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Annotation

The work is focused on investigation of properties of the neutron rich light exotic nuclear
systems. The studied superheavy hydrogen isotopes "H and ®°H were populated in the direct pro-
ton transfer 2H(®He,>He)’H and deuteron transfer reaction 2ZH(®He,*He)°H respectively. These
the most neutron-rich systems with the biggest ratio of mass over charge relate to the modern
trends to investigate the most systems as close to the neutron matter as possible.

The "H states have been observed in the missing mass spectrum at the energy of 2.2(5),
5.5(3), 7.5(3), 11 MeV relative to the SH+4n threshold. The main novelty of the conducted ex-
periment is the measurement of the triton emitted in the studied system decay, which allowed to
reconstruct the momentum and angular distribution of the *H fragment with good accuracy. The
analysis of the reconstructed center-of-mass angular distributions and correlations of the "H de-
cay products allowed to identify the ground and the first excited states at 2.2(5) and 5.5(3) MeV
respectively. The 5.5(3)MeV state was interpreted as the 5/2+ member of the “H excitation
doublet, built on the 27 configuration of valence neutrons. The idea of of extreme peripheral
character of the "H ground state population in this reaction was initiated by the experimental
data and then also confirmed by the developed theoretical model based on the plane-wave Born
approximation.

The measured °H missing mass spectrum showed a broad bump at ~4-8 MeV above the
3H+3n decay threshold interpreted as a resonant state at 6.8(5) MeV. The obtained missing mass
spectrum was practically free of ®H events below 3.5 MeV. The steep rise of the *H missing mass
spectrum at ~3 MeV allowed us to derive the lower limit for the possible resonant-state energy
in °H to be 4.5(3) MeV, which was suggested as the ground state. The obtained results confirm
that the decay mechanism of the "H ground state is the “true” (or simultaneous) 4n emission.
The resonance energy profiles and the momentum distributions of fragments of the sequential
®H— H(g.s.)+n—>H+3n decay were analyzed by the theoretically updated direct four-body-
decay and sequential-emission mechanisms. The measured momentum distributions of the *H
fragments in the ®H rest frame indicated very strong “dineutron-type” correlations in the *H
ground state decay.

Key words: exotic light nuclei, direct transfer reaction, five-body decay.






Anotace

Prace je zaméfena na studium vlastnosti lehkych exotickych jadernych systémii bohatych
na neutrony. Zkoumané supertézké izotopy vodiku "H a ®H byly ziskany v pfimych jadernych
reakcich transferu protonu 2H(®He,>He)’H a deutronu *H(3He,*He)®H. Tyto systémy s pie-
bytkem neutront a s nejvétsim pomérem hmotnosti k naboji souvisi s modernimi trendy zk-
oumat co nejvice systémi co nejbliZe k neutronové hmot¢.

Stavy "H byly pozorovany ve spektru chyb&jici hmotnosti pii energii 2,2(5), 5,5(3), 7,5(3),
11,MeV vzhledem k prahu rozpadu *H+4n. Hlavnim pifnosem provedeného experimentu je
méfeni tritonu emitovaného pii rozpadu studovaného systému, coZ umoZnilo rekonstruovat
hybnostni a tGhlové rozdéleni fragmentu *H s dobrou piesnosti. Analyza rekonstruovanych
tihlovych distribuci t&7isté a korelaci produkt rozpadu “H umoznila identifikovat zakladni a
prvni vzbuzené stavy s energii 2,2(5) a 5,5(3),MeV. Stav s energii 5,5(3),MeV byl interpretovan
jako vzbuzeni 5/2+ izotopu "H, s 27 konfiguraci valen¢nich neutronii. Interpretace extrém-
niho periferniho charakteru vzniku zakladniho stavu 7H v této reakci byla navrZzena na zakladé
experimentdlnich daty a poté potvrzena i vyvinutym teoretickym modelem pomoci Bornovy
aproximace rovinné viny.

