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Abstract. The properties of nuclei with extreme neutron–to–proton ratios reveal the limitations of state-of-
the-art nuclear models and are key to understand nuclear forces. 7H, with six neutrons and a single proton,
is the nuclear system with the most unbalanced neutron–to–proton ratio ever known, but its sheer existence
and properties are still a challenge for experimental efforts and theoretical models. We report here the first
measurement of the basic characteristics and structure of the ground state of 7H; they depict a system with a
triton core surrounded by an extended four-neutron halo, built by neutron pairing, that decays through a unique
four–neutron emission with a relatively long half-life. These properties are a prime example of new phenomena
occurring in almost pure-neutron nuclear matter, beyond the binding limits of the nuclear landscape, that are
yet to be described within our current models.

1 Introduction

Our understanding of how nucleons interact in order to
build up nuclei with specific underlying structures can be
tested and improved at the extremes of the nuclear chart. A
particularly distinct limit of the nuclear landscape is given
by the proton and neutron drip-lines: beyond these bor-
ders, nuclei are unstable against proton and neutron emis-
sion, and thus they are formed in the continuum, into rela-
tively loose resonance states with very short half-lives but
well-defined structures [1]. These systems are good exam-
ples of instances where the nuclear interaction begins to
fail binding up nucleons into nuclei. In this respect, light
nuclei are very convenient to reach systems beyond the
drip-lines: adding or subtracting a few nucleons is enough
to reach the continuum. This is particularly true in the
case of hydrogen isotopes: the addition of neutrons to sta-
ble hydrogen isotopes allowed to reach, so far, four reso-
nances in the continuum – 4H, 5H, 6H, and 7H –, making it
the longest isotopic chain outside the limits of the nuclear
chart. In addition, the low proton content renders these iso-
topes as a good test field for almost pure neutron-neutron
interaction. Finally, if we define exotic nuclei attending at
their neutron-to-proton ratio, the last isotope of the chain,
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the 7H resonance, can be identified as the most exotic nu-
clear system studied in the laboratory.

The properties of 7H are not restricted to its exotic
characterisation. The few theoretical attempts to describe
the system predict 7H as a low-lying resonance below
3 MeV over the 3H + 4n subsystem mass [7] due to the
cohesive effect of the neutron pairing. Such a low mass
would make it possible to decay directly to 3H through a
unique simultaneous emission of four neutrons associated
with a narrow resonance width [8]. Its structure may also
display a distinctive di-neutron condensate halo around a
3H core, which would extend up to a 6-fm radius [2]. With
these numbers, the density and neutron-to-proton ratio of
the 7H system would be akin to those expected to be found
in the inner crust of neutron stars [3]. These out-of-core
neutrons are expected to sit on the p3/2 shell, leaving the
ground state of 7H with a 1/2+ spin and parity.

In general, the experimental study of hydrogen reso-
nances is a challenging one. Their production cross sec-
tions are small, their short half-lives prevent a direct mea-
surement, and their multi-particle decays complicate the
reconstruction of the reactions. In the case of 7H, we find
only three experiments with evidences of its formation [4–
6]. The results in all of them share similar features: an in-
crease in the production cross section, namely a peak, was
found around a certain resonance mass, but low statistics
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Figure 1. Summary of theoretical and experimental results on
7H. Hatched areas correspond to predicted width and mass val-
ues from Gaussian emission off of a Volkov Potential (dou-
ble hatching, GE-VP) [8], Hyper-Spherical Harmonics with No-
Core Shell Model (tilted hatching, HSH-NCSM) [7], and Anti-
symmetrized Molecular Dynamics (horizontal hatching, AMD)
[2]. The colour regions correspond to experimental results from
p (8He , 7H) pp knockout (red) [4], d (8He , 7H) t (green) [5], and
12C (8He , 7H)13N (blue) [6]. The gold point corresponds to the
present experiment.

and a poor resolution limit the definition of the parameters
of the resonance. Figure 1 shows a summary of the theo-
retical and experimental results on the 7H width and mass
we can find in the literature.

