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Reactions and Decay

Transition Rate

𝜆 =
2𝜋
ℏ Ψ! 𝑉 Ψ"

#𝜌 𝐸!

● Matrix element Ψ! 𝑉 Ψ" contains nuclear structure and interaction potential

● Reactions: either…
- consistent approach for the two
- focus on reaction mechanism
- focus on structure

● If focus on structure
→ use “simple/well-known” processes:

resonant elastic, nucleon transfer… or decay!
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Exotic decay modes: β-delayed charged-particle emission

Decay of halo states

● Poor overlap
→ decreased decay probability

● Patterns: decay of the halo (cluster)

● Contribution of different regions
of the wave function,
possible cancellation effects

E. M. Tursunov, D. Baye,
and P. Descouvemont, PRC 73 (2006) 014303

6He
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Exotic decay modes: techniques

β-delayed charged-particle emission

● Method: implantation and decay in the detector
● Advantages

- suppression of β-particles background 
- high efficiency
- high precision
- high accuracy
- “history” of each decay

● Measured: 6He, 11Li, 11Be, 8B, 12N, 12B, 16N

β DECAY OF 6He INTO THE α + d . . . PHYSICAL REVIEW C 92, 014316 (2015)

stopped inside the chamber. The kapton entrance window was
covered with horizontal strips of 5 µm of copper and 2 µm
of gold, which served as electrodes helping to maintain the
uniform electric field in the chamber. The strips were 7 mm
wide with 3 mm space between them. The beam spot was
broader than one strip and 75% of ions that passed through
such a strip lost more energy and were stopped at the depth of
7.6 cm in the active volume. The remaining 25% of ions were
passing through a thinner layer and were stopped at the depth
of 21.3 cm.

The atmospheric pressure in the Geneva region at the height
of the laboratory and at the time of experiment was (97.0 ±
0.5) kPa. The temperature in the laboratory was (22 ± 2) ◦C.
The resulting density of the counting gas mixture was ρ =
0.177 ± 0.002 mg/cm3.

Drift velocity in the gas mixture was established by
observation of α particle tracks, which vertically punched
trough the whole active volume of the chamber. Such particles
were emitted by nuclides from natural radioactivity chains
present in the walls of the device. During the experiment 26
such tracks were observed. Their span on the PMT waveform
corresponds to the well-known vertical dimension of the
chamber. Analysis of these tracks yielded the average value
vd = (6.2 ± 0.1) mm/µs.

Each GEM foil consisted of four electrically disconnected
sections separated by 1 mm wide inactive strips. As the drifting
electrons were not multiplied at the location of these strips, the
corresponding dark lines were clearly visible on CCD images.
Comparison of the distance between the lines on the image
with the distance between the strips on the GEM foils provided
the calibration coefficient for the length on the image plane.
It was found that one pixel of the CCD image corresponds to
(0.635 ± 0.005) mm.

III. DATA ANALYSIS AND RESULTS

In 106 hours of data taking about 120 000 cycles of 6He,
implantations into the OTPC detector were executed and the
data set for each of them was taken and stored. The CCD
images in most of them contained only a weak background due
to β particles. Although the ionization signal from electrons
is much weaker than from heavy charged particles, the large
number of electrons emitted during the exposure produced
a visible pattern of two clouds of light centered on the two
locations where 6He ions were stopped. This is the result
of the fact that the CCD camera is integrating all the light
emitted during the exposure. In contrast, the β background is
almost not visible on the PMT waveform, because the β decay
events are distributed statistically over the whole exposure
time. When a track of a heavy charged particle was present
during the exposure, it produced a much stronger signal,
clearly visible on the β background in the CCD image and
in the PMT waveform. An example of a data set collected for
one cycle of 6He implantation is shown in Fig. 1.

In the first step of data reduction only the data sets were
selected that pictured such a strong signal. This was done by
requiring that the amplitude of the PMT waveform exceeds
a given threshold. To avoid rejecting low-energy events, the
level of this threshold was set as low as possible, just above
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FIG. 1. (Color online) An example of one data set collected after
implantation of 6He. (a) CCD image taken in 880 ms exposure, 6He
ions entered from the left. On the smeared background due to β

particles, two tracks are visible. The long one is an α particle from
natural background and the short one represents a decay of 6He into
α + d . (b) Full PMT waveform showing the light distribution over
the entire exposure on which two events are seen. (c) Zoom on the
waveform part around the second event showing the characteristic
pattern of an α particle (right) and a deuteron (left) emitted from the
common origin in opposite direction.

the noise of the PMT signal. This procedure identified about
32 000 events for further analysis. Most of them contained
only signals from α particles emitted by natural radionuclides
present in the walls of the detector. All of them were
inspected individually and about 2000 events were identified
as candidates for βd decay of 6He and were subjected to the
energy reconstruction procedure. We have verified that for
all these events, in particular for those of the lowest energy,
the maximal amplitude of the PMT waveform exceeded the
selection threshold at least by a factor of two. This assures that
no low-energy events were rejected by the adopted selection.

014316-3

Optical TPC (Krakow group)

Pixelated Si detector (Leuven)
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Exotic decay modes: 6He → α + d

M. PFÜTZNER et al. PHYSICAL REVIEW C 92, 014316 (2015)
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FIG. 5. (Color online) The OTPC efficiency curve for the present
experiment defined as the probability that the full (α + d) track will
be contained in the OTPC active volume, as a function of the (α + d)
energy Eαd .

Wth = 2.01 × 10−6 s−1. Thus, the predicted intensity is about
20% smaller than the result of our measurement.

IV. SUMMARY

We have measured the very weak branch of β decay of
6He into an α particle and a deuteron. The ions of 6He were
produced, separated, and postaccelerated at the REX-ISOLDE
facility and implanted into a gaseous detector—the optical time
projection chamber. This detector allowed us to record tracks
of α + d particles in three dimensions and to reconstruct the
sum of their energies Eαd . Due to the very low sensitivity of
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FIG. 6. (Color online) Transition probability of the α + d branch
in the β decay of 6He as a function of the (α + d) energy Eαd . The
results of this work are shown by the solid points while the open
points are from Ref. [8]. The solid line represents the prediction from
the Ref. [15].

the OTPC to β electrons, we were able to investigate this exotic
decay for the energies Eαd below 525 keV, corresponding to
the deuteron energy of 350 keV, which was the limit of the
previous experiments [7,8]. In the data analysis, we could
successfully reconstruct 1651 α + d events extending the
spectrum down to the energy Eαd = 150 keV, corresponding
to the deuteron energy of 100 keV. The shape of our spectrum,
for the energy Eαd > 525 keV, agrees well with the results
obtained previously.

For the absolute normalization we have taken the data
of Raabe et al. [8] as the reference. The normalization
factor was determined by comparing the transition probability
distribution established in Ref. [8] with our spectrum in the
energy range between 400 and 1000 keV. This allowed to
calculate the total branching ratio for the βd channel in 6He
for the energy Eαd ! 150 keV to be B = [2.78 ± 0.07(stat) ±
0.17(sys)] × 10−6, which corresponds to the total transition
probability W = [2.39 ± 0.06(stat) ± 0.15(sys)] × 10−6 s−1.
Thus, the achieved extension of the spectrum to lower energies
revealed about 70% more of the transition intensity.

The comparison with the theoretical three-body model of
Tursunov et al. [15] showed that the shape of our spectrum is
in a very good agreement with the prediction. This supports
a requirement for the 6He ground-state wave function to
have the correct three-body asymptotic behaviour, which is
one of the key ingredients of the model. The measured total
transition probability, however, is about 20% larger than the
predicted one in the same energy range. The increase of
the calculated intensity can be achieved, to some extent,
by modifications of the scattering potential in the α + d
channel. This potential, however, is constrained by the known
6Li ground-state energy and by the measured α + d phase
shifts [15]. A new theoretical inquiry is needed to determine
whether the observed discrepancy in the total transition
probability can be removed by modifications of the α + d
interaction alone, or some improvements in the description of
the 6He halo wave function have to be introduced.

We have demonstrated that a gaseous detector of the TPC
type is a very efficient and sensitive tool for the study of decays
with emission of heavy charged particles. This technique is
particularly advantageous when low-energy particles have to
be recorded in the presence of a large background from β
electrons. In principle our method could be used to measure
the 6He β-delayed deuterons of even lower energies. Then,
however, a gas mixture of lower density should be used, which
could be achieved by maintaining a lower gas pressure in the
detector active volume.

ACKNOWLEDGMENTS

We would like to thank the ISOLDE facility for providing
the excellent beam. We are grateful to P. Descouvemont for
providing us with the results of Ref. [15] in a tabular form. The
work was partially supported by the Polish National Science
Center under Contract No. UMO-2011/01/B/ST2/01943, by
the European Nuclear Science and Applications Research (EN-
SAR) under Project No. 262010, by the Research Foundation -
Flanders (FWO), by GOA/2010/010 (BOF KU Leuven), and
by the Interuniversity Attraction Poles Programme initiated
by the Belgian Science Policy Office (BriX network P7/12).

014316-6

Decay into the continuum

● Small decay channel (≈10-6) into α+d
● Measurement in Louvain-la-Neuve

315 α+d decay events in ≈4 days
● Branching ratio:

1.65(10) x 10–6 (Ec.m. > 525 keV)
● Measurement at ISOLDE

Spectrum extended to Ec.m. ≈ 150 keV
● Very small B.R. explained by the

cancellation between the internal
and halo components
of the matrix element

● Branching ratio sensitive to
halo wave function at large distances

M. Pfützner at al., PRC 92 (2015) 014316
R. Raabe et al., PRC 80 (2009) 054307

E.M. Tursunov et al., PRC 73 (2006) 014303
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Exotic decay modes: 11Li → 9Li + d

K. Riisager, NPA 616 (1997) 169c

Decay into continuum+resonance(?)

● Many different decay channels
→ identification is crucial

● Use of daughter-decay
(time and spatial correlation)
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Exotic decay modes: 11Li → 9Li + d

R.R. et al., PRL 101 (2008) 212501

Vn

Decay into continuum+resonance(?)

● Branching ratio:
1.30(13)x10–4 (Ecm > 200 keV)

● Calculations: optical potentials
for 9Li+d

Vc : 9Li+d: Coulomb only (reference)
M.V. Zhukov et al., PRC 52 (1995) 2461

Va : 9Li+d resonance at 0.33 MeV
Vb : 9Li+d resonance at ‒0.18 MeV
D. Baye, E. M. Tursunov, and P. Descouvemont,
PRC 74 (2006) 064302

Vn : 9Li+d: broad resonance at 0.8 MeV
(with weak absorption)
E. M. Tursunov, D. Baye, and P. Descouvemont,
IJMPE 20 (2011) 803
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Reactions: resonant scattering

● Very well suited to study cluster structures
(in unbound states)

● Important: measure spatial correlations
● With radioactive ion beams:

inverse kinematics, detection at forward angles,
energy loss of the beam in the target

G0S95A	– Exotic	Nuclei	– 2015/2016 21/04/2016	– Nuclear	Reactions	2/3

Techniques:	inverse	kinematics

● Degrade the	beam	energy
in	a	thick	target

● Example:	19Ne,19F	beam	in	a	CH2 foil
The	ions	of	the	beam	lose	energy
as	they	traverse	the	target
When	the	cm	energy	corresponds
to	a	resonance,	the	cross	section	increases

● Advantages:
- Energy	scan	in	one	measurement
- Applicable	to	radioactive	nuclei (use	as	beams)

● Disadvantages:
- worse	energy	resolution	than	direct	kinematics
- background	from	target	and	scattered	beam
- narrow	resonances	have	a	low	yield
(little	target	material)

p

ΔE-E
Ec.m.

