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The 7H system was populated in the 2Hð8He; 3HeÞ7H reaction with a 26 AMeV 8He beam. The 7Hmissing
mass energy spectrum, the 3H energy and angular distributions in the 7H decay frame were reconstructed.
The 7Hmissing mass spectrum shows a peak, which can be interpreted either as unresolved 5=2þ and 3=2þ

doublet or one of these states at 6.5(5) MeV. The data also provide indications of the 1=2þ ground state of
7H located at 1.8(5) MeV with quite a low population cross section of ∼25 μb=sr within angular range
θc:m: ≃ ð17°–27°Þ.
DOI: 10.1103/PhysRevLett.124.022502

Introduction.—The 7H nucleus is the heaviest conceiv-
able hydrogen isotope with the largest A=Z ¼ 7 ratio. The
7H ground state (g.s.) decays via the unique five-body 3Hþ
4n channel. Corresponding decay dynamics is not yet
studied and it can lead to such an exclusive phenomenon as
4n radioactivity [1,2]. There were very few theoretical
predictions for the 7H g.s. energies. The hyperspherical
harmonics model [3] evaluated it as ET ≈ 3 MeV (ET is
energy relative the 3Hþ 4n threshold). The phenomeno-
logical studies in [1] pointed to ET ∼ 1.3–1.8 MeV. The
antisymmetrized molecular dynamics [4] provided
ET ¼ 4.2 MeV. No predictions for the 7H excited states
were ever made.
The 7H nucleus was searched unsuccessfully among the

ternary fission products of 252Cf [5] and in the 7Liðπ−; πþÞ
reaction [6]. The radioactive ion beams offer a natural way
to search for 7H using the proton removal from 8He. The
1Hð8He; 2HeÞ reaction was used in Ref. [7] and evidence for
the population of the 7H spectrum right above the 3Hþ 4n
threshold was demonstrated. The search for a long-living

(hence small ET) 7H produced in the 2Hð8He; 3HeÞ reaction
was made in Ref. [1] resulting in the ascertainment of the
lower decay-energy limit ET > 50–100 keV for the 7H g.s.
The observation of a low-lying 7H resonant state populated
in the 12Cð8He; 7HÞ13N reaction was declared in [8]. Inherent
to this work was the difficulty of the reaction-channel
identification. The next attempt to discover 7H was made
using the 2Hð8He; 3HeÞ reaction [9]. A smooth missing mass
(MM) spectrum was obtained, but the authors pointed out a
peculiarity at ET ∼ 2 MeV with cross section ∼30 μb=sr.
Though the 7H production from 8He seems to be a

straightforward idea, it had not provided a decisive result so
far. In the present Letter, we have obtained for the first time
a reliable quantitative result for the 7H energy spectrum
coming closer to the solution of the 7H g.s. problem.
Experiment.—The work was performed at the

Flerov Laboratory of Nuclear Reactions (JINR) at the
ACCULINNA-2 fragment separator [10]. The 33.4 AMeV
primary 11B beam was delivered by the U-400M cyclotron
with the intensity of∼1 pμA. Itwas focused into a 5-mmspot
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on the 1-mm thick beryllium production target. The secon-
dary 8He beam with energy 26 AMeV, ∼90% purity, and
intensity ∼105 pps, was focused into a 17-mm spot on the
deuterium gas target. The 4 mm thick gas cell was equipped
with 6 μm stainless steel windows. The D2 target was
cooled to 27 K, and its thickness made ∼3.8 × 1020 cm−2.
The secondary beam diagnostics was performed by the two
multiwire proportional chambers and the pair of thin
plastics [11].
The experimental setup is shown in Fig. 1. The two

identicalΔE − E − E telescopes were destined to detect the
9–30 MeV 3He nuclei emitted in the 2Hð8He; 3HeÞ7H
reaction. Each telescope consisted of three Si detectors:
one 20-micron SSD (50 × 50 mm2, 16 strips) and two
1000-micron SSDs (61 × 61 mm2, 16 strips). The tele-
scopes were located 166 mm downstream from the D2

target covering an angular range of ∼ð8°–26°Þ in laboratory
system. Tritons emitted from 7H were detected by the 64 ×
64 mm2 telescope installed at zero laboratory angle
280 mm downstream from the target. It consisted of
one 1500-micron Si DSD (32 × 32 strips) and a set of
16 square CsI(Tl)/PMT modules.
For the 3He recoils detected in coincidence with 3H, the