Naméfené spektrum chybéjici hmotnosti °H ukazalo Siroky pik s energii ~4-8 MeV nad
prahem rozpadu *H+3n, ktery byl interpretovan jako rezonanéni stav na 6,8(5),MeV. Ziskané
spektrum chybé&jici hmotnosti °H bylo prakticky prazdné pro energie méné nez 3,5,MeV. Strmy
nértst spektra chyb&jici hmotnosti °H na ~3 MeV ndm umoznil odvodit doln{ limit pro moz-
nou energii rezonan¢niho stavu v °H, ktery byl navrzen jako zakladn{ stav s energif 4,5(3),MeV.
Ziskané vysledky potvrzuijf, Ze mechanismus rozpadu zakladniho stavu "H je "pravy" (true) 4n
emise. Rezonanc¢ni energetické profily a rozdéleni hybnosti fragmentd postupného
SH—>H(g.s.)+n—>H+3n rozpadu byly analyzovany pomoci teoreticky aktualizovanych mech-
anismil piimého rozpadu Ctyic¢asticového systému a postupné emise ¢astic. Namérend rozdéleni
hybnosti fragmentu *H v t&Zist ové soustavé °H ukézala velmi silné "dineutronové" korelace v
rozpadu zdkladniho stavu >H.

Klicova slova: exotickd lehka jadra, pfima reakce prenosu, péti¢asticovy rozpad.
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1 Introduction

The object of nuclear physics investigations is in a link with the topic of a few-body system
of strongly interacting fermions. Although, the latter mostly consists of just neutrons and pro-
tons (nucleons), the limits of such investigations are very far up to date. However, more than
three thousand proton-neutron configurations, isotopes, have been already discovered. And one
cannot speak about the exact number of them, because it is continuously growing, adding 2-20
new species each year. The theoretical estimation predicts that from 2000 to 3000 other nuclear

systems can be synthesized [1].

Stable isotopes: the
“Stability Valley’
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Figure 1: Illustration of global structures in the nuclear chart. The chart of nuclides is an analog
of the periodic table for nuclear physics. Vertical and horizontal bands indicate the “magic”
numbers corresponding to the number of protons Z and the number of neutrons N. Some “spe-
cial” nuclides are indicated by arrows: ''Li - a nuclide with one of the most developed “Bor-
romean” two-neutron haloes, the double-magic nuclides in the long isobaric chains; 2**Og is
the heaviest nuclide known today.

It is known that there are 243 stable nuclei, but in nature one can find about 339 [1]. That
means, that some of them are unstable with respect to ¢—, B—decay or fission (for heavy
elements), but they are still bound and live long enough to come down to us from the early
universe, or are products of different reactions. Bound nuclear systems are defined by means of
single or multiple nucleon separation energy. At some point it becomes energetically favorable
to emit one or several nucleons. Such systems are called unbound. The borders between bound
and unbound nuclear systems are called driplines, illustrated as colored solid lines in Fig. 1.

Here we should draw the line between the concept of radioactivity and decay. Radioactivity
is the phenomenon, related to the atomic systems, which implies the atomic orbitals formation.

That is why, the term radioactivity can be used only for systems, living long-enough to form



the electron orbitals ( 10717 s), while the decay concept applies to the pure nucleon systems.
Nucleon structures, located beyond the driplines, exist as resonances having shorter lifetimes.
In this work, all the nuclear system, located in the vicinity and beyond the driplines, will be
referred to as exotic nuclear systems or exotic nuclei. Usually, the more exotic the system is,
the less is its lifetime, which makes such studies more challenging. That is why the location of
the driplines was experimentally obtained only for the light nuclei [2]. And moreover, so far
there is no answer to a fundamental question about the limits of the nuclear structure: whether
the border between unbound nuclear systems and continuous spectra exists? And where such
line, beyond which no resonances can be found, is located?

Exotic nuclei differ from the stable not only in mass over charge ratio, but also in the unique
phenomena exist here. Halo and skin effects, the difference of magic shell numbers, the new
types of excitation and radioactivity make some standard nuclear structure models inapplicable

for the description of such unstable systems.

e One can imagine the cluster-core, surrounded by the valence nucleons with smaller sep-
aration energy. It leads not only to the abnormally large nuclear radius, see Fig. 2, but to
the other anomalies, such as the increase of the reaction cross section narrow momentum
distribution of the valence nucleons, etc. For the fist time, the term "halo" was used in
Ref. [3], but by the present day, it is well known, that such exotic feature was observed
in many neutron-rich (°He, ''Li,!”B, 1°B, 22C) and neutron-deficient systems (B, °N,
17Ne, 26p, 27S) [4]. In some neutron rich nuclei, for example 8He, valence neutrons form
the so-called neutron skin. Such systems are characterized by the increased size, caused
by a layer of neutrons on the surface of a nucleus. But it turned out, that the systems with
neutron skin are more compact than neutron halo-nuclei, see Fig. 2. 3He is a well known

example of the light isotope with neutron skin [5].

e In weakly bound neutron-rich systems, the pairing interaction in conjunction with the
valence nucleon excitations invalidates the traditional two-body problem for the nucleon

motion and leads to the appearance of new collective modes [6].