19Ne,19F

R.	Coszach et	al.	PRC	50	(1994)	1695

1698 R. COSZACH et al. 50

nel radius R = 4.5 fm (this point will be discussed later
on), by means of the regular and irregular Coulomb wave
functions. In Fig. 1, which presents a Ne+p spectrum
taken at 0, the two prominent structures seen around
E, 800 and 900 keV are broad resonances. The dif-
ference between the maximum and minimum cross sec-
tions around the resonance energy reBects the statistical
weight factor u = (2J+1)/(2I+1)(2i+1) (J, I, andi are
the spins of the resonance, target, and projectile, respec-
tively). A good fit to the data over the whole angular
range was obtained with an angular momentum L = 0 for
both resonances, and u = 4 and 4, respectively, indicat-
ing J values of 1+ and 0+, respectively. The former J
value could be reached by an / = 0 + 2 mixing in prin-
ciple; adding an l = 2 component did not improve the
fit. Figure 2 presents BW fits of the energy distributions
at several angles. In order to estimate the importance of
the experimental effects introduced in Sec. IIB, pure BW
calculations (6 = 0) and convoluted ones are compared
in Fig. 3.
The R-matrix and K-matrix formalisms are detailed

elsewhere [16,17]. Let us just recall here their main dif-
ferences and their relation with the BW approximation.
As long as the R-matrix parametrization is restricted to
a single pole and the Thomas approximation is assumed
(that the shift factor is a linear function of energy), there
is no difference between this method and the extended

BW formula. Note that the so-called "observed" width,
and not the better known "formal" R-matrix width I'~,
must be employed. The only difference with the BW for-
mula comes &om a nonlinearity in the energy dependence
of the shift factor. The R matrix allows an introduction
of further poles, either physical or simulating a back-
ground. Therefore, it offers the possibility of improving
the description of off-resonance cross sections. In the
limited energy range considered here, such refinements
do not appear to be necessary.
The most striking feature of the K-matrix formalism

is that is does not require the choice, or fit, of a channel
radius. Also, no resonance shift appears in the single pole
approximation. There is no distinction between formal
and observed widths. With a single pole, the K-matrix
expression is equivalent to a BW approximation, but with
a different energy dependence of the widths, which would

d&
&Q

(mb/sr}
400

300

dg
dQ

(mb/sr)
400

200

700
1 I

750 800 850
E (keV)

I

900

0dg-
dQ

(mb/sr)
4QO

I

C

eL =16.3 eL =10 6&
gQ

(mb/sr}

400'

0.
dQ
dQ

(mb/sr)
400

eL =32 e =13

0
700 900 700 800

E (keV}

700
I I

750 800 $50
E (keV}

1

900

FIG. 2. Proton spectra at lab angles 0, 16.3, and 32'
from PIPS detectors (left side) and 7', 10, 13' from the
X-Y detector (right side), fitted with the BW formalism (solid
curves). Fit with the K- or R-matrix formalism cauld not be
distinguished from the BW curves.

FIG. 3. Proton spectra, compared with BW, K, or R
formalism (curves cannot be distinguished), without (thick
curve) and with (thin curve) convolution with the experimen-
tal effects mentioned in Sec. IIB:7 spectrum measured with
the X-Y' detector (top) and 27' spectrum obtained with a
PIPS detector (bottom).

Techniques	– 2/6
Typical cluster structures known in stable nuclei

8Be 12C 20Ne

a + a 3a 16O + a

16O*

12C + a

7Li

a + t

Molecular
orbital Be, C, O, Ne, F

a-cluster
excitation

14C*

3a linear chain

Unstable nuclei 
Y. Kanada-En’yo,
Varenna 2017
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Molecular states in 10Be
6He + 4He → 10Be in LLN

● Coincident detection
in 4He gas

● Measured spin,
α spectroscopic factor

● “Dumbbell” structure
confirmed

M. Freer et al,
PRL 96 (2006) 042501 

!:2n:!Molecular Band in 10Be

M. Freer,1 E. Casarejos,2 L. Achouri,3 C. Angulo,2 N. I. Ashwood,1 N. Curtis,1 P. Demaret,2 C. Harlin,4 B. Laurent,3

M. Milin,5 N. A. Orr,3 D. Price,1 R. Raabe,6 N. Soić,5 and V. A. Ziman1

1School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom
2CRC/LLN Centre de Recherches du Cyclotron, Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
3Laboratoire de Physique Corpusculaire, ISMRA and Université de Caen, IN2P3-CNRS, 14050 Caen Cedex, France

4School of Electronics and Physical Sciences, University of Surrey, Guildford, Surrey, GU2 7XH, United Kingdom
5Department of Experimental Physics, Rudjer Bošković Institute, Bijenička 54, HR-10000 Zagreb, Croatia

6Instituut voor Kern- en Stralingsfysica, University of Leuven, B-3001 Leuven, Belgium
(Received 12 August 2005; published 30 January 2006)

The 10.15 MeV resonance in 10Be has been probed via resonant 6He! 4He elastic scattering. It is
demonstrated that it is the J! " 4! member of a rotational band built on the 6.18 MeV 0! state. A !" of
0.10–0.13 MeV and !"=! " 0:35–0:46 were deduced. The corresponding reduced " width, #2

", indicates
one of the largest "-cluster spectroscopic factors known. The deformation of the band, including the
7.54 MeV, 2! member, is large (@2=2I " 200 keV). Such a deformation and the significant degree of
clusterization signals a well-developed ":2n:" molecular structure.

DOI: 10.1103/PhysRevLett.96.042501 PACS numbers: 21.10.Re, 25.70.#z, 27.20.+n

The competition between the mean field, which de-
scribes aspects of nuclear structure such as single-particle
properties and the magic numbers, and clustering, in which
subunits of nucleons behave in a collective manner, is
intriguing [1]. The phenomenon of clustering is not only
limited to A " 4n nuclei, but as was considered by Hafstad
and Teller as early as 1938 [2], clustering could also be
important in nuclei such as 9Be, where an ":n:" structure
was proposed. Here the analogy with molecular structure
was invoked, as in their model the neutron was exchanged
between the two " cores.

The possible existence of molecular-type structures has
generated considerable experimental and theoretical effort
to characterize such systems. The most obvious of these are
the beryllium isotopes. From the theoretical perspective the
molecular traits of rotational bands have been described in
terms of the exchange nucleons, being in either $- or
!-type orbitals [3]. Experimental progress validating this
picture has, however, been less dramatic. In 9Be two rota-
tional bands have been identified with neutrons in $ and !
orbits [3]. The characterization of the ":2n:" system,
where the two valence neutrons are in molecular orbitals,
has been less successful. The present status is summarized
by Milin et al. [4]. The molecular band is associated with
the 6.18 MeV (0!2 ) level, which is linked to the 2! state at
7.54 MeV. The corresponding 4! state is believed to be the
10.15 MeV state [5]. Measurements of the spin and parity
of the state have, however, produced conflicting results
[4,6] due to the model dependent nature of the analysis.
Antisymmetrized molecular dynamics calculations of
10Be, which are free from structural constraints, predict
that the 0!2 state in 10Be at 6.18 MeV should have a cluster
structure [7], in which the two valence neutrons are located
between two " cores, and exhibit spatial distributions
characteristic of $ molecular orbitals. The presence of

the neutrons increases the separation between the two "
particles emphasizing the cluster structure.

Often in the past, evidence for cluster structures has been
circumstantial, but here we provide definitive experimental
evidence for the characterization of the associated exotic
molecular rotational band, demonstrating that the molecu-
lar picture does indeed extend to the 2"! 2 valence
neutron system.

The present measurements were performed at the
Louvain-la-Neuve cyclotron facility with a 7.5 MeV
6He1! beam of intensity $2% 106 pps (additional mea-
surements were made at 6.1 and 11.1 MeV). The beam
entered the reaction chamber through a 2:5 %m thick
mylar window. The LEDA and LAMP detection systems
[8] were mounted within the reaction chamber (Fig. 1)
which was filled with helium gas (150 mb). These arrays
are composed of 16-element annular strip detectors with an
inner radius of 50 mm and an outer radius of 130 mm. The
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FIG. 1. Experimental setup. The region in the gas volume in
which the 10.15 MeV 10Be resonance is formed is indicated
(shaded zone). The resonance subsequently decays into 6He!
4He which are detected in coincidence in the LAMP array.
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Fig. 3). The 6.18 MeV state has a long lifetime (1.1 ps)
which may be explained in terms of the structure being
different to that of the 10Be ground and first excited state.
The 7.54 MeV state has been shown to have an anoma-
lously large reduced ! width [10] [confirmed in Ref. [4] ].
Thus, if the present resonance is a member of this band
then a large reduced width for ! decay would also be
expected.

The present data can provide a measure of the ! width
(!!) of the resonance. For this analysis the data in the
range "c:m: ! 70 and 110", where the effects of the experi-
mental acceptances are reduced, were used. From the
simulations it was determined that the efficiency for de-
tecting, in coincidence, the 6He# 4He pairs is
1.37(0.07)%. This compares with 7.2% of the fraction of
the P2

4 Legendre polynomial which lies within the same

interval. The energy and angle integrated cross section over
the resonance is found to be 0:327$0:040% b &MeV. The
!-decay width may be then calculated from integrating the
theoretical resonance profile (formed from two spin zero
nuclei);

Z 1
0

#
k2

J$J# 1%!2
!

$E' Er%2 # !2=4
dE ’ 2J$J# 1%#

2

k2

!2
!

!
: (1)

The present cross section thus corresponds to a value of !!
of 0.13(0.01) MeV, or !!=! ! 0:46$0:03%.

The minima in the angular distributions in Fig. 3 corre-
spond to very low yields. There will, however, be a con-
tribution from Rutherford scattering. In order to estimate
this contribution an analysis of the ‘‘singles’’ data has been
performed (Fig. 4) for three beam energies. The difference
between the distributions is marked, with the oscillatory
pattern only appearing for the ‘‘on resonance’’ data. Owing
to the 4He–6He detection ambiguity, the distributions con-
tain contributions from both the forward and backward
center-of-mass angle yields (particularly at 6.1 MeV).
Thus, the calculated elastic scattering yields have been
filtered through the Monte Carlo simulations. The elastic
scattering was calculated using the 6Li# 4He optical
model parameters from Ref. [11] (Table II, set 4). The
agreement with the 6.1 MeV data is good, including the
increase in yield at backward angles which is a conse-
quence of the aforementioned contribution from both the
6He and 4He. The agreement with the 11.1 MeV data is
good at small angles, but the discrepancy at larger angles
indicates that here the refractive elements in the scattering
are not so well accounted for. The oscillatory behavior of
the distributions in the data acquired at 7.5 MeV data is not
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FIG. 3 (color online). Experimentally determined center-of-
mass distribution (data points) compared with simulations for
the decay of a spin 4 (blue-solid line), 2 (red-dashed line), and 6
(black-long-dashed line) resonance. The inset shows the energy-
spin systematics of the rotational band of which the present 4#

state is a member.
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FIG. 4 (color online). Normalized angular distributions for the
singles data measured at beam energies of 11.1 (circles( 10),
7.5 (squares( 1), and 6.1 MeV (triangles( 0:1). The solid lines
overlaid over the three data sets correspond to the elastic
scattering as simulated by the Monte Carlo calculations. The
dotted line shows the Rutherford scattering contribution for the
7.5 MeV data.