Two main remaining issues can be identified in the
study of 7H: An accurate determination of its parameters,
and an independent confirmation of its detection by using
observables other than a peak on the production. In this
paper we present a new, improved measurement of the res-
onance and its parameters, as well as the confirmation of
its identification through the measurement of the differen-
tial cross section. This observable also allow us to assign
the spin and parity of the ground state of 7H.

2 Experimental set-up

The experiment was performed at GANIL (France), where
the Spiral facilities delivered a 104 pps, 15.4 AMeV 8He
beam, which was directed towards the experimental setup,
composed of the CATS beam monitors [9] and the MAYA
active target [10]. The MAYA device is based on the detec-
tion principles of a gas Time-Charge Projection Chamber,
with the filling gas acting as reaction target. In this case,
MAYA was filled with a gas mixture of helium and CF4,
with equivalent thickness of 4× 1019 and 1019 atoms/cm2

for 12C and 19F, respectively. In a typical proton transfer
reaction, a 8He projectile hits a 19F nucleus and transfers
a proton, producing a 20Ne target-like and, possibly, a 7H
resonance. In these events, the 7H decays in a very short
time, producing a 3H nucleus and four neutrons. The scat-
tered 3H is detected in a dE-E telescope at the end side
of MAYA, where it is identified and its energy measured.
The target-like recoil 20Ne is stopped inside the filling gas,
and the electrons from the ionisation produced along its
trajectory are directed towards a segmented pad plane in
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Figure 2. The 7H resonance was produced and measured within
the MAYA active target. A 8He beam projectile is tracked and
monitored with the CATS detectors before entering MAYA and
colliding with a 19F atom contained in the He + CF4 filling gas,
producing a 20Ne nucleus and a 7H resonance that decays into
a 3H nucleus and four neutrons. The 3H nucleus is stopped and
identified in the dE–E telescope, while the trajectory of the 20Ne
nucleus is projected onto the segmented pad plane and recorded.

order to produce a projected image of its path. The drift
time measurement completes the three-dimensional char-
acterisation of this trajectory. Light particles, with atomic
numbers below Z = 4, do not ionise the gas enough to in-
duce signals in the segmented cathode. Figure 2 shows a
schematic explanation of the process. An equivalent event
might take place should the 8He hit a 12C nucleus instead
a 19F.

Events suspected of having undergone
19F (8He , 7H) 20Ne or 12C (8He , 7H) 13N reactions are
selected among those with 3H as a single beam-like recoil
and a single trajectory recorded in the pad plane. This
selection rules out multi-particle channels and reactions
with the helium nuclei in the gas. Ideally, the measured
range and angle of the target-like trajectory are correlated
through the kinematics of the reaction, provided that a
binary reaction has taken place. In our case, the uncer-
tainty on the range measurement prevents from a direct
identification of the kinematic lines. Figure 3 shows the
range–angle correlation for the events selected as de-
scribed previously. Figure 4 shows the range distribution
of events with angles between 45◦ and 54◦. The excess of
counts around 60 mm cannot be explained by any reaction
channel except the one-proton transfer between 19F and
8He, and it is thus assigned to the production of the 7H
resonance. In order to extract the width and mass of the
resonance, an exhaustive simulation of the kinematics of
all the reaction channels involved, including phase-space
distributions, folded with experimental uncertainties and
efficiencies was used to find the resonance parameter that
best fitted the measured data. The fitting process was
iterated for different angular regions and data subsets in
order to test the stability of the results and determine their
uncertainties.
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Figure 3. The color scale shows the measured events of
the target–like recoil in coincidence with the detection of
a 3H as a beam–like scattered product on the dE–E tele-
scope. Solid red/dark red lines correspond to the kinematics of
19F (8He , 7H) 20Ne and 12C (8He , 7H) 13N, respectively.

3 Results

The optimization of the resonance parameters in
the simulation, resulted in a resonance width of
Γ7H = 0.18+0.47

−0.16 MeV and a mass of E7H = 0.73+0.58
−0.47 MeV

over the mass of the 3H + 4n subsystem. This result con-
firms 7H as a low-lying resonance with a relatively long
half-life of ∼ 3× 10−21 s. For reference, 4,5,6H resonances
have masses above 1.5 MeV and half-lives shorter than
0.7 × 10−21 s. The fact that 7H is the least unstable of
them all, also suggests a simultaneous four-neutron emis-
sion as its decay channel, without populating intermediate
resonances. Such a multi-particle decay is coherent with
its narrow width [8]. The comparison with previous results
shows a good agreement with the previous MAYA experi-
ment [6] while, in general, theory seemed to overestimate
the resonance mass.