MM value was reconstructed assuming that the reaction
occurred in the middle plane of the target. This is the main
limiting factor defining the 1.1 MeV (FWHM) resolution of
the 7H MM measurement.
Missing mass spectrum.—The number of 3He-3H coin-

cidences found in the recorded data was 113 including 105
events identified as the population of 7H. Figure 2(a) shows
the correlation plot between the 7H MM and 3H energy in
the 7H center-of-mass (c.m.) frame. It can be seen that the
majority of data is in agreement with the hypothesis of the
7H population and its subsequent decay with emission of
3H. The experimental data acquired with the empty target
showed that the contribution of the background, made by
the reactions on the target windows, was at a level of 10%.
The MM spectrum of 7H is shown in Figs. 2(b) and 2(c) in
different representations. In this spectrum, the peak with

energy ET ¼ 6.5ð5Þ MeV, width Γ ¼ 2.0ð5Þ MeV, is iden-
tified. For the description of this peak, see the dashed and
dotted curves in Fig. 2(b), we used the Lorentzian profile
with the energy-dependent ΓðETÞ [2]. The standard χ2 tests
of the hypotheses provided in Fig. 2(b) give confidence
level 0.9–0.95 for the 6.5 MeV peak within the energy
interval 3 < ET < 11 MeV. In contrast, the assumption
that this spectrum can be described by some smooth
distribution gives confidence level 0.05–0.25 depending
on details. So, we conclude with a good reason the presence
of the 6.5 MeV resonance in the measured MM spectrum of
7H. We interpret this peak as the first excited state of 7H,
though we cannot exclude the population of the 5=2þ and
3=2þ doublet of the lowest excited states. For the 6.5 MeV
resonance, represented by 27 events in 5 < ET < 8 MeV

FIG. 1. The experimental setup. The inset presents kinematical
conditions of the 2Hð8He; 3HeÞ7H reaction at 26 AMeV. The solid
lines correspond to the kinematical area which is accessible by
the used setup.

(a)

(b)

(c)

(d)

FIG. 2. (a) Correlation between the 3H energy in the 7H c.m.
frame and the 7H MM energy. Red dashed line shows the
kinematical limit for tritons coming from the 7H decay. Grey
triangle represents kinematically allowed region used for the
reconstruction of the MM spectrum. Panels (b) and (c) show the
7H MM spectrum shown with two different binning factors.
The red dotted curve in (b) shows the fit to the data by the
6.5 MeV resonant state with Γ ¼ 2 MeV plus the contribution of
the tþ 4n five-body phase space. The blue dashed curve shows
the fit with the addition of the 1.8 MeV (Γ < 300 keV) and
12 MeV (Γ ¼ 4 MeV) resonances. The both curves were con-
voluted with the setup efficiency [green dotted curve in panel (c)]
and MM resolution. (d) The data from Ref. [9]. Vertical dotted
lines indicate the presumed positions of the 7H ground and first
excited states.
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interval, the average cross section estimate ∼30 μb=sr was
obtained for the 10°–45° c.m. angular range.
A compact group of events at ET ∼ 1.8 MeV is also

present in the MM spectrum shown in Figs. 2(b) and 2(c).
This group can be associated with the population of the 7H
g.s. with the cross section of ∼25 μb=sr in the 17°–27° c.m.
angular range. Such an interpretation is at the limit of
statistical significance and deserves special discussion.
The spectrum rise atET > 10 MeV can bewell fitted by a

resonance contribution at ET ¼ 12 MeV with Γ ¼ 4 MeV,
see blue dashed curve in Fig. 2(b). However, idea about
another resonance at 12 MeV should be considered with
caution: the MM spectrum at ET > 10 MeV can also be
explainedby the combination of a rapidly growing five-body
phase space and rapidly falling detection efficiency, see the
red dotted curve in Fig. 2(b).
Reaction cross section calculations.—The FRESCO code

[12] was employed in the calculations of the 2Hð8He; 3HeÞ7H
reaction. The 7H g.s. population was assumed to be one-step
proton transfer from the bare 4He core of 8He. The Woods-
Saxon potentials with diffuseness 0.55 fm and radii r ¼
r0A1=3 were adopted, where r0 ¼ 1.45 fm for 7H and r0 ¼
1.3 fm for 2H channels. The potential strengths were
adjusted to match the proton binding energies in 8He and
3He. Following Ref. [13], the spectroscopic factor (SF) 3=2
for the 3He → dþ p vertex was taken. For the 8He → 7Hþ
p the SF value of 2 was taken (assumed to be the same as for
the 4He → 3Hþ p vertex). The entrance-channel (8Heþ d)
and the exit-channel (7Hþ 3He) optical model (OM) param-
eters were obtained based on Refs. [14,15].
The calculated differential cross section for the popula-