The spatial transformations of nucleons lead to the new degree of freedom, the so-called
soft dipole excitation mode, which can be described as the oscillation of the valence nucle-
ons with respect to the core cluster. Such excitation type can be discussed as a low-energy
split-off from the giant dipole resonance, which is the collective oscillation of all protons
against all neutrons in a nucleus. The scope of the soft dipole excitation phenomenon is
smaller, and therefore more difficult to be observed. However, those excitations may play

unexpectedly important role in the nuclear astrophysical applications.

e Some core-halo nuclear systems may represent the so-called "Borromean nuclei" named
after the Borromean rings - the mathematical object consisting of three topologically
linked curves, which cannot be separated, except for the case without any binary link
between each other. Removing any part of it, one disintegrates the whole system. In

other words, a Borromean nucleus is bound only as many-body system, while all its
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Figure 2: Illustration of nuclear matter density for nuclear halo and skin. Density of proton
matter is depicted by dashed-and-dot line; nuclear skin presented by dashed line is characterized
by larger radius than core matter; and matter distribution of nuclear halo depicted by dotted line
is less compact and more spread in comparison with nuclear skin. Haloes are typical for 1-
2-4 neutrons separated from the core, while skins are for the heavy nuclei with large neutron
asymmetry.

subsystems are unbound (see review Ref. [7]). This leads to the simultaneous many-
body decays of some exotic nuclear systems, which can not occur sequentially, due to the

separation-energy conditions.

Studies of the light exotic nuclear systems play a particularly significant role in the modern
nuclear physics. The small number of nucleons in light isotopes allows to highlight the contri-
bution of the studied phenomena effects to other processes. This is extremely convenient for
the reactions of exotic system production characterized by low cross sections. On top of that, in
the light isotopes the extreme mass-over-charge ratio can be reached. These short-lived systems
are usually characterized by many-body decay channels.

Investigation of such simultaneous many-body decays is the only way to get experimen-
tal information about the many-body capture processes, which can be considered as the time
reversal reactions to the observed decays. These processes may occur only under extreme con-
ditions of very high temperatures and densities, that is why the investigations of exotic nuclear
systems may have a significant contribution to astrophysics. The role of rare isotopes in astro-
physical environments, is described in details in [6], which shows the application of the nuclear
experimental techniques to the modern astrophysical tasks and objects of interest (novae, su-
pernovae, s and r process, occurred in compact objects, X-ray bursts, the problem of neutron
matter, etc.) One of the example is study of the neutron-deficient systems in the vicinity of the
proton dripline, which can be an instrument to study the nucleosynthesis of fast proton-capture,
so-called rp-process, occurred on the surface of a neutron stars of hydrogen burning reactions
[2, 8,9, 10, 11]. The features of this rp-process at waiting points, where the single proton

capture is forbidden, can be explored using the phenomenon of multi-proton decays [12]. On



the other hand, the rapid neutron-capture process, also known as the r-process, proceeds along
the neutron dripline in supernova core-collapse processes. It is similarly studied in reactions
with neutron-rich isotopes. Therefore, the investigation of multi-nucleon emitters is a good test
for developing theoretical models, which are supposed to provide the equation of state of the

nuclear matter at extreme conditions.

1.1 Experimental techniques for exotic nuclear research

Due to the short lifetime, exotic nuclei can not be found in nature. And even with modern
technologies, studies of such abnormal systems is a great technical challenge due to low cross
sections of the reactions of interest, extremely short lifetimes of the systems of interest and
overwhelming production of unwanted species at the same time. New isotopes can be products
of either the direct nuclear reactions or the compound-nuclear decays.

The compound nucleus is formed as a result of slow-collisions occurring at the so-called
adiabatic conditions [13]. In such collisions the target-projectile relative speed is incomparable
to the Fermi momentum (the momentum of a nucleon within the nucleus), which allows to share
the total energy of projectile and target among the numerous nucleons of the compound system.
In such fusion reactions the compound nucleus system with N+Z combination, approximately
equal to the sum of the numbers of protons and neutrons in the initial beam and target nuclei, is
produced. Due to the increasing asymmetry of mass over charge for heavy nuclei, such reaction
mechanism is commonly used in studies of neutron-deficient isotopes. If the compound nucleus
has too much energy to be stable, it decays into two or many fragments, and thus can produce
nuclei with big mass-charge asymmetries.