FIG. 2 (color online). The reconstructed center-of-mass emis-
sion angle ("c:m:) vs the interaction distance. The left-hand panel
shows the experimentally determined distribution, and the right
the result of simulations for a resonance at 10.15 MeV with ! !
296 keV [6] and J# ! 4#.
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Fig. 3). The 6.18 MeV state has a long lifetime (1.1 ps)
which may be explained in terms of the structure being
different to that of the 10Be ground and first excited state.
The 7.54 MeV state has been shown to have an anoma-
lously large reduced ! width [10] [confirmed in Ref. [4] ].
Thus, if the present resonance is a member of this band
then a large reduced width for ! decay would also be
expected.

The present data can provide a measure of the ! width
(!!) of the resonance. For this analysis the data in the
range "c:m: ! 70 and 110", where the effects of the experi-
mental acceptances are reduced, were used. From the
simulations it was determined that the efficiency for de-
tecting, in coincidence, the 6He# 4He pairs is
1.37(0.07)%. This compares with 7.2% of the fraction of
the P2

4 Legendre polynomial which lies within the same

interval. The energy and angle integrated cross section over
the resonance is found to be 0:327$0:040% b &MeV. The
!-decay width may be then calculated from integrating the
theoretical resonance profile (formed from two spin zero
nuclei);
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The present cross section thus corresponds to a value of !!
of 0.13(0.01) MeV, or !!=! ! 0:46$0:03%.

The minima in the angular distributions in Fig. 3 corre-
spond to very low yields. There will, however, be a con-
tribution from Rutherford scattering. In order to estimate
this contribution an analysis of the ‘‘singles’’ data has been
performed (Fig. 4) for three beam energies. The difference
between the distributions is marked, with the oscillatory
pattern only appearing for the ‘‘on resonance’’ data. Owing
to the 4He–6He detection ambiguity, the distributions con-
tain contributions from both the forward and backward
center-of-mass angle yields (particularly at 6.1 MeV).
Thus, the calculated elastic scattering yields have been
filtered through the Monte Carlo simulations. The elastic
scattering was calculated using the 6Li# 4He optical
model parameters from Ref. [11] (Table II, set 4). The
agreement with the 6.1 MeV data is good, including the
increase in yield at backward angles which is a conse-
quence of the aforementioned contribution from both the
6He and 4He. The agreement with the 11.1 MeV data is
good at small angles, but the discrepancy at larger angles
indicates that here the refractive elements in the scattering
are not so well accounted for. The oscillatory behavior of
the distributions in the data acquired at 7.5 MeV data is not
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FIG. 3 (color online). Experimentally determined center-of-
mass distribution (data points) compared with simulations for
the decay of a spin 4 (blue-solid line), 2 (red-dashed line), and 6
(black-long-dashed line) resonance. The inset shows the energy-
spin systematics of the rotational band of which the present 4#

state is a member.
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FIG. 4 (color online). Normalized angular distributions for the
singles data measured at beam energies of 11.1 (circles( 10),
7.5 (squares( 1), and 6.1 MeV (triangles( 0:1). The solid lines
overlaid over the three data sets correspond to the elastic
scattering as simulated by the Monte Carlo calculations. The
dotted line shows the Rutherford scattering contribution for the
7.5 MeV data.

FIG. 2 (color online). The reconstructed center-of-mass emis-
sion angle ("c:m:) vs the interaction distance. The left-hand panel
shows the experimentally determined distribution, and the right
the result of simulations for a resonance at 10.15 MeV with ! !
296 keV [6] and J# ! 4#.
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Cluster/Molecular states in 12Be
8He + 4He → 12Be in GANIL

● Measured elastic channel
and 6He+6He channel

● Possible L=4 resonance
at E*≈14-15 MeV

● Cluster/molecular structure
predicted in this range
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Fig. 4. (Colour online.) The experimental yields, corrected for the detection ef-
ficiency, for the 8He + 4He reaction (black circles) and 6He + 6He reaction (red 
squares) compared with resonance profiles with two non-interfering resonances at 
13 and 15 MeV (see text) with widths (!) of 1 MeV (solid-green line). The L = 2
(blue-dashed line) and L = 4 (black-dashed line) strength from the GTCM calcula-
tions are shown [10].

Fig. 5. (Colour online.) Angular distributions for the 4He(8He,4He)8He elas-
tic scattering reaction for the excitation energy ranges a) 15.9–16.4 MeV and 
b) 14.3–15.0 MeV. The fit (red-line) corresponds to the functional form given in 
Eq. (5) with Lmax = 4. Uncertainties in the amplitudes are typically 0.3. The blue 
lines correspond to |P4(cos(θcm)|2 distributions. The lower energy data follow more 
closely the trend of the L = 4 Legendre polynomial.

to 15 MeV. However, it should be noted that the present mea-
surements strictly only demonstrate enhanced yield at the lower 
energy compared with the higher c.m. energy.

The angular distributions for the excitation-energy intervals 
14.3–15.0 MeV and 15.9–16.4 MeV are shown in Fig. 5. The uncer-
tainties shown are statistical uncertainties and the uncertainty in 
the absolute value of the differential cross section is expected to be 
up to 30%. The angular distributions, as revealed in Fig. 3, display 
a diffractive behaviour with a deep minimum at θcm ! 75◦ . What 
is also noticeable is that the maximum in the centre of the ex-
perimental acceptance shifts to smaller angles for the lower beam 
energy (Fig. 3c) compared to the higher beam energy (Fig. 3a).

Following an approach which is similar to the phase shift anal-
ysis performed for 4He + 4He elastic scattering data [15], these 
4He + 8He elastic scattering data have been fitted with a partial 
wave analysis

Table 1
The values of χ2/dof for the fits as a function of the maximum angular momentum, 
Lmax , of the fits to the data shown in Fig. 5.

Excitation energy (MeV) Lmax = 2 Lmax = 3 Lmax = 4 Lmax = 5

14.3–15.0 6.1 6.3 1.4 1.4
15.9–16.4 2.4 0.8 0.8 0.7

Table 2
The amplitudes, aL , used in the fit of the angular distributions shown in Fig. 5 and 
used in Eq. (5) at the lower and higher excitation energies. The ratios of the ampli-
tudes at the two energies are also given.

Excitation energy (MeV) L = 0 L = 1 L = 2 L = 3 L = 4

14.3–15.0 5.89 25.03 17.42 12.86 21.11
15.9–16.4 5.48 14.64 13.08 12.28 8.78

Ratio 1.07 1.71 1.33 1.05 2.41

W (θ) =
∣∣∣∣∣

Lmax∑

L=0

aLeiϕL P L(cosθ)

∣∣∣∣∣

2

(5)

where the aL are the amplitudes of the Legendre polynomials P L
and ϕL corresponds to the relative phase. Lmax is the highest par-
tial wave considered. The amplitudes then reflect the contribution 
from each partial wave.

The fits to experimental data for the low (14.3–15.0 MeV) and 
high (15.9–16.4 MeV) ranges corresponding to the two angular dis-
tributions are given in Tables 1 and 2. What is evident from the 
fits to the data (Table 1) is that at low energies the fit continues 
to improve up to Lmax = 4, whereas at the higher energy it is al-
ready converged for Lmax = 3. This indicates that higher angular 
momenta components are important at the lower energy than at 
the higher energy. The angular distributions in Fig. 5 are shown 
with the fit corresponding to Lmax = 4 and the amplitudes aL are 
given in Table 2. The ratios of the amplitudes between the fits at 
low and high energies indicates that the L = 4 amplitude is the 
one which is most strongly enhanced at lower energies, signalling 
the importance of this partial wave in describing the enhanced 
cross section.

This behaviour is also seen from the diffractive behaviour of the 
angular distributions. The lower energy data, Fig. 5b, has a diffrac-
tive behaviour which sees the maximum and second minumum 
shift to smaller c.m. angles, similar to a Legendre polynomial of 
order 4. This would be consistent with an enhanced L = 4 contri-
bution. Both characteristics may be traced to the additional L = 4
contribution. It should be noted that from an elastic scattering per-
spective that the opposite behaviour would be expected, i.e. higher 
L-values should play a stronger role at higher energy, and this 
points to a resonance contribution, mirroring the enhanced yield 
observed in Fig. 4.

It is also possible to extract from the coincidence measurements 
yields and angular distributions for the 4He(8He,6He)6He reaction; 
Q = −1.17 MeV. This reaction is well separated from the elastic 
scattering reaction by virtue of the different sum energy of the two 
products and the different kinematics. However, the yield is sig-
nificantly smaller than that of the elastic channel. The significant 
background, from scattering from the window, in the coincidence 
spectra for the coincidences 1-1 and 1-2 meant it was not pos-
sible to unambiguously extract the 6He + 6He final state in those 
cases. However, the background for the combination 2-2 was close 
to zero. Fig. 6 shows the 6He + 6He angular distributions for these 
2-2 coincidences.

For the 6He + 6He final-state, it is clear that the angular dis-
tributions are very different at the two excitation energies, Fig. 6a 
(Ex = 15.7 and 16.0 MeV) and Fig. 6b (Ex = 14.4 MeV). The angular 
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Fig. 6. (Colour online.) Angular distributions for the 4He(8He,6He)6He reaction for 
the excitation energy ranges a) 16.0 (blue points) and 15.7 (black points) MeV and 
b) 14.4 MeV (data points). The fit (red-line) corresponds to the functional form 
given in Eq. (5), with Lmax = 4. b) additionally exhibits the oscillations of Legen-
dre Polynomials of order 2 (dashed-green line) and 4 (solid-green line). The central 
maximum is characteristic of L = 4.

range at lower energies is limited by the detection energy thresh-
old. At higher energies the distributions are forward-backward an-
gle peaked, whereas at lower energy they peak at θcm = 90◦ . Given 
that the final state consists of symmetric spin zero bosons, only 
the even partial waves contribute. The symmetric final state means 
that the angular distributions should be symmetric about 90◦ . It is 
clear that there is a stronger yield at the lower energy, both from 
the normalised yields shown in Fig. 4 and the differential cross 
sections shown in Fig. 6. It should be noted that the limited range 
of the angular distributions (particularly in Fig. 6b) and the limited 
statistics allows for a variety of fits with similar χ2 with differ-
ent partial wave amplitudes and hence unique conclusions as to 
the partial wave contributions could not be reached for these data. 
However, the narrow width of the central maximum in the angular 
distributions appears to be more consistent with L = 4 as opposed 
to L = 2 (Fig. 6b). Measurements over a wider angular range would 
be required to confirm these conclusions for the transfer channel.

We therefore conclude that the present data indicate that 
i) there are no strong narrow (∼ 50–100 keV) 4He + 8He reso-
nances in the energy intervals explored, ii) there is enhanced yield 
close to Ex = 14–15 MeV for both the reactions probed, compared 
with 16 MeV, and iii) this is characterised by an increased L = 4
component in both the elastic scattering and two-neutron transfer 
with a width of ∼ 1 MeV or less. This would suggest that a reso-
nance of L = 4 in 12Be plays a role in the scattering process at this 
energy.

Finally, we compare in Fig. 4 the present results to the gen-
eralized two-centre cluster model (GTCM) calculations of Ito [10], 

which predict that 4+ states linked to cluster or molecular struc-
tures should lie in the region 13.4 to 17.4 MeV. In particular, 
a strong peak in the L = 4 component of the 4He + 8He scatter-
ing cross section is predicted at ∼ 15.2 MeV (width ∼ 1.5–2 MeV), 
which involves the crossing of two bands with 6He + 6He and 
4He + 8He structure. The present measurements agree with the 
calculations but suggest that this L = 4 strength lies at slightly 
lower energy and has a narrower width. Noticeably, the L = 2
strength in the calculations is in anti-phase with the L = 4 com-
ponent, with the higher energy component probably lying outside 
the range of the present measurements. This agreement between 
experiment and theory suggests the molecular/cluster like struc-
ture of 12Be in this excitation energy region [16]. However, it is 
clear that further work, both experiment and theory, is required.