tion of the 7H 1=2þ g.s. in the one-step 2Hð8He; 3HeÞ7H
reaction is shown in Fig. 4(a). When the potential radius
parameters r0 are varied within 10%, the position of the
first diffraction minimum is varied within ∼1°. A similar
∼1.5° variation of this minimum was obtained employing
the OM parameters borrowed from 9Beþ 3He system at
31.6 MeV from compilation [16]. This variation of the
inputs did not result in an appreciable change of the second
diffraction maximum position. However, the cross section
value for the second maximum was found to be sensitive to
the adopted 7H decay energy. Overall, the cross section
profile predicted for the 7H g.s. appears to be quite stable.
The calculations for the 7H 3=2þ and 5=2þ excited states

are shown in Fig. 4(b). The population of these states goes
via the proton transfer from the 8Heð2þÞ state appearing
due to the collective excitation with β2 ¼ 0.45.
Discussion of the 7H ground state evidence.—We con-

sider the group of five events within 0.5 < ET < 2.5 MeV
range as candidates for the 7H g.s. Here, we discuss several
arguments supporting this notion. (i) Figure 3 demonstrates
the good quality of the 3He recoil identification. It is clear
that the 3H identification in the zero-angle telescope is
essentially better. Thus the identification of the 7H decay

channel is unambiguous for all the events in Figs. 2(b) and
2(c). (ii) The c.m. angles of the 7H g.s. candidate events are
shown by arrows in Fig. 4(a). It can be seen that all events
are concentrated in the region predicted to be the second
diffraction maximum for the calculated cross section
of the 1=2þ state. In principle, one might expect the
detection of a similar number of the g.s. events in the range
of 6° < θc:m: < 12°. However, we do not think that the
nonobservation of events in this region is an important
fact. The position of the first cross section minimum varies
within 1.5° in our calculations. Somewhat larger shift
of the minimum towards smaller angles is not impossible
and, together with the sharp efficiency cutoff, it can
provide the explanation. The deduced average cross
section value of 25 μb=sr for the c.m. angular range 17°–
27° should be compared with the average calculated values
∼400–600 μb=sr, implying quite a low experimental SF ∼
0.08–0.12 for the 7H vertex. (iii) Among the five-body
correlations predicted for the 7H decay in the recent paper
[17], only the energy distribution of 3Hin the 7H frame can be
reconstructed from our data. For this distribution quite a
narrow low-energy peak is predicted, which can be affected
by the decay dynamics of 7H. Due to its lowest possible five-
body centrifugal barrier, the ½s21=2p2

3=2�0 configuration is

expected to dominate the decay of the 7H g.s. The com-
parison of the corresponding calculations from [17] with the
experimental data is presented in Fig. 5(a). We also
calculated the angular distributions of the 3H emission
relative to the retrieved 7H flight direction in the laboratory
frame, see Fig. 5(b). In contrast to the 3H energy, measured
with accuracy∼2%, the emission angle is reconstructedwith
higher precision: the 3H direction is determined with
resolution of 0.5° by the central telescope, and the 7H
direction is derivedwith a precision of 0.5°.All the candidate
g.s. eventswell fit the distribution curves predicted for the 7H
g.s. ET ¼ 2 MeV. And (iv) we made the statistical analysis
for the 5 7H g.s. candidate events within the maximum
likelihood method appropriate for the low-statistics data.
The Monte Carlo generated likelihood functions (recalcu-
lated in terms of confidence level) are shown in Fig. 5(c).

FIG. 3. The 3He recoil identification.
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The 1.8 MeV decay energy with the 0.5 MeVuncertainty at
the 1σ level can be safely inferred from theMM information
(Fig. 2) and from the angular distribution of Fig. 5(b). The
confidence interval found in Fig. 5(c) from the energy
distribution of Fig. 5(a) is much broader and is also shifted
(probably due to the underestimated energy resolution in our
simulations). Nevertheless, it is consistent with the above
g.s. energy prescription at a 1σ level. It should be noted that
the three types of consistency checks for the 7H g.s.
candidate events provided in Fig. 5(c) are mutually inde-
pendent from the experimental viewpoint (MM comes from
the 3He momenta reconstruction in the side telescopes, E3H

depends on the 3H energy resolution, and θ3H-7H depends on
the 3H angular resolution given by the central telescope
only). This is an encouraging fact supporting our interpre-
tation of the data.

