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Search for "H in 2H+3He collisions
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An experimental search for the low-lying "H resonance was performed with the 2H(®*He,>He)’H reaction
studied at forward center-of-mass angles (6°—14°) with a 42 A MeV ®He beam. No well-pronounced peak of
"H was observed; however, the obtained spectrum was found to have a peculiarity at ~2 MeV above the 7 + 4n
threshold. The data allow us to set a c.m.s. cross section level of ~30 ub/sr for the low-energy part of the
"H spectrum. The test reaction 2H('’Be,*He)!'Li, involving the same one-proton (d,’He) transfer, was studied
simultaneously ona 71 A MeV satellite beam where a cross section of ~1 mb/sr was measured for the population

of the ''Li ground state.
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I. INTRODUCTION

Investigation of exotic nuclei near and beyond the drip
lines has become a major subject in nuclear structure physics
resulting in the discovery of new phenomena like halos, skins,
shell quenching, and the appearance of new magic numbers.
The region of light neutron-rich nuclei is especially interesting,
since nuclear matter can be explored here under extreme
conditions and the stability limits can be reached by “adding”
only a few neutrons to the stable isotopes. Also, the search for
and/or the study of resonance states in the light, very neuron-
rich nuclear systems represents one of the most effective ways
to test modern theoretical models, which are aiming to describe
the nuclear stability and structure, but which are mainly based
on the properties of bound nuclear matter. In this connection,
the exotic superheavy hydrogen "H, having an extreme neutron
to proton ratio N/Z = 6, attracts special attention.

The first theoretical estimation of the stability of 7H made
by Baz’ et al. [1] showed that this nucleus may even be
bound. However, in numerous measurements using the AE-E
method, no indication for the hyperbola of the bound H,
which could be produced in different reactions, was observed.
Also, early experiments, which aimed at the search for a
quasistable "H in the "Li(w~, 7 1) reaction [2,3] and bound
"H nucleus in the spontaneous fission of 2>2Cf [4], were
unsuccessful. One further attempt to detect a long-lived state
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of "H, populated in the 2H(®He,”H) reaction, could give only
upper limits of 3 nb/sr and 1 ns for the reaction cross section
and "H lifetime, respectively [5].

The observation of a low-lying resonance state of H [6,7]
intensified interest in this issue, allowing one to speculate
about the existence of an unbound "H state near the ¢ + 4n
threshold. Below, we briefly discuss the current theoretical
and experimental works dedicated to the "H resonance.

Calculations within the seven-body hyperspherical func-
tions method [8] predict that "H is unbound by ~0.9 MeV
with respect to the ¢ + 4n threshold. The total binding energy
of "H was estimated in Ref. [9] to be ~5.4 MeV, implying that
the ground state (g.s.) of this nucleus is located about 3 MeV
above the ¢ + 4n threshold. The antisymmetrized molecular
dynamics (AMD) approach gives a value of ~7 MeV for the
"H(t + 4n) resonance energy [10]. Very recently, the same
authors presented new results on the "H ground state, studied
by the AMD triple-S method [11]. The calculations show
significant mixing of dineutron (¢ 4 n + ?1) components with
a spatially extended distribution and the estimated energy of
"H is about 4 MeV. Questions arising about the width of the "H
resonance are also very important. In Ref. [9], it was stressed
that ’H should undergo the unique five-body decay into t + 4n
and its width may be very narrow. Some theoretical estimations
of the "H width show that for a decay energy E < 3 MeV one
can expect a state with I' < 1 MeV [5].

The first experimental evidence for the existence of the
"H state was observed in the 'H(®He,pp)’H reaction [9].
The missing-mass spectrum for "H obtained in that work
demonstrates a very sharp increase starting from the ¢ + 4n
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threshold. However, this interesting finding did not allow the
authors to give quantitative information about the parameters
of the resonance. Stopped 7 ~-meson absorption in *Be and
1B targets was recently studied in Ref. [12] where some
peculiarity in the spectrum near the threshold was found in the
"B(r~, p*He)H reaction, but no evidence for the low-lying
"H state was observed in the *Be(~, pp)’H channel. Very
recently, the question of the "H existence was investigated via
the use of the transfer reaction '>C(3He, '*N)”H [13]. Although
the authors could attribute only seven events to this reaction
channel, the observation of a very narrow 'H resonance, lying
at less than 1 MeV above the ¢t + 4n threshold, was claimed.
Lack of statistics in the spectrum only allowed the authors of
Ref. [14] to place a limit on the cross section for the formation
of "H near the threshold in the H(®He,?He) reaction. The
authors of Ref. [15] investigated the same reaction and
came to the conclusion that there was some evidence in the
measured missing-mass spectrum for the observation of a "H
at ~2 MeV, but their experimental acceptance covered only a
few MeV of the full "H energy range.