At the opposite extreme are the direct nuclear reactions, in which the projectile interacts
with only few fragments of the target, involving only small number of degrees of freedom.
All direct reactions are characterized by the transfer momentum of the highlighted orientation,
along which the alignment is formed. The direction of the transfer momentum vector is also
used in Treiman-Yang criterion, one of the most powerful experimental tests for verifying the
pole approximation prediction [1]. Here, we want to list the most common direct reaction

mechanisms used in studies of exotic nuclear systems.

e Pickup or stripping transfer reactions are widely used mechanisms, especially for light
system research, in which the beam exchanges the nucleons with a target. Stripping is

transfer from the projectile to the target, and pickup from the target to the projectile [14].

¢ In the knock-out reactions, the isotopes can be produced in a single nucleon or a light

cluster removal process from the projectile by a collision with the target [15].

e In order to obtain exotic nuclei, the charge-exchange reactions can be applied. In these
reactions predominantly the ground state of exotic product is populated by replacing of

one or two protons (neutrons) with neutrons (protons) [16].



Direct reactions occur with high probability with light particles, and can be easily identified.
Due to the very small amount of involved degrees of freedom, only few final states of the
studied system can be populated, which makes experiments with such reactions one of the best
tools to selectively study the properties of specific states.

This thesis is devoted to studies of light neutron-rich exotic nuclear systems, primarily
super-heavy hydrogen isotopes ®7H, produced in direct transfer reactions induced by the ra-
dioactive 3He beam obtained at the ACCULINNA-2 fragment separator. The high quality sec-
ondary beam of the light neutron excess isotopes allows to synthesize the systems with the
biggest ratio of mass over charge, approaching the neutron matter study [17]. This huge unique
asymmetry allows different exotic features described above to be observed by the developed

experimental techniques.



2 Historical overview: light neutron-rich systems

Search for the limits of existence of unbound neutron-rich systems is one of the main trends
in modern nuclear physics. Probably, the most significant recent results in this field are the
works on “H, '%He [18, 19, 20, 21], 13Li [22, 23], !°Be [24], 2!B [25], 2°0 [26, 27, 28] and the
on-going quest for '8Be, 280, 33F [29] (and analogous very exotic species). One can find that
these experiments, requiring extreme technical efforts, nevertheless, often suffer from the poor
data quality, characterized by the low statistics, poor resolution and, consequently, the numbers
of unresolved data-interpretation questions. One can also find conflicting results, related to the
same exotic nuclear system, see, e.g. the heavy helium cases in review works [1, 30]. The
typical feature of such systems, close to the neutron dripline, is the multineutron (at least two-
neutron) emission. And of course, among all the neutron rich nuclear systems, ®’H being
the isotopes of the lightest chemical element, draw the attention of physicists because of their

biggest neutron-to-proton ratio which can be imagined.

2.1 "H studies

The "H structure is the closest one to the neutron matter, which makes it the key isotope among
all neutron rich systems. The first prediction of the "H existence was made more than 50 years
ago [31]. The authors performed the first theoretical estimations coming to the prediction that
the “H nucleus could be even bound.

Few experiments, dedicated to search for the long-lived "H were conducted. We mention
the attempts to produce this system in the pion double charge-exchange reactions, described
in works [32, 33]. Although such technique was effective to populate and identify the ground
states of 8?He, it only allowed to obtain the cross-section limits for the population of both *H
and "H.The sophisticated approach was used in the work [34] dedicated to the search for the
long-lived quasistable 7H. Speculative suggestions about the ’H decay energy and lifetime led
to the assumption of possible existence of "H having very low (50-100keV) decay energy. The
estimated lifetime of such state would exceed 1 ns, and therefore could be measured directly.
The experiment was conducted at ACCULINNA fragment separator with a beam of 20.6 AMeV
8He and very thick (5.6 cm) liquid deuterium target. The "H nuclei, supposed to be produced in
the 2H(8H6,3He)7H reaction within 0° —50° c.m. angular range, were assumed to be detected by
the AE-E assembly located behind the target. The absence of detected “H events with lifetime
less than 1ns gave a limit for the cross section of the H(®He,He)”H reaction, ¢ < 3 nb/sr,
which is by several orders of the magnitude less than the expected value. The lifetime estimates
made in Ref. [34] led to the conclusion that the obtained limit of the “H production cross section
implies a lower limit of E7 2 50 — 100 keV for its decay energy (here and later we denote the
system excitation energy above the decay threshold as E7).