Thus, the 7H g.s. position at ET ¼ 1.8ð5Þ MeV is
suggested in the present Letter. This value is consistent
with the observation of a near-threshold anomaly in [7].
Our spectrum of 7H for ET < 8 MeV is consistent with the
spectrum of Ref. [9], see Fig. 2(d). The latter was obtained
in the same reaction at different energy but with worse
energy resolution. The g.s. energy value inferred for 7H in
the present work does not differ radically from the value
ET ¼ 0.57þ0.42

−0.21 MeV reported in Ref. [8]. Among the
theoretical results, mentioned in the introduction, there is
a good agreement with the phenomenological predictions
of [1]: ET ∼ 1.3–1.8 MeV.
Discussion of the 7H excited state.—Figure 4(b) shows

that the angular distribution for the events associated with
the 6.5 MeV resonance is reasonably consistent with the
distribution calculated for the 5=2þ and 3=2þ states (taking
into account the setup efficiency). Also, if one compares the
obtained 30 μb=sr average cross section value for the 10°–
45° c.m. angular range, the SF for 7H⋆ population can be
estimated as ∼1.
The 7H has the closed p3=2 neutron subshell. Systems

with the shell closure typically have quite poor low-lying
excitation spectra (see, e.g., [18]), and the easiest expect-
ation is that the lowest is the 2þ state formed by pushing
neutrons to the ½p2

3=2p
2
1=2�2 configuration. This should be

coupled with the core spin to the 5=2þ − 3=2þ doublet.
However, the separation of the doublet members is ques-
tionable, and here we can refer only to the experience of the
5H excited states’ studies [19], where this separation was
found to be insignificant.
The systematics of the lowest excited states obtained for

the light nuclei with the closed p3=2 neutron orbital is given
in Fig. 6. It can be seen that the states which can be related
to the excitations of the neutron configurations have
excitation energies E� ∼ 3.0–4.5 MeV. In this plot the
7H excitation energy is determined assuming that the group

(a) (b)

FIG. 4. The c.m. angular distributions calculated for the
2Hð8He; 3HeÞ7H reaction channels. The angles of the five 7H
g.s. candidate events are indicated by arrows in (a). The gray
curves in (a) show the 1=2þ cross section for�300 keV variation
of the 7H g.s. energy. The gray histogram in (b) shows (in
arbitrary units) the experimental angular distribution in the ET ¼
5–8 MeV range (27 events). The green dash-dotted curves,
associated with the arbitrary-scale right axes, show the setup
efficiency for the registration of 7H with ET ¼ 1.8 MeV and
ET ¼ 6.5 MeV, respectively.

(a) (b)

(c)

FIG. 5. (a) Energy distribution of tritons (in the 7H frame) from the 7H g.s. decay. (b) Distribution of angles between triton and 7H in the
laboratory frame. The colored curves in (a) and (b) are predicted for the different 7H g.s. decay energies, while the gray curves of the
corresponding style show the distributions corrected for the experimental resolution. The energies and angles of the five 7H g.s.
candidate events are indicated by arrows. Panel (c) shows the likelihood functions for the 7H g.s. energy deduced from Fig. 2 (black solid
curve), 3H energy distribution from panel (a) (blue dashed curve), and 3H angular distribution from panel (b) (red dotted curve). The
intersections of these functions with the horizontal dashed lines at 0.68 and 0.95 define the confidence intervals for 1σ and 2σ levels,
respectively.
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of events at ET ∼ 1.8 MeV represents the g.s. This gives the
energy E� ∼ 4.7 MeV for the 7H excited state, fitting well
the systematics. If we assume a lower g.s. ET value (e.g.,
ET < 1 MeV), then we get unexpectedly high energy for
the 7H excited state, E� > 5.5 MeV. This can be considered
as an additional argument supporting our prescription made
for the 7H g.s.
Conclusion.—The following major results are obtained

in this work. (i) For the first time, the 7H excited state is
observed at ET ¼ 6.5ð5Þ MeV with Γ ¼ 2.0ð5Þ MeV. This
state can be interpreted as the unresolved 5=2þ and 3=2þ
doublet built upon the 2þ excitation of valence neutrons, or
one of the doublet states. (ii) Indications for the 7H g.s. at
ET ¼ 1.8ð5Þ MeV are found in the measured energy and
angular distributions. The cross section obtained for the
presumed 7H g.s. populated in the 8Heðd; 3HeÞ7H reaction in
the c.m. angular range 17° − 27° is about 25 μb=sr. This
corresponds to a weak population of the g.s. with exper-
imental SF ∼ 0.1, which clarifies why the previous searches
for the 7H g.s. required so much time and efforts without
bringing reliable assignments of such a remote isotope.
The obtained results represent an important step towards

resolving the problem of the 7H observation.
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