In this article, we report on the experimental search for a ’H
state populated in the H(®He,>He)”H reaction. The simplicity
of the one-proton pickup (d,*He) reaction mechanism, mea-
surements performed at extreme forward angles (where the
reaction cross section should be at its largest), and the use of a
high-intensity ¥He beam gave a good opportunity to populate
the ground state of 7H with reasonable statistics.

II. EXPERIMENTAL SETUP

The experiment was performed at the projectile-fragment
separator RIPS [16], which is part of the RIBF accelerator
complex operated by RIKEN Nishina Center and Center for
Nuclear Study, University of Tokyo. A primary 30 beam with
energy 100 A MeV and intensity of ~500 particle nA bom-
barded a °Be target with a thickness of 12 mm. The secondary
beam consisted of a cocktail of 8He and '>Be with average
energies of 42 and 71 A MeV, and intensities of 1.4 x 10°
and 2.6 x 10° pps, respectively. A cryogenic target cell was
used, supplied with 6.5-um Havar windows, and filled with
deuterium gas at 30 K and a pressure of 0.5 atm. This resulted
in a target thickness of 2.4 x 10?° deuterons/cm?. The beam
energy and parameters of the detection system were optimized
by utilizing the results obtained in complete Monte-Carlo
simulations preceding the experiment. The presence of '>Be
nuclei in the beam enabled us to study the 2H('?Be,’He)''Li
reaction, as discussed later in this article.

The experimental setup is shown in Fig. 1. Two plastic
scintillators were used to identify each particle in the secondary
beam and to measure their energies by the time of flight.
The trajectories of individual projectiles were measured by a
pair of multiwire proportional chambers (MWPCs). Recoiling
particles (e.g., *He or tritons) were detected by the RIKEN
telescope of silicon strip detectors with an additional AE
array of six thin (~40 um) Si strip counters. The RIKEN
telescope consisted of a 250-um double-sided strip detector
(DSD) and six 750-um single-sided sectored detectors (SSD).
The SSDs were used to measure the reaction channels with
high-energy recoil particles, for example, the °Li nuclei from
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FIG. 1. Experimental setup.

the 2H(®He,®Li)4n reaction. This telescope provided particle
identification, energy measurements, and hit positions of
the detected reaction products. By taking the known input
positions and angles of the projectile nuclei on the target, the
reaction angles of the products could be defined.

The beam passed through the central hole in the telescope.
Projectile-like particles from breakup channels (e.g., tritons
and neutrons from the "H — ¢ + 4n decay) were measured
by a downstream detection system consisting of a dipole mag-
net, a AE(1cm)-E(6cm) hodoscope of plastic scintillators,
and a four-layer neutron hodoscope array. A thin layer of
plastic scintillators was installed in front of the neutron array
to reject events from charged particles.