In summary, the present measurements provide a high statis-
tics determination of the angular distributions for the two reac-
tions 4He(8He,4He) and 4He(8He,6He). These angular distributions 
and the variation in experimental yield with energy indicates a 
Jπ = 4+ resonance in the region Ex = 14–15 MeV with a width of 
∼ 1 MeV. The observed energy, width and spin coincide strongly 
with GTCM calculations that predict exotic cluster states in this re-
gion. The present measurements indicates that this 12Be resonance 
decays to both the 4He + 8He and 6He + 6He final states. The an-
gular distributions of the present measurements may also serve as 
a constraint of the validity of the generalized two-centre cluster 
model (GTCM) calculations and indeed an interesting test for those 
wishing to model the intriguing system in which the halo 8He nu-
cleus is scattered from a nucleus which is the core of the halo.
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Fig. 4. (Colour online.) The experimental yields, corrected for the detection ef-
ficiency, for the 8He + 4He reaction (black circles) and 6He + 6He reaction (red 
squares) compared with resonance profiles with two non-interfering resonances at 
13 and 15 MeV (see text) with widths (!) of 1 MeV (solid-green line). The L = 2
(blue-dashed line) and L = 4 (black-dashed line) strength from the GTCM calcula-
tions are shown [10].

Fig. 5. (Colour online.) Angular distributions for the 4He(8He,4He)8He elas-
tic scattering reaction for the excitation energy ranges a) 15.9–16.4 MeV and 
b) 14.3–15.0 MeV. The fit (red-line) corresponds to the functional form given in 
Eq. (5) with Lmax = 4. Uncertainties in the amplitudes are typically 0.3. The blue 
lines correspond to |P4(cos(θcm)|2 distributions. The lower energy data follow more 
closely the trend of the L = 4 Legendre polynomial.

to 15 MeV. However, it should be noted that the present mea-
surements strictly only demonstrate enhanced yield at the lower 
energy compared with the higher c.m. energy.

The angular distributions for the excitation-energy intervals 
14.3–15.0 MeV and 15.9–16.4 MeV are shown in Fig. 5. The uncer-
tainties shown are statistical uncertainties and the uncertainty in 
the absolute value of the differential cross section is expected to be 
up to 30%. The angular distributions, as revealed in Fig. 3, display 
a diffractive behaviour with a deep minimum at θcm ! 75◦ . What 
is also noticeable is that the maximum in the centre of the ex-
perimental acceptance shifts to smaller angles for the lower beam 
energy (Fig. 3c) compared to the higher beam energy (Fig. 3a).

Following an approach which is similar to the phase shift anal-
ysis performed for 4He + 4He elastic scattering data [15], these 
4He + 8He elastic scattering data have been fitted with a partial 
wave analysis

Table 1
The values of χ2/dof for the fits as a function of the maximum angular momentum, 
Lmax , of the fits to the data shown in Fig. 5.

Excitation energy (MeV) Lmax = 2 Lmax = 3 Lmax = 4 Lmax = 5

14.3–15.0 6.1 6.3 1.4 1.4
15.9–16.4 2.4 0.8 0.8 0.7

Table 2
The amplitudes, aL , used in the fit of the angular distributions shown in Fig. 5 and 
used in Eq. (5) at the lower and higher excitation energies. The ratios of the ampli-
tudes at the two energies are also given.

Excitation energy (MeV) L = 0 L = 1 L = 2 L = 3 L = 4

14.3–15.0 5.89 25.03 17.42 12.86 21.11
15.9–16.4 5.48 14.64 13.08 12.28 8.78

Ratio 1.07 1.71 1.33 1.05 2.41

W (θ) =
∣∣∣∣∣

Lmax∑

L=0

aLeiϕL P L(cosθ)

∣∣∣∣∣

2

(5)

where the aL are the amplitudes of the Legendre polynomials P L
and ϕL corresponds to the relative phase. Lmax is the highest par-
tial wave considered. The amplitudes then reflect the contribution 
from each partial wave.

The fits to experimental data for the low (14.3–15.0 MeV) and 
high (15.9–16.4 MeV) ranges corresponding to the two angular dis-
tributions are given in Tables 1 and 2. What is evident from the 
fits to the data (Table 1) is that at low energies the fit continues 
to improve up to Lmax = 4, whereas at the higher energy it is al-
ready converged for Lmax = 3. This indicates that higher angular 
momenta components are important at the lower energy than at 
the higher energy. The angular distributions in Fig. 5 are shown 
with the fit corresponding to Lmax = 4 and the amplitudes aL are 
given in Table 2. The ratios of the amplitudes between the fits at 
low and high energies indicates that the L = 4 amplitude is the 
one which is most strongly enhanced at lower energies, signalling 
the importance of this partial wave in describing the enhanced 
cross section.

This behaviour is also seen from the diffractive behaviour of the 
angular distributions. The lower energy data, Fig. 5b, has a diffrac-
tive behaviour which sees the maximum and second minumum 
shift to smaller c.m. angles, similar to a Legendre polynomial of 
order 4. This would be consistent with an enhanced L = 4 contri-
bution. Both characteristics may be traced to the additional L = 4
contribution. It should be noted that from an elastic scattering per-
spective that the opposite behaviour would be expected, i.e. higher 
L-values should play a stronger role at higher energy, and this 
points to a resonance contribution, mirroring the enhanced yield 
observed in Fig. 4.

It is also possible to extract from the coincidence measurements 
yields and angular distributions for the 4He(8He,6He)6He reaction; 
Q = −1.17 MeV. This reaction is well separated from the elastic 
scattering reaction by virtue of the different sum energy of the two 
products and the different kinematics. However, the yield is sig-
nificantly smaller than that of the elastic channel. The significant 
background, from scattering from the window, in the coincidence 
spectra for the coincidences 1-1 and 1-2 meant it was not pos-
sible to unambiguously extract the 6He + 6He final state in those 
cases. However, the background for the combination 2-2 was close 
to zero. Fig. 6 shows the 6He + 6He angular distributions for these 
2-2 coincidences.

For the 6He + 6He final-state, it is clear that the angular dis-
tributions are very different at the two excitation energies, Fig. 6a 
(Ex = 15.7 and 16.0 MeV) and Fig. 6b (Ex = 14.4 MeV). The angular 
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New frontiers with ACTAR TPC
18O + p in ACTAR TPC
● Micro-pattern gaseous detector:

Micromegas
● High granularity of the pad plane

→ very good spatial resolution
● p and α channels measured

Resolution 38 keV and 54 keV
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Fig. 1. 3D computer-aided drafting (CAD) drawing of ACTAR TPC. See text for details.

Fig. 2. (Color online) Upper panel, example of an event with the shaded polarization
zone below the beam. Lower panel, projection of the beam particle along the X axis.
The track stopping point R of the beam, plus the scattered heavy particle if there
is a reaction as it is the case here, is defined as a fifth of the Bragg curve maximum
charge deposit. The polarization could not be applied for some pads, due to connection
problems, resulting in a significantly higher charge compared to their neighbors (around
X=10pad and X=50pad), which results in the peaks shown in the reconstructed Bragg
curve. These pads were discarded in the analysis.

With a beam emittance of about ⇡�x�✓ = 18.56⇡mm�mrad, obtained
by tracking the beam upstream from the reaction point, the width of
the polarized zone was set to 12 rows of pads (24 mm) and was 100
columns (200 mm) in length, as shown in the upper panel of Fig. 2. Due
to connection problems, some of the pads from this zone could not be
correctly polarized. As a result, the micromegas has a higher gain above
those pads, which produces the peaks on the Bragg profile shown in
the lower panel of Fig. 2. The GET system was set to partial readout
mode, so that only pads with a signal exceeding a certain threshold
were read. This readout threshold was set to 5.3 fC, which corresponds
to 3.27 ù 104 electrons. With the micromegas gain of 5000, this threshold
is about 6.6 ionization electrons, or about 0.2 keV energy deposited per
pad.

Table 1
Beam and detector settings used during the ACTAR TPC18O commissioning experiment.
Parameter Value Units

Beam energy at active volume entrance 57.6 MeV
Beam emittance 18.56⇡ mm�mrad
Average beam intensity 1.5 ù 104 pps
Cathode potential *3500 V
Mesh potential *450 V
Polarized pads potential *100 V
Drift velocity (measured) 3.8 cm/�s
Isobutane gas pressure 100 mbar
Proton target density 2.5 ù 1019 protons/cm3

Clock frequency 50 MHz
GET dynamic range 120 fC
GET readout threshold 5.3 fC
GET peaking time 1024 ns

The cathode voltage was set to *3500V, so that the drift velocity
of the ionization electrons was about 3.6 cm/�s. The total time window
required to observe the full height of the active volume was therefore
6.7 �s. The sampling frequency of the GET system was set to 50MHz,
which provided a time window of 10.24 �s over 512 samples for
detecting the ionization electrons. Following the definition of Ref. [23],
the samples will be later referred to as time cells. The test experimental
conditions are summarized in Table 1.

For later discussions on the analysis, we introduce the following
terms:

• Electronic events are defined as the full window of 512 time cells
over the whole pad plane.

• Physical events are defined as the grouping of tracks correlated in
time/space.

• Beam events are defined as unreacted events, forming physical
events only consisting of a beam track.

• Pileup events are defined when there are several physical events
in an electronic event.

3. Data analysis

3.1. Particle tracking

To extract the voxel information (the charge collected and the
electron arrival time on each pad), the signal baseline was first treated
using the methods described in Ref. [23]. After baseline treatment, the
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Fig. 6. (color online) Identification of the kinematic line corresponding to the ground state of the beam like particle, at ✓cm = 160 ± 5˝. The total energy left in the Si detector ESi
is plotted as a function of the total path R (Fig. 2).

Fig. 7. Excitation energy of 19F from the (p,p) channel on the left and from the (p, ↵) channel on the right projected for ✓cm = (160±5)˝. The black dots with statistical uncertainties
are the experimental points and the red curve is the result of the R-matrix calculation convoluted with a Gaussian function that was fit the data (see text for details). Resolutions
were found to be 38(4) keV FWHM and 54(9) keV FWHM, respectively.

The uncertainty on the center-of-mass energy in Ref. [34] are much
smaller than in our experiment, hence the model was considered as
having perfect resolution. The result of the fits are presented in Fig. 7.
The resonances available on ENSDF or Ref. [34] are indicated by the
arrows on the plot. Resolution on the center-of-mass energy for the
(p,p) and (p, ↵) channels were found to be 38(4) keV FWHM and
54(9) keV FWHM, respectively.

In order to better understand where this resolution was coming
from, the uncertainties on the different experimental parameters were
propagated to the center-of-mass energy determination by a Monte-
Carlo calculation. From Section 3.4, the parameters used to reconstruct
the excitation function are:

• the beam energy at the entrance of ACTAR TPC Ebeam;
• the energy deposited by the light recoil in the silicon detectors
ESi;

• the light recoil diffusion angle ✓lab.