The observation of an accumulation of events around
a certain range or, equivalently, energy can be a straight-
forward consequence of the formation of a well-defined
system. However, the opposite might not be true: a peak
may be produced by other means, from statistical fluctu-
ations (in particular when dealing with low statistics) to
artefacts from unknown effects in the measurements or
even contamination from other sources and reaction chan-
nels. In this work, we seek to confirm the formation of
7H with another observable: the differential cross section.
From the fitting of the detailed simulation to the exper-
imental data we obtain the number of events where the
7H was produced, already corrected by the detection effi-
ciency and acceptance, for different regions in the centre-
of-mass angle. These numbers are translated to cross sec-
tion with the ratio to the number of target atoms in the gas
and the number of incident beam particles, measured with
the CATS monitors. The resulting cross section for the
19F (8He , 7H) 20Ne is displayed in Fig. 5.

As we can see in Fig. 5, the measured cross section
has an oscillating pattern, with clear maxima and minima,
along the centre of mass angle. The figure also displays
different calculations, performed with the coupled reaction
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Figure 4. The 7H resonance peak is observed in the range (lower
axis)/energy (upper axis) distribution of target–like recoils be-
tween 45◦ and 54◦. The histogram data is in coincidence with the
identification of a 3H beam–like scattered particle, and corrected
by geometrical efficiency. Simulated distributions of the 7H reso-
nance (solid red line), and 3–body and 4–body phase–space (PS)
(dashed and short–dashed red lines) are fitted to determine the
characteristics of the resonance.

channels, DWBA code FRESCO [11], assuming different
configurations for the final state in both products, the 7H
resonance and the target-like 20Ne. We have also included
the description of the ground state of the 7H given by the
Anti-symmetrized Molecular Dynamics code [2], which
we found the most accurate about the position of the min-
ima. The measured data is best reproduced by a proton
transfer producing 20Ne in its 0+ ground state and a 7H
in a 1/2+ state. The low mass measured for 7H and the
assigned 1/2+ spin and parity are coherent with the de-
tection of its ground state. The measured cross section is
an independent confirmation that we are indeed observing
the formation of the 7H resonance as a nuclear system with
well-defined quantum properties.
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Figure 5. Differential cross section of the 19F (8He , 7H) 20Ne
transfer channel. The experimental data set (black dots) is well
reproduced by a DWBA calculation of the transfer reaction pro-
ducing a 7H resonance in a 1/2+ level and a 20Ne in its 0+ ground
state (red line). Other plausible scenarios (green and blue lines)
do not follow the measured data.
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4 Conclusions and perspectives

In this work, we have measured the production of the 7H
resonance through one-proton transfer reactions between
a 8He beam and 19F and 12C nuclei within a composite
He + CF4 gas target with the MAYA active target. Al-
though, for brevity, we present here only the analysis of
the 19F channel. Our results confirm the existence of 7H
as a low-lying, long-lived resonance. This confirmation
is backed up by the measurement of the differential cross
section, which allows us to assign a 1/2+ spin and parity
to the 7H ground state.

These results contribute to forming a general under-
standing of nuclear structure outside the binding limits of
the nuclear chart. In the case of 7H, the neutron pairing
is able to build an extended halo around the 3H, and it is
strong enough to make 7H the least unstable of the hydro-
gen resonance chain in the continuum, despite being the
heaviest and most exotic of them all. Theory gives us a
hint of the large size of this halo [2], which can also be
pictured as a dilute boson condensate, with neutron pairs
acting as neutral bosons. The behaviour of neutrons and
neutron pairing in such environment is relevant for the
study of nuclear structure [12], but it is also important for
the understanding of dilute nuclear matter in astrophysical
scenarios, such as neutron stars, and the formation of even
more exotic nuclear systems [13].
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