepwise breakup
thus appears to provide a fairly accurate description of
the breakup of the 16.11MeV state in 12C. Our ability
to clearly discriminate between the two breakup mech-
anisms hinges on the fact that the total decay energy
(E = 8.8MeV) is significantly larger than the width of
the first excited state in 8Be (Γ ′ = 1.5MeV). For lower-
lying states in 12C, the distinction is much less clear [16].

Our observation that d-wave emission dominates in
the first decay, 12C → α1 + 8Be, is in accordance with
the observations of refs. [5–8]. It is remarkable that d-
wave emission is so strongly favoured over s-wave emis-
sion, given that both decays occur above the barrier (the
mean decay energy is 5.8MeV, while the barrier heights
for the s- and d-wave channels are 2.2MeV and 4.0MeV,
respectively) and hence neither is inhibited by barrier pen-
etration. A similar observation has been made for the 2−

state at 16.57MeV where f -wave (l = 3) is favoured over
p-wave (l = 1) [5,22]. The small (5%) branching ratio of
the 8Be(gs) channel is another surprising feature of the
breakup of the 16.11MeV state. Considering only barrier
penetrability factors, one would expect a branching ratio
of 60% for the 8Be(gs) channel with the 8Be(exc) channel
accounting for the remaining 40%.

This opens an intriguing possibility: Could it be
that the d-wave dominance and the slowness of the
ground-state transition are related to the structure of
the 16.11MeV state? One might, e.g., suppose that the
ground-state transition is slower because the wave func-
tion of the 16.11MeV state has a larger overlap with
α + 8Be(exc) than it has with α + 8Be(gs). However, the
first excited state in 8Be is usually interpreted as a rota-
tional excitation of the ground state so it is not obvious
why the wave-function overlaps should differ. A careful
theoretical analysis is clearly needed to resolve the issue,
but such an analysis is beyond the scope of the present
study.

Another relevant question is why the 16.11MeV state
can decay to three α-particles in the first place, consid-
ering that it belongs to an isopin triplet (T = 1). The α
decay must occur through admixtures of one or several
nearby (Jπ, T ) = (2+, 0) states. The bound (2+, 0) state
at 4.44MeV and the giant quadrupole resonance around
26MeV have previously been suggested as candidates [37],
but in recent years evidence has been found for several,
hitherto unknown, low-lying (2+, 0) states in 12C [38–41],
providing additional candidates. It would be interesting
to study the isospin mixing between these states and the
16.11MeV state with modern microscopic cluster models.

7 Conclusions and outlook

The present high-statistics measurement of the 3α
breakup of the (Jπ, T ) = (2+, 1) state at 16.11MeV in
12C provides the most accurate understanding of the decay
mechanism to date. A sequential model, which assumes a
stepwise decay through the two lowest-lying resonances
in 8Be, is found to provide a rather accurate description
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of the breakup. Quantitative agreement with the experi-
mental data is only obtained if Bose symmetry is included
in the model. The agreement is further improved, though
only slightly so, by including a rough correction for final-
state Coulomb repulsion. In the end very good agreement
is obtained though small systematic deviations remain.

The branching ratio to the ground state of 8Be
is determined to be 5.1(5)% in good agreement with
previous findings, but more precise by a factor of two,
and the decay to the first excited state in 8Be is found
to be dominated by d-wave emission, also in agreement
with previous findings. It is conjectured that these
non-intuitive properties of the breakup are a consequence
of the structure of the 16.11MeV state, or more precisely,
the structure of one or several (2+, 0) states that are
mixed into the 16.11MeV state, enabling the decay
into three α-particles. The experimental and analytical
methods used to investigate the breakup of the 16.11MeV
state here can be applied directly to other resonances in
the p + 11B reaction, e.g., the resonance associated with
the (2−, 0) state at 16.6MeV, the breakup of which has
recently been studied with a somewhat simpler detector
setup and analysis method [22].
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Phys. A 186, 200 (1972).
9. H.O.U. Fynbo et al., Phys. Rev. Lett. 91, 082502 (2003).

10. D.P. Balamuth, R.W. Zurmühle, S.L. Tabor, Phys. Rev.
C 10, 975 (1974).

11. O.S. Kirsebom et al., Phys. Rev. C 81, 064313 (2010).
12. O.S. Kirsebom et al., Phys. Rev. Lett. 108, 202501 (2012).
13. J. Manfredi et al., Phys. Rev. C 85, 037603 (2012).
14. T.K. Rana et al., Phys. Rev. C 88, 021601(R) (2013).
15. M. Itoh et al., Phys. Rev. Lett. 113, 102501 (2014).
16. H.O.U. Fynbo, R. Alvarez-Rodriguez, A.S. Jensen, O.S.

Kirsebom, D.V. Fedorov, Phys. Rev. C 79, 054009 (2009).
17. A. Korsheninnikov, Yad. Fiz. 52, 827 (1990).
18. R. Alvarez-Rodriguez, A.S. Jensen, D.V. Fedorov, H.O.U.

Fynbo, E. Garrido, Phys. Rev. Lett. 99, 072503 (2007).
19. M. Alcorta et al., Phys. Rev. C 86, 064306 (2012).
20. H.O.U. Fynbo, EPJ Web of Conferences 66, 07006 (2014).
21. C. Labaune et al., Nat. Commun. 4, 2506 (2013).
22. S. Stave et al., Phys. Lett. B 696, 26 (2011).
23. A.M. Lane, R.G. Thomas, Rev. Mod. Phys. 30, 257 (1958).
24. M. Bhattacharya, E.G. Adelberger, H.E. Swanson, Phys.

Rev. C 73, 055802 (2006).
25. L.C. Biedenharn, M.E. Rose, Rev. Mod. Phys. 25, 729

(1953).
26. B.D. Anderson, M.R. Dwarakanath, J.S. Schweitzer, A.V.

Nero, Nucl. Phys. A 233, 286 (1974).
27. G. Goulard, Nucl. Phys. A 140, 225 (1970).
28. K.L. Laursen, PhD Thesis, Aarhus University (2015) un-

published.
29. O. Tengblad, U.C. Bergmann, L.M. Fraile, H.O.U. Fynbo,

S. Walsh, Nucl. Instrum. Methods A 525, 458 (2004).
30. J.F. Ziegler, J.P. Biersack, M.D. Ziegler, SRIM - The Stop-

ping and Range of Ions in Matter, 5th edition (SRIM Co.,
USA, 2008).

31. W.N. Lennard et al., Nucl. Instrum. Methods A 248, 454
(1986).

32. O.S. Kirsebom et al., Phys. Rev. C 83, 065802 (2011).
33. M. Alcorta et al., Nucl. Instrum. Methods A 605, 318

(2009).
34. R.H. Dalitz, Philos. Mag. 44, 1068 (1953).
35. O.S. Kirsebom, Few-Body Syst. 54, 755 (2013).
36. F.C. Barker, P.B. Treacy, Nucl. Phys. 38, 33 (1962).
37. J.M. Lind, G.T. Garvey, R.E. Tribble, Nucl. Phys. A 276,

1 (1977).
38. S. Hyldegaard et al., Phys. Rev. C 81, 024303 (2010).
39. M. Freer et al., Phys. Rev. C 86, 034320 (2012).
40. W.R. Zimmerman, Phys. Rev. Lett. 110, 152502 (2013).
41. W.R. Zimmerman, Direct observation of the second 2+

state in 12C, PhDThesis, University of Connecticut (2013).