The observation of the ground state resonance in SH [35] revived theoretical interest to the
possible existence of a low-lying "H state near the H+4n decay threshold. And on top of that,
the population of the H ground state in the proton transfer reaction ' H(°He,?He) H pushed to



use the same reaction mechanism and 8He beam in search for "H.

Calculations using the seven-body hyperspherical functions formalism [36] evaluated the
"H ground state energy as Er ~ 0.84 MeV. But at the same time, based on the assumption,
that four valence neutrons of "H occupy the same orbitals as in ®He, the simple estimations of
the binding energy of the "H ground state were performed in Ref. [37]. The obtained value
turned out to be ~ 5.4 MeV, which means that this resonance state is expected at about 3 MeV
above the *H+4n decay threshold. The authors also emphasized that the ’H ground state should
undergo the unique five-body decay into *H+4n with very small width. The experiment was
aimed to search for 7H in the proton transfer reaction from the 61.3 AMeV 8He beam, produced
by the RIPS fragment separator. Although, the experimental results of Ref. [37] did not give
a chance to identify any suggested states in a structure of "H, the evidence of the "H ground
state resonance near the H+4n decay threshold was obtained for the first time. The missing-
mass spectrum of “H obtained in that work showed a sharp increase starting from the >H+4n
threshold. This observation was an important step towards solving the "H problem, it did not
allow the authors to give quantitative information about the resonance parameters because of
low energy resolution (of ~ 2 MeV) and complicated background conditions.

We should also mention the phenomenological estimates, made in Ref. [34] pointing to E7 ~
1.3 — 1.8 MeV for the "H ground state. The early pioneering theoretical works suffered from
the low computation power and that is why mostly provided were the low quality estimations
made by some kind of extrapolation methods. This is clearly seen in works [38] and [39] where
the same approach provided E7 ~ 7 and ET ~ 4 MeV, respectively. The authors used so-called
antisymmetrized molecular dynamics and gave analysis of the dineutron correlations in heavy
helium and hydrogen isotopes.

The modern attempts of search for the superheavy hydrogen isotopes in the reaction of
stopped pion absorption by light nuclei, are described in works Ref. [40, 41]. In contrast to
the early works [32, 33], the new approach was aimed to observe the short lived neutron-rich
resonances. Although the results indicated the existence of "H as a resonance near the threshold
of the supposed five-body breakup, the authors of these works concluded that the "H issue
remains open.

The "H existence was investigated by the authors of Refs. [42, 43] in the transfer reaction
12C(®He,!3N)"H. The authors considered the measurement of >N in the time-charge projection
chamber (TPC) in coincidence with 3H detection by the segmented wall of cesium-iodide (CsI)
scintillator detectors. However, the obtained identification plots could not promise to perform
the particle selections without risk of mix up of other elements. Although in this work only
seven events could be attributed to the desired reaction channel and despite the poor “H spectrum
resolution, a very narrow "H resonance was announced, with E; = 0.571“8:‘2‘% MeV.

The authors of Ref. [44] searched for H in the 2H-3He proton transfer reaction realized
with the 8He beam and CD, target. (Here and in the following, D, denotes 2H,.) The authors
made conclusion that there was an indication of a ’H resonance state in the measured missing-

mass spectrum at Er ~ 2 MeV. However, because of the narrow energy window, allowed for



the "H population, the obtained spectrum from the 2H(®He,*He)”H reaction looks very similar
to the spectrum of the carbon-induced background from the CD; target. This made the authors
cautious about their observations.

The next attempt to discover 'H using the already traditional reaction 2H(®He,>He)’H was
performed in Ref. [45] at RIKEN. The RIPS fragment separator provided the 42 AMeV sec-
ondary 8He beam. The beryllium beam was used in a reference 2H(lzBe,:‘sHe)l 1Li reaction,
used to test the reliability of the results, related to the system of interest. The energy resolution
of the missing-mass spectrum, reconstructed from the low-energy recoil *He turned out to be
~ 1.9 MeV. The obtained missing-mass spectrum, reconstructed from the detected 3He recoil
nuclei demonstrated a rise at low energy. However, no indication was obtained for the resonance
peak revealed in the measured "H spectrum. But it gave another evidence for the low-energy
"H resonance existence, close to the H+4n decay threshold. Some peculiarity was found in the
missing-mass spectrum at ~ 2 MeV, in addition, to another one at about 10.5 MeV that could
be a manifestation of the "H continuum excitation. The authors reported a value of about 30
ub/sr for the cross-section of the reaction populating the low-energy part in the "H spectrum,
which, according to Distorted Wave Born Approximation (DWBA) calculations, turned out in
contradiction with the announced in Ref. [42] value. The question concerning the reason of
this discrepancy remained open, but in order to make the obtained results more plausible, the
authors mentioned the work [39], which showed, that the admixture of dineutron components
in 7H is possible. Such effect doubts the assumption about the similarity of the valence nucle-
ons in "H and 3He due to a small overlap between their wave functions in the H(®He,>He)’H

reaction, and that is why the cross-section of this reaction is small.