The resolution on Ebeam primarily comes from the energy straggling
produced by the 63 �m thick aluminum degrader and the 6 �m Mylar
entrance window. This was estimated using unreacted beam events
triggered by the MWPC as explained previously. The distribution of
the beam reconstructed stopping point position had a lateral spread
of � = 6mm that was translated using SRIM tables into an energy
spread of 1.5 MeV FWHM. The resolution on ESi was determined using
a 239Pu + 241Am + 244Cm mixed alpha-particle source. It was assumed
to vary linearly with the energy. The resolution on ESi was found to
be 60 keV FWHM at 5.5 MeV. The resolution on ✓lab was measured
using the shape reconstruction of the central Si detectors. This was

achieved by tracking particles that hit the central silicon detector, and
extrapolating the track to the plane of the silicon detector. The ✓lab
resolution had a maximum value of 2˝ FWHM. The measured resolution
was estimated to be mostly due to the straggling of the recoils in the
gas. For comparison, protons recorded with an energy of 3 MeV in
the Si detectors traveled at least through 175 mm of gas based on
the reaction kinematics. When calculated with LISE++, the associated
angular straggling is 1.8˝ FWHM for the proton. This is in reasonable
agreement with the measured angular resolution. From the LISE++
calculations, the recoiling ↵ should have a better angular resolution of
0.84˝ FWHM for a 25 MeV recorded ↵ traveling 284 mm of gas. The
statistics on ↵ particles was too small to measure the angular resolution
in the same way. Since this factor has the greatest influence on the
center-of-mass resolution, it was taken as 2˝ for the (p, ↵) channel as
well so as to not underestimate its effect. A summary of the parameter
resolutions and the propagation on the final simulated resolutions are
given in Table 2. The propagated uncertainties are consistent with the
experimental result.

5. Conclusion

We have characterized the performance of a novel active target and
detection system that does not rely on a magnetic spectrometer. The
next generation active target ACTAR TPC was commissioned at the
GANIL facility with a 3.2MeV/nucleon 18O beam with an average beam
intensity of 1.5 ù 104 pps on isobutane gas. The challenge of the energy
loss discrepancy by a factor 100 between the stopping heavy-ions and
the light recoils was met with the polarization of the pads below the
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Fig. 6. (color online) Identification of the kinematic line corresponding to the ground state of the beam like particle, at ✓cm = 160 ± 5˝. The total energy left in the Si detector ESi
is plotted as a function of the total path R (Fig. 2).

Fig. 7. Excitation energy of 19F from the (p,p) channel on the left and from the (p, ↵) channel on the right projected for ✓cm = (160±5)˝. The black dots with statistical uncertainties
are the experimental points and the red curve is the result of the R-matrix calculation convoluted with a Gaussian function that was fit the data (see text for details). Resolutions
were found to be 38(4) keV FWHM and 54(9) keV FWHM, respectively.

The uncertainty on the center-of-mass energy in Ref. [34] are much
smaller than in our experiment, hence the model was considered as
having perfect resolution. The result of the fits are presented in Fig. 7.
The resonances available on ENSDF or Ref. [34] are indicated by the
arrows on the plot. Resolution on the center-of-mass energy for the
(p,p) and (p, ↵) channels were found to be 38(4) keV FWHM and
54(9) keV FWHM, respectively.

In order to better understand where this resolution was coming
from, the uncertainties on the different experimental parameters were
propagated to the center-of-mass energy determination by a Monte-
Carlo calculation. From Section 3.4, the parameters used to reconstruct
the excitation function are:

• the beam energy at the entrance of ACTAR TPC Ebeam;
• the energy deposited by the light recoil in the silicon detectors
ESi;

• the light recoil diffusion angle ✓lab.

The resolution on Ebeam primarily comes from the energy straggling
produced by the 63 �m thick aluminum degrader and the 6 �m Mylar
entrance window. This was estimated using unreacted beam events
triggered by the MWPC as explained previously. The distribution of
the beam reconstructed stopping point position had a lateral spread
of � = 6mm that was translated using SRIM tables into an energy
spread of 1.5 MeV FWHM. The resolution on ESi was determined using
a 239Pu + 241Am + 244Cm mixed alpha-particle source. It was assumed
to vary linearly with the energy. The resolution on ESi was found to
be 60 keV FWHM at 5.5 MeV. The resolution on ✓lab was measured
using the shape reconstruction of the central Si detectors. This was

achieved by tracking particles that hit the central silicon detector, and
extrapolating the track to the plane of the silicon detector. The ✓lab
resolution had a maximum value of 2˝ FWHM. The measured resolution
was estimated to be mostly due to the straggling of the recoils in the
gas. For comparison, protons recorded with an energy of 3 MeV in
the Si detectors traveled at least through 175 mm of gas based on
the reaction kinematics. When calculated with LISE++, the associated
angular straggling is 1.8˝ FWHM for the proton. This is in reasonable
agreement with the measured angular resolution. From the LISE++
calculations, the recoiling ↵ should have a better angular resolution of
0.84˝ FWHM for a 25 MeV recorded ↵ traveling 284 mm of gas. The
statistics on ↵ particles was too small to measure the angular resolution
in the same way. Since this factor has the greatest influence on the
center-of-mass resolution, it was taken as 2˝ for the (p, ↵) channel as
well so as to not underestimate its effect. A summary of the parameter
resolutions and the propagation on the final simulated resolutions are
given in Table 2. The propagated uncertainties are consistent with the
experimental result.

5. Conclusion

We have characterized the performance of a novel active target and
detection system that does not rely on a magnetic spectrometer. The
next generation active target ACTAR TPC was commissioned at the
GANIL facility with a 3.2MeV/nucleon 18O beam with an average beam
intensity of 1.5 ù 104 pps on isobutane gas. The challenge of the energy
loss discrepancy by a factor 100 between the stopping heavy-ions and
the light recoils was met with the polarization of the pads below the
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from the position and energy of coincident α particles, the re-
action 9Be + 6He → X + 8Be → X + α + α is reconstructed
with the resonant particle spectroscopy technique [32]. Then,
the center-of-mass energy of the undetected system X is
obtained.

The 7He states can be populated via both one-neutron
and two-proton pickup from the 9Be target. Because of the
small neutron separation energy of 9Be (Sn = 1.665 MeV),
the former reaction mechanism, (6He ,7He), can be considered
a direct reaction. Therefore, it is expected that one-neutron
pickup would selectively populate states containing the 6He
ground-state configuration; namely, the 7He 3/2− ground state
and 1/2− excited state (see Table I). In addition, when 8Be are
measured at forward angles relative to the beam direction, the
two-proton pickup mechanism may contribute significantly.
In fact, Milin at al. [31] showed that the (6He ,8Be) reaction
proceeds via direct process even at incident energies around
3 MeV/nucleon, resulting in a relatively high cross section,
mainly because of the overlap between the 6He and 8Be wave
functions [31]. However, only the 7He ground state is expected
to be directly populated via the pickup of two-protons from the
9Be target, whereas excited states of 7He involving excitations
in the neutron configuration require higher-order processes.

This paper is organized as follows: In Sec. II the employed
detection systems and the measurement are described. In
Sec. III the analysis method is explained in detail and the
results are presented. Finally, Sec. IV is dedicated to the
discussion of the results and a summary is given in Sec. V.

II. MEASUREMENT

The experiment was performed at the Cyclotron Research
Center (CRC) in Louvain-la-Neuve, Belgium [33]. The 6He
beam was produced by the isotope-separation-on-line (ISOL)
technique using two coupled cyclotrons, CYCLONE30 and
CYCLONE110 [34]. An intense proton beam (200 µA)
delivered by CYCLONE30 impinged on a LiF target, where
the 6He nuclei were produced via 7Li(p,2p)6He reaction. The
nuclei diffused out of the target and were collected and ionized
in an electron-cyclotron resonance (ECR) ion source. They
were then injected and accelerated in CYCLONE110, which
was tuned to operate as a powerful mass spectrometer: no
evidence of the 6Li isobaric contaminant was seen during
the measurement. The final 6He+ beam had an energy of
Elab = 16.8 MeV and an average intensity on target of about
107 particles per second (pps) for three days of measurement.
To verify the reliability of the detection method, a 6Li beam
at Elab = 17 MeV was used to measure the 6Li(9Be ,8Be)7Li
reaction. The intensity of this beam was above 107 pps for
about 10 hours of irradiation.

The target was a 400-µg/cm2-thick self-supporting foil
of 9Be produced at the Laboratori Nazionali del Sud in
Catania, Italy. This was mounted on a target ladder, together
with a 200-µg/cm2-thick Au target used for calibration.
As shown in Fig. 2, the detection setup consisted of two
annular single-sided silicon detector arrays (SSD) [35]: LEDA
(Louvain–Edinburgh detector array) and Lamp, named after
its shape. These were composed of eight and six SSD sectors,
respectively. Lamp sectors are tilted at 45 degrees with respect

FIG. 2. Schematic drawing of the experimental setup. On the left
side of the figure, the arrow shows the beam direction and the back
disk in front of Lamp is the target. The Faraday cup, placed behind
LEDA, is not drawn.

to the beam direction. Each sector has 16 strips (5 mm strip
pitch), in total the setup had 224 detection channels over the
full azimuthal range. LEDA was placed about 60 cm from
the target, covering polar angles between 5 and 12 degrees
in the laboratory frame, whereas Lamp was set closer to
detect particles in a polar angular range of 22–71 degrees.
Therefore, the setup provided a high angular coverage in
the forward hemisphere, combined with high segmentation
at small laboratory angles. Additional information on the
experimental setup can be found in Ref. [36].

The energy and time of flight (with respect to the cyclotron
radio frequency) of all charged particles hitting the detectors
were recorded. The intrinsic energy resolution of the Si strip
was about 25 keV FWHM (for 5.486 MeV α particles). The
convolution of the time resolution of the Si detector and the
cyclotron radio frequency was about 4 ns FWHM, while, for
instance, the time of flight from the target to LEDA was around
30 ns for 8 MeV α particles. In LEDA the particle identification
was achieved by the time-of-flight method, because the mass
resolution permitted us to clearly distinguish 4He from 6He
particles, as evident from Fig. 3. In contrast, for Lamp the
small distance to the target and the larger solid angle of each
strip, consequence of the tilted sectors, resulted in a poor mass
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FIG. 3. The time of flight (ToF) versus the energy for one strip of
the LEDA array. For explanations, see Ref. [36].
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FIG. 6. Half of the angle between the two α particles versus
the calculated kinetic energy of 8Be nucleus. The line defines the
maximum half break angle, βmax, as described in the text.

in the present case. All the spectra are calculated as function of
the resonance energy above the neutron threshold. An identical
reconstruction has been applied for the excitation energy
spectrum of 7Li, which is shown in Fig. 7, when the two α
particles from the 8Beg.s. decay are both detected in LEDA. The
center-of-mass energy of 6He + n system from the LEDA and
Lamp data are presented in Figs. 8 and in 9, respectively. For
the latter spectrum, three charged-particle coincident events
were selected: two α particles from 8Beg.s. decay and a 4He or
a 6He in the opposite Lamp sector, as schematically drawn in
Fig. 2. Due to the kinematics, an equivalent condition could
not be set by using the LEDA data. The energy loss of the α
particles in the target has to be accounted for in the calculations
above. Since the reaction point is not known, the energy loss
was calculated for half the thickness of the target including a
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FIG. 7. The excitation energy spectrum for 7Li selecting events
with α particles from 8Beg.s. decay in LEDA. The thick solid red
line is the total fit including the contributions due to the populated
states (dashed lines and curve C) and the three-body phase-space
background: 6Li +9Be → 6Li +n + 8Be (curve A) and 6Li +9Be →
4He +3H +8Be (curve B).
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FIG. 8. The center-of-mass energy of 6He +n system, obtained
by selecting events with α particles from 8Beg.s. decay in LEDA. The
thick solid red line is the total fit including the contributions due to
the populated states in 7He (dashed lines), the five-body phase-space
background 6He +9Be → 4He +n + n + n + 8Be (curve I), direct
decays of 10Be∗ and 11Be∗ (curves III and IV, respectively). The
fit reduces the three-body phase-space contribution, 6He +9Be →
6He +n + 8Be, to a value in agreement with zero.

correction for the scattering angles. Tables obtained with the
program SRIM [38] were used.