III. RESULTS
A. *H(®He,t)"He reaction

To experimentally determine the missing-mass resolution
and verify the time stability of the detectors, the 2H(*He,t)’He
reaction was used as a reference. In Fig. 2(a), the inclusive
triton spectrum from the 2H(®He,t) reaction and the spectrum
of tritons detected in coincidence with ®He in the hodoscope
[Fig. 2(b)] are shown as a function of the "He energy above the
®He + n threshold. The gray histograms show the normalized
background measured with an empty target. The strongest
peaks in Figs. 2(a) and 2(b) represent the well-known "He
ground state, which is unstable with respect to the ®*He + n
decay with E; ~ 0.44 MeV. The width of the peak (FWHM ~
1.7 MeV) determines the experimental resolution and is close
to the Monte-Carlo simulation performed for this reaction,
taking into account all experimental conditions (the natural
width of 7Heg,s, is small, I' = 0.16 MeV). As can be seen in
Fig. 2, no excited states of "He were observed. Most probably,
the known "He excited state at Eope, ~ 3.3 MeV [17], which
decays mainly into “He 437, was not observed here due to
low statistics and high background. Its presence could be
revealed through coincidences with the “He nuclei produced
in the main decay mode of this "He state; however, the
downstream detection system had a low acceptance for such
“He products. Nevertheless, the common features of the "He
spectra presented in Fig. 2 and those measured in Ref. [17] via
the "H(®He,d)"He reaction are quite similar.

B. 2H(®He,*He)”H reaction

It is well known that nucleon transfer is a dominant
reaction mechanism in nucleus-nucleus collisions at energies
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FIG. 2. Missing-mass spectra of "He from the reactions (a)

2H(®He,t) and (b) *H(®He,t°He). The gray histograms represent the
empty-target background.

of a few tens of MeV /nucleon. Therefore, as was mentioned
in the Introduction, one might expect that the simple
one-proton pickup (d,3He) reaction on *He measured at small
center-of-mass angles should provide a sensitive tool to search
for an exotic low-lying resonance state of "H.

In Fig. 3(c), the "H missing-mass spectrum from the reac-
tion 2H(®He,*He)’H is presented. The spectrum was formed
from the energy and trajectory data of the *He recoils detected
in coincidence with tritons from the decay of the residual "H
system. The spectrum is shown as a function of the "H energy
above the r 4 4n threshold. The gray histogram represents the
normalized background data obtained from the empty-target
measurement. The inclusive "H missing-mass spectrum ob-
tained without applying the triton coincidence condition [see
Fig. 3(a)] demonstrates a very high background level, which
mainly comes from the target cell windows. As one can see,
the coincidence requirement dramatically reduces the number
of background events (by more than 100 times), resulting in a
signal-to-background ratio of better than 10 at low "H energies.
This allows one to effectively select the 2H(®He,>He)’H
reaction channel from the other, numerous processes. The
solid and dashed curves (Curves 1 and 2, respectively) in
Fig. 3(c) show the nonresonant continuum distributions from
calculations of five-body (¢t + n 4+ n + n + n) and three-body
(t + 2n + %n) phase volumes, respectively. In the calculations,
the detection efficiency inherent to the 3He-t coincidence
measurements [see Fig. 3(b)] and the experimental resolution
in this reaction channel (FWHM = 1.9 MeV) were taken into
account. The curves are normalized to the experimental "H
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FIG. 3. Missing-mass spectra of 'H from the reaction
2H(®He,’He): (a) without coincidence with tritons, (b) detection
efficiency in arbitrary units, and (c) in coincidence with tritons.
The spectra are shown relative to the ¢ + 4n threshold. The gray
histograms show the empty-target background. The curves 1, 2, and
3 represent nonresonant continuums. See text for details.

spectrum at E; 4, = 18 MeV. Curve 2 can be considered as an
extreme case where the relative motion in both neutron pairs
is described by a § function. We note that other distributions,
which were calculated by taking the final state interactions
in the (¢ +n) and (n + n) subsystems into account, were
found to lie between Curves 1 and 2. Figure 3(c) shows the
most extreme, unrealistic case of the two-body (¢ + *n) phase
volume distribution (dotted; Curve 3), implying the motion of
a triton and tetraneutron with zero binding energy.

Despite the low number of accumulated statistics, some
remarkable features inherent to the missing-mass spectrum in
Fig. 3(c) should be noted. No clear evidence for a "H peak is
seen at low energies; however, close to E; 4, = 0 MeV, the
experimental spectrum is much steeper than that of Curve 2,
which is an extreme case. Furthermore, below 5 MeV, the spec-
trum exhibits a “shoulder” centered at ~2 MeV. One could say
that the low-energy part of the spectrum looks similar to that
of Curve 3, which assumes the existence of a hypothetical qua-
sibound tetraneutron. However, the explanation of a peculiar
threshold behavior in the missing-mass spectrum of "H seems
unrealistic due to the lack of any reliable experimental proofs,
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suggesting that any bound or narrow quasibound *7 state exists.
Modern theoretical approaches [18,19] do not predict a *n
nucleus either. Therefore, it is justified to regard the observed
shape of the experimental spectrum near the ¢ + 4n threshold
as an indication of a "H state. The reaction cross section of
the "H production in the low-energy region is determined to
be ~5 pb/sr per unit count in the spectrum within the angular
range of ~6°-14° in the center-of-mass system.