2.2 °H studies

The first experimental result on H was reported in Ref. [46]. This system was searched in
a "bidirectional transfer" reaction ’Li(’Li,*B)®H. Despite the poor statistics and complicated
background conditions, some evidence of ©H existence as a resonance at Er = 2.7+ 0.4 MeV
(above >H+3n decay threshold) was reported for the first time.

Another attempt to produce the °H resonance in the °Be(!'B,!#0)H reaction was described
in Ref. [47]. The authors declared the indication of the °H existence with a low-lying resonance
at Ep =2.61+0.5MeV.

There have been attempts to search for °H in the pion double exchange reaction
Li(m~,n)%H, [48]. However, no evidence for the °H existence up to 30 MeV above the decay
threshold was found.

The theoretical description of °H is an extremely challenging task. All the methods, which
successfully worked in the >H case, could not be applied for the 7 +n + n+n system. Even
the seven-body hyperspherical functions formalism, realized in Ref. [36] did not allow to esti-
mate the °H energy, due to the computational obstacles. The only one theoretical prediction,
described in Ref. [49], offered the ®H decay energy 6.3 MeV. Also, similar result was obtained
with the AMD approach applied in Ref. [38]. The authors evaluated the °H ground state energy



as ET ~ 6 MeV, however, both predictions did not satisfy any experimental results.

The next conducted experiments dedicated to the °H search in the reaction of stopped pion
absorbtion on °Be and ''B targets were described in Ref. [40]. The collected statistics allowed
the authors to report the observation of few ®H resonant states at Er=6.6(7), 10.7(7), 15.3(7),
21.3(4) MeV for the first time.

Search for the °H isotope, described in Ref. [43], was performed by impinging a secondary
beam of 3He at 15.4 AMeV on the isobutane (C4Ho) target. The ®H ground state energy was
assigned in this work as 2.9(9) MeV with resonance width of 1.52 MeV.

The search for the °H resonant states is an exciting challenge in itself, however, here we

face two important questions related also to our understanding of the neighboring systems.

i What are the decay mechanisms of "H? For example, it could be either the true "H-
>3H+4n decay, or sequential "H->>H g.s.+2n, or, else, the "H->%H g.s.+n decay, depend-
ing on the initial state of "H and ground state energies of the >°H systems. While for “H

and °H there are some relatively modern data, the spectrum of H is too uncertain.

ii What is the decay mechanism of the H ground state? Intuitive vision of the situation,
also confirmed by the theoretical estimates of the mentioned works, predict that the °H
ground state decay is likely to have a sequential ®H-> H g.s.+n -> 3H+3n character. In
such a situation, by studying the ®H decay, one also gains access to the decay properties
of the H ground state.

2.3 Neutron clusters

As can be seen, the studies of neutron rich isotopes are closely linked to the multineutron
system search. The first suggestion about the stability of such systems was made in works
[50, 51]. Although in most of the experimental works no bound states of the neutron clusters
were observed (e.g. 2n in Ref. [52], 3n in Ref. [53], 4n in Ref. [54, 55]), the issue of bound
neutron nuclei existence is still addressed in the modern theoretical works, see Ref. [56, 57, 58].

Among all the hydrogen isotopes, the most promising candidate, which can be a tool for
the neutron clusters studies is undoubtedly “H. In the discussion of such works, dedicated to
the search for "H, as Ref. [43], the authors point out that the investigations of this isotope
may be useful for the tetraneutron studies. Among the large number of works made on the
4n system, we emphasize the breakthrough work [54], which sparked the interest of this topic.
Those 6 events, related to the indication of the bound tetraneutron were obtained in the breakup
reaction of the 35 AMev “Be beam on the carbon target. But in parallel with the progress in ra-
dioactive beam techniques, new evidences for the 4n resonance existence appeared. The recent
experimental results, reported in Ref. [55], did not confirm the preliminary claim for a bound
tetraneutron. The indication of the resonance state was observed in the missing-mass spectrum
following the double charge-exchange reaction of the high energy ®He beam bombarding the
liquid helium target. The observed peak, related to the 4n resonance, was formed from four

events, lying near the four body decay threshold. These results were in agreement with the
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future theoretical work [59, 58] which offered the explanation of the observed low-energy state.
Nevertheless, one can see that the information about the 4n nuclear system is very limited, and
requires new experiments and theoretical approaches.