III. ANALYSIS AND RESULTS

The spectra of 9Be + 6He → X + 8Beg.s. (9Be + 6Li →
X + 8Beg.s.) reaction include two types of contributions: peaks
related to populated states of 7He (7Li) and events from
other channels with 8Beg.s. as a final nucleus. The latter ones
constitute our background, which we need to carefully evaluate
in order to extract the properties of the populated states in
7He (7Li). To describe these contributions we adopted an
analysis method similar to that used by Denby et al. [8]. We
developed an extensive Monte Carlo simulation including all
processes leading potentially to 8Beg.s.. The simulated data
are then analyzed with the same procedure of the measured
data. Our Monte Carlo package was GEANT4 based [39] and
it included an accurate description of the beam features, the
reaction mechanism, and the experimental setup. First, the
GEANT4 code tracks 6He (6Li) beam particles in the 9Be target,
simulating the energy loss and the straggling until a random
point of interaction, where the reaction is generated. The
resulting particles are then propagated through the detection
setup and the energies deposited in the detector material
is recorded. The reaction processes used to simulate our
background are discussed in the following sections.

When resonances are involved in the simulated reaction,
their lineshapes were considered as input in the generation part
of the Monte Carlo package. These were parametrized by using
a single-level R-matrix code. As detailed in Refs. [40,41], in a
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FIG. 6. Half of the angle between the two α particles versus
the calculated kinetic energy of 8Be nucleus. The line defines the
maximum half break angle, βmax, as described in the text.

in the present case. All the spectra are calculated as function of
the resonance energy above the neutron threshold. An identical
reconstruction has been applied for the excitation energy
spectrum of 7Li, which is shown in Fig. 7, when the two α
particles from the 8Beg.s. decay are both detected in LEDA. The
center-of-mass energy of 6He + n system from the LEDA and
Lamp data are presented in Figs. 8 and in 9, respectively. For
the latter spectrum, three charged-particle coincident events
were selected: two α particles from 8Beg.s. decay and a 4He or
a 6He in the opposite Lamp sector, as schematically drawn in
Fig. 2. Due to the kinematics, an equivalent condition could
not be set by using the LEDA data. The energy loss of the α
particles in the target has to be accounted for in the calculations
above. Since the reaction point is not known, the energy loss
was calculated for half the thickness of the target including a
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FIG. 7. The excitation energy spectrum for 7Li selecting events
with α particles from 8Beg.s. decay in LEDA. The thick solid red
line is the total fit including the contributions due to the populated
states (dashed lines and curve C) and the three-body phase-space
background: 6Li +9Be → 6Li +n + 8Be (curve A) and 6Li +9Be →
4He +3H +8Be (curve B).
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FIG. 8. The center-of-mass energy of 6He +n system, obtained
by selecting events with α particles from 8Beg.s. decay in LEDA. The
thick solid red line is the total fit including the contributions due to
the populated states in 7He (dashed lines), the five-body phase-space
background 6He +9Be → 4He +n + n + n + 8Be (curve I), direct
decays of 10Be∗ and 11Be∗ (curves III and IV, respectively). The
fit reduces the three-body phase-space contribution, 6He +9Be →
6He +n + 8Be, to a value in agreement with zero.

correction for the scattering angles. Tables obtained with the
program SRIM [38] were used.

III. ANALYSIS AND RESULTS

The spectra of 9Be + 6He → X + 8Beg.s. (9Be + 6Li →
X + 8Beg.s.) reaction include two types of contributions: peaks
related to populated states of 7He (7Li) and events from
other channels with 8Beg.s. as a final nucleus. The latter ones
constitute our background, which we need to carefully evaluate
in order to extract the properties of the populated states in
7He (7Li). To describe these contributions we adopted an
analysis method similar to that used by Denby et al. [8]. We
developed an extensive Monte Carlo simulation including all
processes leading potentially to 8Beg.s.. The simulated data
are then analyzed with the same procedure of the measured
data. Our Monte Carlo package was GEANT4 based [39] and
it included an accurate description of the beam features, the
reaction mechanism, and the experimental setup. First, the
GEANT4 code tracks 6He (6Li) beam particles in the 9Be target,
simulating the energy loss and the straggling until a random
point of interaction, where the reaction is generated. The
resulting particles are then propagated through the detection
setup and the energies deposited in the detector material
is recorded. The reaction processes used to simulate our
background are discussed in the following sections.

When resonances are involved in the simulated reaction,
their lineshapes were considered as input in the generation part
of the Monte Carlo package. These were parametrized by using
a single-level R-matrix code. As detailed in Refs. [40,41], in a
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TABLE I. Spectroscopic factors (SF) from complex scaling
method (CSM) [20], variational Monte Carlo (VMC) [25],a and no
core shell model (NCSM) [24] calculations. For CSM calculations
only the real part of the values are reported.

7He 6He -n(lj ) CSM VMC NCSMb

3/2− 0+-p3/2 0.64 0.565c 0.56
2+

1 -p1/2 0.005 0.006 0.001
2+

1 -p3/2 1.54 2.02 1.97
1/2− 0+-p1/2 1.00 0.91 0.94

2+
1 -p3/2 0.10 0.26 0.34

5/2− 2+
1 -p1/2 0.85 0.81 0.77

2+
1 -p3/2 0.10 0.37 0.49

aThe numerical values for spectroscopic factors in the VMC model
are taken from Ref. [24].
bIn Ref. [24] the authors underlined that the obtained SFs were
an intermediate step to use as input for no-core shell model with
continuum (NCSMC) calculations, not the aim of their work.
cGreen’s function Monte Carlo (GFMC) result, while the VMC
calculation gave a SF equals 0.53; see Ref. [25].

0.6(1) MeV with a width ! = 0.75(8) MeV. The detection of
the 6He nucleus excludes this state as the 5/2− state observed in
Ref. [13]. In the work of Skaza et al. [6], the excitation energy

spectrum of 7He was described by assuming a resonance at
0.9(5) MeV (! = 1.0(9) MeV). The analysis of the (p,d)
transfer to this state and its decay in 6He +n were consistent
with 1/2− assignment. Recently, Aksyutina et al. [9] carried
out an almost identical experiment to that reported in Ref. [4],
replacing the carbon target by a liquid-hydrogen target; the
low-lying resonance was not confirmed. Furthermore, no
evidence for a state below 1 MeV has been found in five other
experiments [5,11,12,14,15] using a variety of techniques.
These studies have provided positive signs of a first-excited
state at higher energy, although these observations are not com-
pletely in agreement among themselves, as shown in Fig. 1.

We report the results of a new measurement, performed
by using the 9Be(6He ,7He)8Be reaction. This reaction is
characterized by very clear identification of the channel of
interest due to the 8Be decay. Indeed, the ground state of
8Be decays exclusively into two α particles with a very small
breakup energy (Q = 0.092 MeV). For kinetic energies of
8Be above some hundreds of keV, the two α particles remain
kinematically focused and can be identified by coincident
detection in a charged-particle detector. The effectiveness of
this identification technique by 8Be decay have been described
in detail by Wozniak et al. [27–29], and it has been successfully
confirmed in experimental studies with both stable and
radioactive ion beams [30,31]. In the present measurement,
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FIG. 1. Summary of the most recent results for the7He nucleus from experiments, on the left, and from theoretical calculations, on the right.
The solid lines represent the energy of the states in 7He, the shaded bands correspond to the widths (Refs. [11,12] quoted the FWHM). When
the width is too broad to be drawn a solid gray line is used. Dashed lines indicate that the resonance parameters are taken from the literature.
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FIG. 6. Half of the angle between the two α particles versus
the calculated kinetic energy of 8Be nucleus. The line defines the
maximum half break angle, βmax, as described in the text.

in the present case. All the spectra are calculated as function of
the resonance energy above the neutron threshold. An identical
reconstruction has been applied for the excitation energy
spectrum of 7Li, which is shown in Fig. 7, when the two α
particles from the 8Beg.s. decay are both detected in LEDA. The
center-of-mass energy of 6He + n system from the LEDA and
Lamp data are presented in Figs. 8 and in 9, respectively. For
the latter spectrum, three charged-particle coincident events
were selected: two α particles from 8Beg.s. decay and a 4He or
a 6He in the opposite Lamp sector, as schematically drawn in
Fig. 2. Due to the kinematics, an equivalent condition could
not be set by using the LEDA data. The energy loss of the α
particles in the target has to be accounted for in the calculations
above. Since the reaction point is not known, the energy loss
was calculated for half the thickness of the target including a
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FIG. 7. The excitation energy spectrum for 7Li selecting events
with α particles from 8Beg.s. decay in LEDA. The thick solid red
line is the total fit including the contributions due to the populated
states (dashed lines and curve C) and the three-body phase-space
background: 6Li +9Be → 6Li +n + 8Be (curve A) and 6Li +9Be →
4He +3H +8Be (curve B).
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FIG. 8. The center-of-mass energy of 6He +n system, obtained
by selecting events with α particles from 8Beg.s. decay in LEDA. The
thick solid red line is the total fit including the contributions due to
the populated states in 7He (dashed lines), the five-body phase-space
background 6He +9Be → 4He +n + n + n + 8Be (curve I), direct
decays of 10Be∗ and 11Be∗ (curves III and IV, respectively). The
fit reduces the three-body phase-space contribution, 6He +9Be →
6He +n + 8Be, to a value in agreement with zero.

correction for the scattering angles. Tables obtained with the
program SRIM [38] were used.

III. ANALYSIS AND RESULTS

The spectra of 9Be + 6He → X + 8Beg.s. (9Be + 6Li →
X + 8Beg.s.) reaction include two types of contributions: peaks
related to populated states of 7He (7Li) and events from
other channels with 8Beg.s. as a final nucleus. The latter ones
constitute our background, which we need to carefully evaluate
in order to extract the properties of the populated states in
7He (7Li). To describe these contributions we adopted an
analysis method similar to that used by Denby et al. [8]. We
developed an extensive Monte Carlo simulation including all
processes leading potentially to 8Beg.s.. The simulated data
are then analyzed with the same procedure of the measured
data. Our Monte Carlo package was GEANT4 based [39] and
it included an accurate description of the beam features, the
reaction mechanism, and the experimental setup. First, the
GEANT4 code tracks 6He (6Li) beam particles in the 9Be target,
simulating the energy loss and the straggling until a random
point of interaction, where the reaction is generated. The
resulting particles are then propagated through the detection
setup and the energies deposited in the detector material
is recorded. The reaction processes used to simulate our
background are discussed in the following sections.

When resonances are involved in the simulated reaction,
their lineshapes were considered as input in the generation part
of the Monte Carlo package. These were parametrized by using
a single-level R-matrix code. As detailed in Refs. [40,41], in a
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from the position and energy of coincident α particles, the re-
action 9Be + 6He → X + 8Be → X + α + α is reconstructed
with the resonant particle spectroscopy technique [32]. Then,
the center-of-mass energy of the undetected system X is
obtained.