Although the experimental spectrum of H obtained in the
*H(®He,*He)"H reaction [see Fig. 3(c)] does not exhibit such a
sharp rise just above the threshold as what was observed in the
'"H(®He, pp)’H reaction [9], it demonstrates a specific behav-
ior at low energy that cannot be reproduced with reasonable
assumptions concerning the phase space. This leads us to the
conclusion that the result obtained in this experiment provides
one further piece of evidence for the possible existence of a
low-lying "H resonance. The noted difference in the shapes of
the "H spectra could reflect peculiarities in the mechanisms
of the (d,?He) and (p, pp) reactions exploited here and in
Ref. [9] with the use of 3He beams at energies of 42 and 61
A MeV, respectively. Both results provide some evidence that
the energy and width of this state are larger than the values
reported in Ref. [13] for the "H ground-state resonance. One
should note, however, that that the manifestation of several
overlapping resonances near the threshold cannot be excluded.

The spectrum in Fig. 3(c) shows an apparent maximum at
about 10.5 MeV; the origin of this is unclear. Nevertheless, we
do not exclude the possibility that it might be the manifestation
of a "H excitation continuum with energy centered around
10.5 MeV.

C. 2H("*Be,*He)"'Li reaction

To check the reliability of the obtained experimental data
and the effectiveness of the chosen (d,’He) reaction in the
population of lowest states of exotic, weakly bound nuclei,
the same reaction was studied with '’Be projectiles. The
excitation spectrum of 'Li, produced in the one-proton
(d,*He) transfer, was extracted from the data on *He recoils
emitted from the target following the passage of the '’Be
nuclei that were presented in the cocktail beam. The ''Li
spectrum obtained from the 2H('’Be,*He)!'Li reaction is
shown in Fig. 4. The solid histogram in Fig. 4 shows a
well-pronounced peak corresponding to the ground state of
Li, which can clearly be identified above the structureless
gray histogram that represents the normalized background.
The part of the spectrum on the right of the “Lig,s. peak,
that is, that exceeding the background, most likely reflects the
population of (unresolved here) ''Li excited states reported
earlier [20-25]. A cross-section value of ~1 mb/sr was
deduced for the ''Li ground state from these data. This value is
about 30 times larger than the population cross section of "H,
obtained for the group of events near 2 MeV excitation energy.
Such a large difference in the cross sections could possibly be
explained by the reduction effect [6] caused by scattering on
the valence neutrons of ®He. In Ref. [6], the measured cross
section for a similar transfer reaction, 'H(°He,?He)’H, was
found to be about 1 order of magnitude less than the results of
DWBA calculations. Estimations based on the known (d + n)
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and (*He+n) total cross sections and the “He and 3He matter
radii also lead to a value of 1 order of magnitude for the
reduction factor of the 2H(®He,>He)”H reaction cross section.

IV. CROSS SECTIONS

The data allow us to set a value of ~30 ub/sr on the cross
section of the H(®He,3He)”H reaction channel that populates
the low-lying "H resonance (E,44, < 3 MeV) at the beam
energy reported here. Similar values, ~10 ub/sr/MeV and
~20 ub/sr, respectively, were reported for the 'H(®He, pp)’H
reaction cross section [9] and cross-section limit achieved for
the 2H( He,*He) reaction at a beam energy of 25 A MeV [14].
It is clear that the measured cross sections are rather low,
in contrast to typical values of a few mb/sr for one-proton
transfer reactions at small center-of-mass angles. Besides the
reduction effect mentioned earlier, there might be another
reason for such low reaction probabilities. It has been shown
by recent AMD calculations, performed by Aoyama and
Itagaki [11], that the ground state of "H has a significant
admixture of dineutron components (¢t + 2n +2n) with a
spatially extended distribution that peaks at ~6 fm, much
farther than in #He (~3 fm). Therefore, one may expect a small
overlap between the initial (*He) and final ("H) wave functions,
resulting in a reduction of the reaction cross sections.