Thus, in the field of light neutron-rich systems the ®"H issues remain relevant and probably
the most intriguing. The accumulated experience shows that the proton transfer reactions from
the radioactive neutron-rich system is the best tool for the studies of ’H and even two or
four neutron clusters. Based on the the assumption of the structure similarities of the valence
neutrons in the “H and 8He systems, the last results on "H of the highest quality were obtained.
However, in order to solve these important tasks, the possibilities of new high-level experiments

offer themselves.
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3 Experiment

This work presents the results of two experiments, dedicated to the 6.7H studies and one refer-
ence measurement of the same reaction mechanisms, performed to control all the setup param-
eters and to test the reliability of the obtained results. All the experiments were conducted at
the ACCULINNA-2 fragment separator [60], recently constructed in the Flerov Laboratory of
Nuclear Reaction of the Joint Institute for Nuclear Research. In this chapter, we briefly present
the main features of the ACCULINNA-2 facility and describe in more details the experimental

setups, employed for the investigations of the isotopes of interest.

3.1 ACCULINNA-2

The idea of the ACCULINNA-2 in-flight separator is to create, separate and transport the low-
energy (from 10 to 40 AMeV) radioactive ion beams of high intensity and purity. We note, that
it is not appropriate to compare its properties with those of such large in-flight facilities as FRS
[61] and SuperFRS [62, 63] at FAIR, ARIS at FRIB [64], BigRIPS at RIKEN [65], or famous
fragment separators using the ISOL technique [66, 67, 68]. The scientific uniqueness of the
ACCULINNA-2 facility is illustrated in Fig. 3. One may see, that among all other in-flight
separators, ACCULINNA-2 is able to provide the light radioactive beams of exotic nuclei with
mass number <50 with energy 10-40 AMeV, which is indispensable for the certain experimental
issues. The technical approach of the facility allows one to provide high quality secondary
beams [60], which in conjunction with high-efficiency correlation measurements allows the user
to analyse multiple kinematic conditions of the projectile and the reaction products. That is why
the selection of the studied reaction channel can be carried out reliably, which, afterwards, leads

to the spin-parity identification for the excitation spectra of the systems of interest.
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Figure 3: Landscape of the present-day facilities on the diagram where for radioactive beams,
specified in terms of their atomic numbers, the available RIB energy ranges are shown.
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The ACCULINNA-2 facility is coupled to the U400-M cyclotron, which provides high in-
tensity primary beams of "Li, ''B, 13C, 1N and '80 of energies between 30 and 50 AMeV
[69]. The fragment separator ACCULINNA-2 can be also configured in a mode to form the
mentioned stable beams and deliver them into the reaction chamber. It is 36 meters long, and
consists of two 45-degree dipole magnets, 14 quadrupoles, eight multipoles (three octupoles
and five sextupoles) and four steering magnets, see Fig. 5. The high intensity primary beams
are delivered from the U-400M cyclotron to the rotating production target module installed in
the first intermediate focal plane F1 to produce radioactive ion beams in fragmentation reactions
via the in-flight method.

The production target module, integrates a vacuum chamber with a water cooled beryllium
target mounted on a rotating disk and a set of water-cooled diaphragms. The target module is
designed to work with primary beam heating power up to 2 kW. Radioactive nuclei leaving the
production target are captured by the short-focusing quadrupole triplet Q1-Q3 and are trans-
ported through the magnetic dipoles D1-D2 and magnetic quadrupoles Q4—Q14 up to the final
focal plane F5. The magnetic multipoles with the corresponding sextupole and octupole com-
ponents are used for correction of second- and third- order aberrations occurring otherwise in
the F2 and F3 planes (see in Fig. 5).