The 7He states can be populated via both one-neutron
and two-proton pickup from the 9Be target. Because of the
small neutron separation energy of 9Be (Sn = 1.665 MeV),
the former reaction mechanism, (6He ,7He), can be considered
a direct reaction. Therefore, it is expected that one-neutron
pickup would selectively populate states containing the 6He
ground-state configuration; namely, the 7He 3/2− ground state
and 1/2− excited state (see Table I). In addition, when 8Be are
measured at forward angles relative to the beam direction, the
two-proton pickup mechanism may contribute significantly.
In fact, Milin at al. [31] showed that the (6He ,8Be) reaction
proceeds via direct process even at incident energies around
3 MeV/nucleon, resulting in a relatively high cross section,
mainly because of the overlap between the 6He and 8Be wave
functions [31]. However, only the 7He ground state is expected
to be directly populated via the pickup of two-protons from the
9Be target, whereas excited states of 7He involving excitations
in the neutron configuration require higher-order processes.

This paper is organized as follows: In Sec. II the employed
detection systems and the measurement are described. In
Sec. III the analysis method is explained in detail and the
results are presented. Finally, Sec. IV is dedicated to the
discussion of the results and a summary is given in Sec. V.

II. MEASUREMENT

The experiment was performed at the Cyclotron Research
Center (CRC) in Louvain-la-Neuve, Belgium [33]. The 6He
beam was produced by the isotope-separation-on-line (ISOL)
technique using two coupled cyclotrons, CYCLONE30 and
CYCLONE110 [34]. An intense proton beam (200 µA)
delivered by CYCLONE30 impinged on a LiF target, where
the 6He nuclei were produced via 7Li(p,2p)6He reaction. The
nuclei diffused out of the target and were collected and ionized
in an electron-cyclotron resonance (ECR) ion source. They
were then injected and accelerated in CYCLONE110, which
was tuned to operate as a powerful mass spectrometer: no
evidence of the 6Li isobaric contaminant was seen during
the measurement. The final 6He+ beam had an energy of
Elab = 16.8 MeV and an average intensity on target of about
107 particles per second (pps) for three days of measurement.
To verify the reliability of the detection method, a 6Li beam
at Elab = 17 MeV was used to measure the 6Li(9Be ,8Be)7Li
reaction. The intensity of this beam was above 107 pps for
about 10 hours of irradiation.

The target was a 400-µg/cm2-thick self-supporting foil
of 9Be produced at the Laboratori Nazionali del Sud in
Catania, Italy. This was mounted on a target ladder, together
with a 200-µg/cm2-thick Au target used for calibration.
As shown in Fig. 2, the detection setup consisted of two
annular single-sided silicon detector arrays (SSD) [35]: LEDA
(Louvain–Edinburgh detector array) and Lamp, named after
its shape. These were composed of eight and six SSD sectors,
respectively. Lamp sectors are tilted at 45 degrees with respect

FIG. 2. Schematic drawing of the experimental setup. On the left
side of the figure, the arrow shows the beam direction and the back
disk in front of Lamp is the target. The Faraday cup, placed behind
LEDA, is not drawn.

to the beam direction. Each sector has 16 strips (5 mm strip
pitch), in total the setup had 224 detection channels over the
full azimuthal range. LEDA was placed about 60 cm from
the target, covering polar angles between 5 and 12 degrees
in the laboratory frame, whereas Lamp was set closer to
detect particles in a polar angular range of 22–71 degrees.
Therefore, the setup provided a high angular coverage in
the forward hemisphere, combined with high segmentation
at small laboratory angles. Additional information on the
experimental setup can be found in Ref. [36].

The energy and time of flight (with respect to the cyclotron
radio frequency) of all charged particles hitting the detectors
were recorded. The intrinsic energy resolution of the Si strip
was about 25 keV FWHM (for 5.486 MeV α particles). The
convolution of the time resolution of the Si detector and the
cyclotron radio frequency was about 4 ns FWHM, while, for
instance, the time of flight from the target to LEDA was around
30 ns for 8 MeV α particles. In LEDA the particle identification
was achieved by the time-of-flight method, because the mass
resolution permitted us to clearly distinguish 4He from 6He
particles, as evident from Fig. 3. In contrast, for Lamp the
small distance to the target and the larger solid angle of each
strip, consequence of the tilted sectors, resulted in a poor mass
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FIG. 3. The time of flight (ToF) versus the energy for one strip of
the LEDA array. For explanations, see Ref. [36].
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7H in the Maya active target
8He + 12C,19F  in Maya at GANIL

● 8He 15.4 MeV/nucleon
onto He(90%)-CF4(10%) gas at 176 mbar

● Detection of heavy recoil in the gas
and 3H (from 7H decay) in Si+CsI detectors

● Energy of 7H from Missing Mass+conditions
● Peak at ≈0.7 MeV above 3H+4n,

width ≈0.2 MeV
● More than 200 events → angular distribution!
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four neutrons simultaneously [24,29]. However, other theoretical 
models predict the resonance to be ∼3 MeV above the 3H+4n 
mass [30,31], and thus favouring a sequential neutron emission 
over a unique simultaneous decay. Concerning its structure, a re-
cent model based on Antisymmetrised Molecular Dynamics (AMD) 
describes the four outer neutrons of 7H grouped in pairs, and act-
ing as two bosons held together by their interaction with the 3H 
core in a di-neutron condensate [31]; an exclusive feature of 7H 
among the known hydrogen resonances since a di-neutron conden-
sate needs at least two neutron pairs, hence four valence neutrons. 
The behaviour of these neutrons can also help to understand the 
influence and strength of T = 3/2 three-body neutron forces, which 
are key ingredients of the Equation of State that rules the proper-
ties and structure of compact stars and supernovae [32,33]. The 
AMD model also predicts that the most probable configuration 
keeps the di-neutron pairs in a region where the nuclear den-
sity of the system drops to 0.02 fm−3, almost 10 times lower than 
the saturation density of nuclear matter. These conditions of den-
sity and extreme neutron–to–proton ratio are unique in a nuclear 
system that can be studied in the laboratory but similar to those 
expected in a neutron-star crust [34,35].

From the experimental point of view, the access to these nu-
clear systems is challenging: their production probabilities are very 
small; their short lifetimes, of the order of 10−22 s, prevent di-
rect measurements; and their multi-particle decays complicate the 
identification of the resonances. This is particularly true for 7H, 
with few experiments with very low statistics reporting evidences 
on its formation. Meanwhile, its main characteristics, even its ex-
istence, are yet to be precisely determined. The first evidence was 
found in p(8He,7H)pp knock–out reactions [24]: a sharp increase 
in the energy distribution of the beam–like product just above the 
3H+4n mass was interpreted as hint of the formation of 7H. Later, 
other indications were reported with 2H(8He,7H)3He reactions: A 
candidate resonance was found between 1 and 3 MeV above the 
3H+4n mass [36], while a recent campaign suggests a 7H ground 
state somewhere around 2 MeV and a width below 300 keV and, 
interestingly, possible excited states at ∼6 MeV [26,27]. Other ex-
periments using the same reaction channel show less conclusive 
evidences [37,38]. A setup similar to the one presented here was 
used to identify a resonance peak with a width of ∼0.1 MeV, 
placed at ∼0.6 MeV above the 3H+4n mass [25] in 12C(8He,7H)13N 
reactions. As to its structure, there are no data on the 7H spin and 
parity.

2. Experimental set-up

In order to contribute to these sparse results, we have explored 
binary, one-proton transfer reactions between a 8He beam and 
carbon and fluorine targets to investigate the formation and prop-
erties of 7H. In 2011, a 8He beam with 104 particles per second 
was produced and accelerated to 15.4A MeV in the SPIRAL facilities 
at GANIL (France) before being directed to an experimental set-up 
based on the MAYA active-target [39] and the CATS beam-tracking 
detectors [40]. The MAYA active-target detector works essentially 
as a Time, Charge-Projection Chamber where the filling gas also 
plays the role of reaction target. In this case, we use 176 mbar of 
a 90%–10% molar mix of helium and CF4, with equivalent thick-
ness of 4.2·1019 atoms/cm2 of 19F and 1.1·1019 atoms/cm2 of 12C. 
This mixture allowed enough electron multiplication while main-
taining a small stopping power of the reaction products. Fig. 1
shows a schematic drawing of the experimental setup with a typi-
cal 19F(8He,7H)20Ne transfer event.

In a proton-transfer event producing 7H, the trajectory of the 
8He projectile is measured by the CATS beam-tracking detectors 
before entering MAYA. Once inside, the 8He projectile interacts 
with either a 12C or 19F nucleus and transfers a proton, yielding 

Fig. 1. Schematic drawing of the detection set-up. A typical proton-transfer reaction 
producing 7H with a 19F nucleus is also shown.

Fig. 2. Kinematics of target-like recoil. The figure shows the range of target-like 
products as a function of their recoil angle for events measured in coincidence with 
a single 3H. The colour lines show reference kinematics of one-proton transfer with 
19F (red) and 12C (green). QF and QC correspond to the Q-values of proton-transfer 
channels forming a 3H+4n system with 19F and 12C targets, respectively. The white 
dashed lines enclose the data displayed in Fig. 3(a).

a 13N or 20Ne target-like recoil and a 7H resonance that, less than 
10−20 s after the reaction, decays into a 3H nucleus and four neu-
trons. The trajectory of the 13N or 20Ne target-like is imaged in 
the segmented pad plane of MAYA, where the angle and range are 
measured with typical uncertainties of 1.2◦ and 16 mm, respec-
tively. The 3H scattered at forward angles is identified in a dE–E 
telescope composed of a first layer of 20 5×5-cm2, 75-µm thick 
silicon detectors and a second layer of 80 2.5×2.5 cm2, 1-cm thick 
CsI crystal detectors. In this setup, neutrons are not detected. Un-
reacted beam projectiles are collected before the dE–E telescope 
in a 2×2 cm2 aluminium beam-stopper. The experimental accep-
tance and uncertainties were verified with the elastic measure-
ment, while the target thickness and beam current were confirmed 
with the elastic cross-section.

3. Data analysis

3.1. Identification of 7H resonance production

The selection of 7H candidate events is done with the simulta-
neous measurement of the reaction charged products. A measured 
proton-transfer reaction with 12C or 19F consists of a single 3H de-
tected in the dE–E telescope in coincidence with a single trajectory 
from the target-recoil product, projected on the pad plane. This se-
lection rejects reactions with the helium atoms in the gas, where 
none of the products ionises enough to induce an image on the 
pad plane.
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Fig. 3. Experimental evidence of the 7H formation. (a) The MM distribution of the 
data selected between the white dashed lines in Fig. 2 (black dots) is shown in one-
proton transfer reactions with 19F (red lower axis) or 12C (green top axis), and after 
subtraction of background from incomplete events (see text). (b) Measured range 
distribution of target–like products with a recoil angle between 45◦ and 54◦ in the 
laboratory frame and after subtraction of background from incomplete events. In 
both panels, the production of 7H (solid lines) and non-resonant backgrounds (N-R, 
dashed lines) are shown from reactions with 19F and 12C targets (red and green 
lines, respectively).

Fusion and high-excitation breakup channels with more than 
two ionising products and/or more than two products on the dE–
E telescope are also rejected. However, some breakup events may 
mimic one-proton transfer if only a 3H is detected in the dE–E 
telescope and a track is recorded in MAYA while the rest of the 
products are missed. The distribution of these incomplete events 
is obtained from those detected with a 3H in coincidence with any 
other product in the dE–E telescope and a track inside MAYA. The 
resulting distribution is subtracted from the set of 7H candidate 
events. This contamination of breakup channels amounts to less 
than 10% of single 3H and track events, and it follows a smooth 
behaviour without peaks or recognisable features. Concerning ran-
dom coincidences between events, they are below 0.1%.

