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Resonance State in ’H

M. Caamaﬁo,l’z’>|< D. Cortina—Gil,1 W. Mittig,2 H. Savajols.,2 M. Chaurtier,3 C.E. Demonchy,2 B. Ferneindez,3
M. B. Gémez Hornillos,* A. Gillibert,* B. Jurado,” O. Kiselev,® R. Lemmon,’ A. Obertelli,* F. Rejmund,> M. Rejmund,?
P. Roussel-Chomaz,” and R. Wolski®

"Department of Particle Physics, Universidade de Santiago de Compostela, E-15782, Santiago de Compostela, Spain

2GANIL CEA/DSM-CNRS/IN2P3, BP 55027, 14076 Caen Cedex 05, France
3Department of Physics, University of Liverpool, Oliver Loge Laboratory, L69 7ZE, United Kingdom
4CEA/DSM/DAPNIA, CEA Saclay, 91191 Gif sur Yvette Cedex, France
SInstitute of Nuclear Chemistry, University of Mainz, 55128 Mainz, Germany
®PNPI, Gatchina 188300, Russia
"CCLRC Daresbury Laboratory, Warrington, Cheshire, WA4 4AD, United Kingdom

8Henryk Niewodniczariski Institute of Nuclear Physics, ul. Radzikowskiego 152 31-342 Krakow, Poland
(Received 8 February 2007; published 9 August 2007)

The existence of the H nuclear system was investigated via a one-proton transfer reaction with a ¥He
beam at 15.4A MeV and a '?C gas target. The experimental setup was based on the active-target MAYA
which allowed a complete reconstruction of the reaction kinematics. The existence of the "H was
confirmed with the identification of seven events where the system was formed with a resonance energy
of 0.577)32 MeV above the *H + 4n threshold and a resonance width of 0.09730¢ MeV. This study
represents an unambiguous proof of the existence of the most neutron-proton unbalanced system presently

found.
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A major goal in nuclear physics is to understand how
nuclear stability and structure arise from the underlying
interaction between individual nucleons. Systematic mea-
surements of exotic nuclei are a valuable tool to test the
present models, which are mainly based on properties of
stable nuclear matter, and check the validity of their pre-
dictions extended to these nuclei not found in nature.
Recent developments in the production of radioactive
beams, as ISOL and in-flight techniques, bring new oppor-
tunities to study these nuclei. The study of resonances
beyond the drip lines, the limits in number of neutrons
and protons able to form a bound system, is relatively
accessible for neutron-rich light nuclei, such as hydrogen
and helium, where the limit is reached with the addition of
only a few neutrons to the stable isotopes.

The case of light nuclei is also particularly interesting
because the low number of involved nucleons allows the
development of pioneering theoretical descriptions.
Calculations in ab initio approaches [1,2], based on real-
istic nucleon-nucleon interaction, showed that three-body
interactions are important and necessary to obtain a good
agreement with experimental data. In other approaches, the
loosely bound character of these nuclei was the base for a
core coupled to individual nucleons [3], or cluster struc-
tures [4,5]. Coupling to continuum becomes also important
[6] and hyperspherical functions methods showed to be
successful in this region [7,8].

The experimental search for hydrogen isotopes heavier
than tritium started more than 40 years ago [9]. However,
the map of the superheavy hydrogen isotopes is presently
far from being complete. Whereas experiments have re-
ported the existence of *H, °H, and ®H as resonances [10—
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14], their fundamental properties are not unambiguously
determined. In this situation, the search for a new member
of the isotopic chain aims to complete our knowledge on
these problematics, such as the evolution of the binding
energy with the number of neutrons. Moreover, the obser-
vation of a resonance in “H reveals the nuclear system with
the most extreme neutron to proton ratio presently reached,
with N/Z = 6, and the last member of the hydrogen iso-
topic chain.

Recent results from some of these approaches have
predicted the existence of the "H resonance with a reso-
nance energy above the *H + 4n mass varying from around
1 MeV in a hyperspherical functions method approach [7]
up to 7 MeV in an antisymmetrized molecular dynamics
calculation [1]. In parallel, experimental studies performed
by Korsheninnikov et al. [15] show a sharp increase in the
p(®He, pp) channel close to the 3H + 4n disintegration
threshold, interpreted as a first tentative evidence of the
existence of "H as a low lying resonance. Our work is a
major step in this direction and represents a clear experi-
mental proof of the existence of "H as a nuclear system
along its characterization as a resonance.

The experiment was performed at GANIL (France) us-
ing the SPIRAL facility based on the Isotope Separation
On Line (ISOL) technique [16] of beam production. A
secondary beam of 3He at 15.4A MeV with an intensity
of ~10* pps was produced using a primary '*C beam on a
thick '2C target. The "H system was then studied via the
12C(8He, "H — 3H + 4n)"3N transfer reaction.