It is noted that rather low cross sections were reported for
the "H production reactions at forward angles, where, in fact,
the largest cross section values are expected. The only work
that claims the observation of a "H resonance is Ref. [13],
where a cross section of ~40 ub/sr was reported for the
12C(®He, "3 N)’H reaction in which a quite narrow, low-lying
"H resonance (Eg = 0.577051 MeV, T’ = 0.09700¢ MeV) was
populated within a wide angular range (Ocy =~ 10°—48°).

To compare the cross section values for the “H production
obtained in the present work and that reported in Ref. [13], we
performed DWBA calculations using the code DWUCKS [26].
A set of initial parameters of Woods-Saxon optical model
potentials was obtained for the *H(®He,*He)’H reaction by
fitting data from 8He(p,p) [22,27-30], 6Li(p, D), SLi(d,d), and
®Li(*He,*He) [31-33] elastic scattering reactions. The final set
of the potential parameters was then fixed to fit the angular
distribution of tritons from the reaction 2H(8He,t)7HegAS,
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measured in this experiment. The differential cross section
for the '2C(®He, '*N)"H reaction was calculated using, for the
entrance and exit channels, respectively, the potentials found in
Ref. [34] for the "Li(123 MeV) + '*C and "Be(84 MeV) + “N
systems. In calculations performed for the >H(®He,*He)’H and
12C(®He, ®N)H reactions, a spectroscopic factor of SF = 2
for the ®He = p + "H(1/2%) clustering was assumed (the
upper limit possible for a system with two protons in its core).
Other SFs were set as follows: SF[*He = p + d] = 1.5 [35]
and SF['*N = p + '2C] = 0.61 [36]. Finally, our calculations
yielded cross sections of ~5 mb/sr and ~70 ub/sr for the
’H(®He,*He)’H and '>C(®He,'*N)"H reactions, respectively.
These are the values averaged over the center-of-mass angular
ranges explored in the present work and in Ref. [13]. Since
the cross section calculated for the '>C(®He, >N)”H reaction
turned out to be about two times larger than the experimental
value reported in Ref. [13], it is perhaps reasonable to assume
that the spectroscopic factor is a factor of 2 smaller in the case
of p +"H clustering of 3He. Thus, for the H(*He,*He)’H
reaction, one may expect a cross section of ~2.5 mb/sr,
which is almost 2 orders of magnitude larger than the cross
section determined for this reaction in the present work. One
possible explanation for this discrepancy could be that the
dynamics inherent to the (d,*He) and ('2C,'*N) transfers are
different and the population of the low-lying resonance in "H
in the 2H(®He,3He) reaction is suppressed with respect to the
12C(3He, 13N) reaction. However, we do not currently know of
any rational reason for such a suppression. Thus, according
to the performed DWBA calculations, the result obtained in
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the present work for the cross section of the 2H(*He,*He)’H
reaction in the low-energy part of the H spectrum and that
reported in Ref. [13] for a narrow "H resonance, populated in
the '2C(®He, 3N)"H reaction, are in conflict with each other.

V. SUMMARY

We performed an experimental search for the “H resonance
produced in the H(®He,*He)’H reaction at a beam energy
of 42 A MeV. The observed missing-mass spectrum exhibits
a peculiarity at ~2 MeV that might indicate the population
of some low-energy state (or states) of H in this reaction.
A cross section level of ~30 ub/sr for the low-lying "H
resonance production was estimated. In addition, the "H
spectrum demonstrates peculiarity at ~10.5 MeV that could be
due to the manifestation of a "H excitation continuum. DWBA
analysis revealed a discrepancy between the cross sections
extracted from the low-lying parts of the "H spectra in the
present work and Ref. [13]. The reason for the discrepancy
is unknown at the present time. Evidently, more experiments
are necessary to accumulate a higher number of statistics in
the spectrum for 7H, thus allowing for complete kinematic
measurements of its decay products.
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