One-proton transfer reactions correlate the angle and range of 
the target-like recoils following kinematic lines that depend on the 
mass of the nuclei involved, including 7H. Fig. 2 shows this correla-
tion for the measured data, along kinematic lines corresponding to 
two reference values for the 7H mass. The accumulation of events 
around the kinematic lines of QF and QC in Fig. 2 is consistent 
with the production of 7H in both channels. A second hint is the 
abrupt decrease of events we can see around 80 mm along the QF
line. This is due to the angular acceptance in the detection of the 
scattered 3H and it would only affect binary reactions, reinforcing 
the identification of the accumulation of data around the line as 
transfer reactions producing 7H.

Since 7H decays immediately after being formed, its charac-
teristics can be indirectly observed with the missing-mass (MM) 
method, in which the mass of the undetected participant (7H, in 
this case) is deduced from the kinematics of the remaining par-
ticipants in the reaction. Fig. 3(a) shows the MM spectrum of 
the beam-like product from one-proton transfer reactions with re-
spect to the mass of the 3H+4n subsystem for data within the 
largest c.m. angular region of the 19F(8He,3H+4n)20Ne channel 
that is not cut by acceptance, shown with white dashed lines in 
Fig. 2. Our experimental setup does not perform element separa-
tion of the target-like recoils, thus the lower and top horizontal 
axis of Fig. 3(a) show the MM as calculated for 19F and 12C tar-
gets, respectively. The events accumulated around the QF and QC
kinematic lines shown in Fig. 2 would appear in Fig. 3(a) as two 
peaks: one around zero in the MM spectra of 19F targets and an-
other around zero for 12C targets.

The first peak lies in a clean kinematical region: only low-lying 
states of 7H or the lower tail of a 3-body non-resonant (N-R) 
continuum (which would not be a peak) can populate it. In ad-
dition, the angle and energy of the 3H detected in coincidence 
were checked to be within the limits expected from a possible 

7H decay. Other channels, such as partially reconstructed breakup 
channels, are subtracted from our selections, as discussed previ-
ously. This peak is a safe candidate for the resonant formation of 
7H with 19F targets. The peak that would correspond to the forma-
tion of 7H with 12C targets is less obvious: it occupies a region also 
populated by N-R background from both targets and other multi-
particle transfer channels. A fit to possible contributions other than 
7H and its N-R continuum sets an upper limit of 0.2 mb/sr to their 
production.

3.2. Resonance mass and half-life

The values of the resonance mass and width are obtained by 
fitting a simulation of the main experimental observables to the 
collected data. The simulation is folded with the experimental res-
olutions and measurement conditions, and includes the production 
of 7H with both 19F and 12C targets, and also N-R events. Be-
sides these channels, other multi-particle transfer reactions were 
also considered. The measured distributions, and in particular the 
observed widths, are dominated by the experimental uncertainty, 
which can reach 10 MeV, depending on the kinematical region, 
and determines the final uncertainty on the measurement of the 
resonance parameters.

In order to describe the peak associated with 7H, we use a 
Breit–Wigner probability distribution following the prescription of 
[25]. The mass and width of the resonance, as well as the scal-
ing factor, were treated as free parameters and extracted from a 
log-likelihood minimisation between the simulation and the mea-
sured range distribution in the angular region between 45◦ and 
54◦ , shown in Fig. 3(b). This region is mainly populated by the pro-
duction of 7H and N-R components, with a very small contribution 
from the 12C(8He,7H)13N channel, making it especially well-suited 
for a clean fit.

The results of the fit describe a low-lying, narrow resonance 
state with a mass of 0.73+0.58

−0.47 MeV above the 3H+4n mass and a 
width of 0.18+0.47

−0.16 MeV. The mass value reinforces the notion of 
7H as the least unstable of the known hydrogen resonances, less 
than 1 MeV close to being bound, despite being the most neutron-
rich. The reinforced stability brought by neutron pairing also gives 
a narrow width to 7H, which translates into a half-life of 5·10−21 s, 
an order of magnitude longer than the other hydrogen resonances.

Compared to previous experiments, our measured mass and 
width are in good agreement with the 0.57+0.42

−0.21 and 0.09+0.94
−0.06 MeV 

reported in [25]. The value estimated in [26], 1.8±0.5, is larger but 
not too dissimilar from our result while ref. [27] reports the largest 
value at 2.2±0.5 MeV. It is worthy to note that in each of these 
references, not more than 10 7H events were collected, less than 
one order of magnitude lower compared to the present work. Ev-
idences of excited states of 7H were reported around 6 MeV in 
refs. [26,27]. In the case of the 19F channel, these states may be 
hidden in the tail of the peak associated with the 7H ground state, 
although a fit to a tentative state around 6 MeV gives no statisti-
cally significant population above 0.1 mb/sr. From the theory side, 
calculations tend to heavier 7H masses. In particular, models based 
on a di-neutron condensate from AMD [29] and on hyperspheri-
cal functions methods [30] describe a resonance with a mass of 
∼3 MeV [31]. Concerning the resonance width, ref. [29] finds a 
strong correlation with its mass and predicts values below 1 keV 
for masses around 1 MeV, two orders of magnitude below our 
measured width.

3.3. Angular distribution and structure

The capabilities of MAYA to measure low energy products and 
the relatively high intensity of the 8He beam have allowed us 
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Fig. 4. (a) Measured differential cross-section of the 19F+8He proton-transfer (black 
dots) compared with DWBA calculation of a proton transfer to a 1/2+ state in 7H 
and a 20Ne in its 0+ ground state (red line) and other spin combinations (yel-
low, green, and blue lines). (b) Measured differential cross-section of the 12C+8He 
proton-transfer channel (black dots) compared with a scaled DWBA calculation per-
formed with a 1/2+ 7H and the 1/2− ground state of 13N (green line). In both 
panels, vertical error bars include statistical uncertainty and the effect of the uncer-
tainty in the parameters of the resonance.

to collect more than 200 events assigned to 7H formation, sig-
nificantly more than previous experiments. The average produc-
tion cross-section with 19F is 2.7±0.5 mb/sr between 4◦ and 18◦

in the centre of mass reference frame (c.m.), whereas 12C yields 
1.2+0.5

−0.6 mb/sr between 6◦ and 27◦ . Besides the corresponding sta-
tistical uncertainty, systematic uncertainties from the number of 
incoming projectiles and target thickness are around 0.7%, while 
the uncertainty on the position and width of the resonance con-
tribute with ∼10% of the cross-section value. The 12C channel was 
also measured in [25], reporting 0.04+0.06

−0.03 mb/sr between 10◦ and 
48◦ . When evaluated in the same angular region, our measurement 
averages to 0.4+0.2

−0.3 mb/sr, a larger value although still compatible 
within 1.1 of standard deviation.

Previous experiments mostly used 2H(8He,7H)3He reactions, 
obtaining results that vary with the beam energy and angular cov-
erage. At 15.3 A MeV, values below 0.1 mb/sr were measured in a 
wide 0◦-50◦ region in c.m. [36]. Around 25 A MeV, ref. [37] esti-
mates a cross-section below 0.02 mb/sr in 9◦-21◦ in c.m., while 
ref. [26] reports 0.025 mb/sr between 17◦ and 27◦ , and in ref. [27]
even seems to increase beyond 0.04 mb/sr for angles below 10◦ in 
c.m. When increasing the beam energy to 42 A MeV, ref. [38] finds 
a similar 0.03 mb/sr between 6◦ and 14◦ in c.m. In addition to 
these transfer measurements, the pioneering work of ref. [24] cal-
culates the production of 7H around 0.01 mb/sr·MeV with proton 
knock-out reactions. While a precise comparison is difficult due to 
the different reaction mechanisms and angular coverage, and their 
low statistics, the complete list of results seems to suggest a de-
pendence of the cross-section with the target size. An explanation 
for this behaviour is beyond the scope of this work. However, these 
results, together with the proposition in ref. [27] of an extreme pe-
ripheral character of the 7H ground-state population, suggest that 
a deeper understanding of the reaction mechanism leading to the 
formation of 7H may be needed to reproduce the ensemble of ex-
perimental data.

The improved statistics have also permitted to measure the 
c.m. angular distribution of the 7H production with both targets. 
Fig. 4(a) shows that the angular distribution of the 19F(8He,7H)20Ne 
channel follows a clear oscillating pattern, with distinct minima. 
This behaviour is a strong indication of the formation of two 
well-defined systems in the output channel: 20Ne and the 7H res-
onance; it offers a further, independent evidence of its production. 
The measurement of the angular distribution of 12C(8He,7H)13N, 
shown in Fig. 4(b), suffered from large statistical and systematic 
uncertainties due to the contribution of competing channels, as 
discussed previously. The relatively featureless behaviour and its 
uncertainties do not allow a clear assignment of spin and parity 
but only a rough assessment of the mean differential cross-section.

The angular distribution is compared in Fig. 4 with different 
DWBA calculations of the cross-section made with the fresco [41]
code. In these calculations, we have used shell-model spectroscopic 
factors for the 〈20Ne|19F〉 overlaps, using the WBT effective inter-
action by Warburton and Brown [42]. The 7H nuclear density was 
obtained from AMD calculations assuming a di-neutron condensate 
structure around a 3H core [31]. The resulting cross-sections were 
folded with the experimental uncertainties and further scaled to 
match the experimental data. The scaling factor was found to vary 
between 4.5 ± 2.8 and 12.7 ± 6.1, depending on the prescription 
for the nuclear density of 8He. We explore the possibility of pop-
ulating the 0+ ground state or the 2+ first excited state of 20Ne, 
and for 7H, we consider either a 1/2+ state with a 3H core in its 
ground state and four outer neutrons, or a 3/2− state with an ex-
cited 3H core. The relative amplitude of the oscillations and the 
positions of the minima are best reproduced with a proton trans-
fer to the 0+ ground state of 20Ne and a 1/2+ 7H resonance. The 
agreement between the calculations and the data suggests that the 
di-neutron pairs keep a separation similar to the one predicted by 
the AMD calculations. Concerning channel mixing, a tentative fit 
to evaluate a possible mixture of transfer to 0+ and 2+ states in 
20Ne gives a probability of less than 10% towards the excited 2+

state. The preference for the transfer to the 0+ state is surprisingly 
different from DWBA calculations, which predict a more probable 
transfer to the 2+ state in 20Ne. The data suggest that either this 
is not the case or that the resonance has a lower probability of be-
ing fully formed in the output channel with the 2+ state in 20Ne. 
As suggested in ref. [27], the very radially extended and, thus, very 
“fragile” nature of the 7H ground state may play a role to under-
stand this observation and the set of cross-section measurements.

4. Summary

In conclusion, we have measured evidences of the formation of 
the 7H resonance with a larger statistical significance than previ-
ous attempts via two different reaction channels and performed 
the characterisation of its ground state with two independent ob-
servables: the resonance MM distribution and the angular distribu-
tion. From these observables, we have obtained a new determina-
tion of the mass and width of 7H, and, for the first time, an assign-
ment of spin and parity to its ground state. Together, these results 
depict the super–heavy 7H nucleus as an extended pure–neutron 
shell around a 3H core in a 1/2+ ground state. However, the same 
neutron pairing that allows this large neutron configuration also 
renders the 7H nucleus a long–lived and almost–bound resonance, 
despite being the system with what would be the largest neutron–
to–proton ratio in the nuclear chart known today.
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