The experimental setup used in the present experiment
detected the charged particles involved in the reaction
using the active-target MAYA [17], which is especially
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well suited for detecting reaction products in a very low
energy kinematic domain. This detector is a time-charge
projection chamber where the detection gas also plays the
role of reaction target. The beam particles and the reaction
products ionize the gas along their paths. The electrons
released in the ionization process drift toward the amplifi-
cation area where they are accelerated around a plane of
amplification wires after traversing a Frisch grid. The
accelerated electrons ionize again the surrounding gas
inducing a mirror charge in the pads of a segmented
cathode placed below the wires. Measurements of the drift
time and the charge induced on the segmented cathode
enable a complete three-dimensional tracking of those
reaction products that lose enough energy to be detected.
A segmented wall of 20 cesium-iodide (CsI) crystals
placed at forward angles detects those particles that do
not stop inside the gas volume. The detection of a charged
particle in any Csl detector was used for triggering the
acquisition during the experiment. Two drift chambers
located before MAYA are used as beam monitors. The
nonreacting projectiles are stopped in a small metal cup
at the end of MAYA. Figure 1 shows a schematic view of
the experimental setup.

In a typical event where "H is produced, a ¥He projectile
enters in the detector and transfers one proton to the
nucleus of a '>C atom of the gas, C4H;, at 30 mbar, which
corresponds to a target thickness of 3.2 X 10" 12C/cm?2.
The scattered "H decays immediately into *H with rela-
tively high kinetic energy and four neutrons. The first step
in the selection of the '>C(®He, "H — 3H + 4n)"*N chan-
nel consists in the coincident identification of the charged
reaction products, tritium and nitrogen. The triton is
stopped in the segmented Csl wall and identified via the
relation between the total energy and the fast component of
the CslI signal output, which is sensitive to the mass and
charge of the particle [18] (Fig. 2). The nitrogen recoil,
with a total energy between 3 and 15 MeV, corresponding
to a range between 40 and 160 mm, is stopped inside the
detector. The range and angle are measured using the
charge image projected on the segmented cathode, with
typical uncertainties of =2 mm and *5°, respectively. The
identification of the recoil is done by means of the relation
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FIG. 1. Experimental setup. See text for details.

between the measured range and the deposited charge,
which is a function of the total energy when the recoil is
completely stopped inside the gas. The nitrogen total en-
ergy is then calculated from the measured range using the
available code SRIM [19]. Figure 2 shows the selection of
nitrogen among other recoil species by means of their
different range over charge ratios. The largest peak corre-
sponds to carbon isotopes mainly coming from elastic
reactions. Higher range over charge ratios are populated
with isotopes with lower charges, such as boron isotopes
produced in '?C(®He, *Li)**"*B reactions. The left peak
corresponds to charges greater than carbon. In the present
case the largest recoil charge detected in coincidence with
any particle in the CsI wall corresponds to nitrogen iso-
topes. The inner gray histogram shows in Fig. 2 the distri-
bution conditioned by the identification of a triton in the
Csl wall. Counts corresponding to carbon isotopes still
remain after the condition, mainly due to three-body reac-
tion channels. However, the good separation in the carbon
and nitrogen identification when the tritium coincidence is
applied allows one to avoid contamination from these
channels. The different 1p-xn transfer reaction channels
producing *H and a nitrogen recoil are separated after-
wards by their different kinematics. Contributions from
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FIG. 2. Triton and nitrogen identification. Top panel: The se-
lection of tritium among other hydrogen isotopes in the Csl
detectors is shown with a solid line in energy versus fast
component coordinates. Isotopes of helium populate the lines
with energies below 300 and a fast component below 200.
Bottom panel: The selection of nitrogen among other recoil
species is shown in a spectrum of range/charge ratio. The carbon
isotopes region is fitted to a Gaussian shape for reference. The
gray histogram shows the distribution when conditioned by
tritium identification in the CsI detectors.
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other reaction channels, such as fusion evaporation, are
eliminated with the coincident detection of a single recoil,
identified as nitrogen, and a single scattered particle in the
Csl wall, identified as a triton with relatively high energy.

The '>C(®He, "H)'3N one-proton transfer is a binary
reaction with two particles in the final state. Conser-
vation of energy and momentum allows one to reconstruct
the reaction kinematics from the information of only one of
the reaction products. In the present work, the reconstruc-
tion is done with the nitrogen recoil angles and energies
measured with the three-dimensional tracking of MAYA.
The kinematic information can be reduced to the excitation
energy of the "H system applying a missing mass calcu-
lation. The excitation energy is then defined as the differ-
ence between the calculated mass of the "H system with
respect to the reference *H + 4n subsystem mass.

The identification of the "H events is done after the
identification of the events corresponding to other reaction
channels with *H and nitrogen as products, such as °H and
SH. The upper panel in Fig. 3 shows the excitation energy
distribution corresponding to >H production. This is calcu-
lated assuming that the detected nitrogen is N and the
subsystem mass is *H + 2n. Those events marked as a gray
histogram lie on a region defined by the width of the SH
resonance and centered in its energy, according to previous
experiments [12,13], and they are associated to the H
channel. The middle panel shows the excitation energy
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FIG. 3. Excitation energy distributions calculated under the
assumptions of SH (top panel), °H (middle panel), and "H
(bottom panel) production channels. The gray histograms in
the H and °H channels correspond to those events lying in
the regions where the resonances were already observed in
previous experiments. The gray histogram in the "H corresponds
to those events identified as 7H production. See text for details.

distribution corresponding to °H production. The calcula-
tion was done assuming the detected nitrogen as '*N and a
*H + 3n subsystem mass. The events in the peak marked
as a gray histogram are different from those associated
with H and lie on the region also defined by the °H
resonance width and energy observed in previous experi-
ments [14]. These events correspond to the °H channel.
Finally, the lower panel shows the excitation energy dis-
tribution assuming the detected nitrogen as N and the
subsystem mass as *H + 4n. The events lying on the peak
marked in gray around the *H + 4n disintegration thresh-
old are different from those previously associated to °H and
%H channels. In addition, other reactions produced in the
present experimental setup, such as fusion evaporation, are
estimated to populate the kinematic region of the "H with
less than one count after the *H + nitrogen selection.
Estimations on the six-body >N + 3H + 4n phase space
of the "H channel, and phase space associated with °H and
SH channels, result in a background contribution which
begins to be appreciable around —10 MeV below the H +
4n threshold. Under these considerations those events lo-
cated in the marked region are identified as "H production
reactions, resulting in seven events among the total data.
The peaked distribution is a signature of a well-defined
state and represents a background free confirmation of the
production of the "H resonance.

The low lying character of the resonance allows one to
detect some events very close to the H + 4n decay thresh-
old, which then may appear at negative energies due to the
uncertainty in the excitation energy reconstruction. The
cross section of the "H production was determined as the
number of detected "H events normalized to the number of
incident projectiles and target nuclei. This calculation is
corrected by the efficiency of the detection system. A mean
differential cross section of do/dQ = 40.1*339 ub/sr
was obtained within the angular coverage of MAYA, cal-
culated as 9.7°—48.2° in the center-of-mass frame.

The peak in excitation energy corresponding to the
production of "H (Fig. 4) is described in this work with a
modified Breit-Wigner distribution [20],

T /Eexc/ER

TOE™ — Eg)? — (T2/4)(E>/Eg)

(D

OBw =

where the production cross section ogyw depends on the
excitation energy E®*¢ through the resonance energy Ej
and width I". The formula includes a modification factor

JEX¢/Eg to take into account energy dependence of the
system barrier. The factor o, is determined with the nor-
malization to the total cross section.

The Breit-Wigner function is fitted to the experimental
values of the excitation energy using a multiparametric
maximum likelihood procedure [21], which is especially
suited to low statistics samples.

The total likelihood is calculated in an event-by-event
basis, multiplying the individual contributions. Each event
contributes to the total likelihood as a Gaussian function
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FIG. 4. Excitation energy distribution for the identified "H
events. The solid function is the Breit-Wigner distribution re-
sulting from the fit to the experimental events. The data are
represented with the empty histogram merely as a guide to the
eye, with a 2.5 MeV binning corresponding to the average
estimated uncertainty.

centered in the measured excitation energy and with a
variance equal to its calculated uncertainty, convoluted
and normalized with the Breit-Wigner distribution. The
energy and width of the resonance are scanned until the
maximum likelihood is found. The uncertainty associated
to each event is mainly dominated by the tracking recon-
struction process, resulting in an average value of 2.5 MeV.
The contribution of the estimated uncertainty is mainly
reflected in the error bars associated to the resonance width
calculated by the likelihood procedure.

The fitted parameters result in a width of I' =
0-O9t8132 MeV, and a resonance energy of Ep =
0.5770432 MeV above the threshold of the *H + 4n sub-
system. In Fig. 4 the fitted Breit-Wigner distribution is
displayed with the experimental excitation energy distri-
bution of the "H detected events.

The  previous  experimental  observation  of
Korsheninnikov et al. [15], where a sharp increase of the
cross section appeared close to the *H + 4n threshold, is in
qualitative agreement with the resonance energy evaluated
in this work. Regarding theoretical descriptions, calcula-
tions based on a hyperspherical functions method applied
on a shell model basis are closest to the present work [7,8],
even though the predicted resonance energies range be-
tween 1 MeV [7] and 3 MeV [8]. In any case, it is difficult
to conclude that this is the most appropriate description due
to the lack of predictions for "H from other approaches.

Some estimations of the resonance width resulted in
theoretical values 3 orders of magnitude lower than the
present work [22], while phase-shift correlations suggest a
width around some mega-electron volt for the present
resonance energy. Being the resonance width related to

the decay rate and mechanism, the relatively low value
extracted in this work may be a hint of a fast and unique
four-neutron decay [15,23]. Future studies of the "H nu-
clear state structure may bring more information about a
possible 4-neutron cluster, also interesting for the current
discussion about the existence of tetraneutron (*n) state
[24,25].

The present results constitute a major step forward in the
study of the most exotic nuclear systems ever found,
showing that nuclear matter with N/Z up to 6 can still
exist. They also provide essential input for developing
theoretical descriptions, improving our general under-
standing of nuclear matter.
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