The selection of the reaction fragments is achieved by separation based on a magnetic-
rigidity analysis and energy loss in the degrader material. The D1 dipole magnet filters the
fragments by their magnetic rigidity B, providing dispersion at the focal plane F2. Relation
between the magnetic rigidity of the first bending magnet and the A/Z number is given by
Bp = 3.3356 x p/q (here Bp units are given in Txm and fragment movement p in GeV/c).
Further purification is achieved by the separation of the fragments by their energy losses in the
wedge-shaped degrader. The second dipole D2 compensates the dispersion occurring in the
focal plane F2 and collects the fragments at the achromatic focal plane F3. Identification of
the reaction products is performed by the measurement of their time of flight and energy loss
(AE).Both of them are measured by two BC404 plastic scintillation detectors installed at the
F3 and F5 focal planes at the 12.3-meter distance, see in Fig. 5. Each scintillator is coupled
with four Hamamatsu R7600-200 photomultiplier tubes. With these devices the time resolution
of 100 ps can be reached, which determines the accuracy of the beam kinetic energy recon-
struction. The selection, made for the thicknesses of the production target and wedge-shaped
degrader in accord with the position determination, made for the momentum slits standing in
focal planes F2-F5, have direct influence on the yield and purity of the required radioactive
ion beam. This is typically sufficient for the production of quite pure radioactive ion beams of
light neutron-rich exotic nuclei. Proton-rich radioactive ion beams need additional purification
from a large amount of contamination. The reason for that is the fragmentation mechanism
leading to the low-energy tails obtained in the energy spectra of the well-produced undesirable
less proton-rich nuclei. Adding the velocity separation to the magnetic-rigidity analysis one
can reduce the effect of this contamination. For this purpose a radio-frequency (RF) kicker is

installed on the beam-line between the F3 and F4 focal planes (see in Fig. 5).
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Figure 4: Experimental setup, common for the experiments 1 and 2, installed at the final focal
plane F5 of the ACCULINNA-2 fragment separator. Detectors of the beam projectile positions
(MWPC-1,2) and time-of-flight (ToF) are described in the text. There is no common scale along
the beam axis in this plot. The telescope detectors of the reaction products are also shown in
Figs. 6 and 7.

The secondary beam tracking is realized by the pair of the multi-wire proportional chambers
(MWPCQ), illustrated in the sketch, see Fig. 4. These detectors were placed at the distances of 28
and 81 cm upstream of the experimental target, located in the reaction chamber. The MWPCs
are filled with CF4 and CH4 gas mixture with a ratio 9 to 1 and atmospheric pressure. Each
detector consists of two layers, 32 wires each, installed with interval of 1.25 mm. This allows
to determine the radioactive ion interaction points in the target plane with a 1.8 mm precision.
Also, this beam-tracking installation determines the inclination angles of individual radioactive
ion beam projectiles to the ion optical axis with accuracy ~ 0.15 degrees.

The desired beam (secondary radioactive or stable primary), passing through the described
beam diagnostics system, reaches the stainless steal vacuum reaction chamber, located in the
experimental room. The latter is well shielded by the 2 m thick concrete wall in order to get
rid of the background from the cyclotron. The conditions created inside the reaction chambers
allow to use the cryogenic gaseous targets (even tritium) and all the modern detector types.
Moreover, the space inside the experimental hall allows to use such large facilities as the zero
angle magnetic spectrometer (recently installed) and neutron detection walls. The described
items make the ACCULINNA-2 facility a powerful tool for research made in the fields of light

exotic nuclei near the nucleon stability borders.

3.2 Experimental setup

All the experiments were performed in the so-called inverse kinematics, which means that the
studied nuclear reactions are induced by a heavy radioactive ion beam projectile colliding with

the lighter target nuclei. The technique of using reversed kinematics significantly simplifies the
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Figure 5: Lay-out of the fragment-separator ACCULINNA-2. F1 — production target installed
in the primary beam focal plane; F2 — the intermediate dispersion plane; F3, F4 — the achromatic
focal planes; F5 — the final focal plane.

experimental setup. In such conditions, most of the projectile’s energy goes into forward motion
of the reaction products in the laboratory system. That is why, mostly, all the reaction products
move forward in relatively narrow cone along the secondary beam direction in laboratory frame,
which in most cases, allows to detect all the products with reasonable efficiency, and therefore,
to study the occurred reaction in relatively wide angular ranges.

It is well known, that in direct transfer processes, the reaction cross section has a maximum
at very forward angles [15]. The concept of both experiments on heavy hydrogen isotopes
investigations was to obtain a vital statistics by measuring the reaction products at very forward
angles. One can find out, that this idea was one of the motivations to modify the detector system

after the first experimental run, see the detector’s systems schemes, described below.

3.2.1 Experiment 1

The first experiment was performed in 2018 using the ®He beam with purity ~ 90%, intensity
~ 10’ pps and the energy in the middle target plane spread within ==7 AMeV around the mean
value 26 AMeV. This secondary beam was produced by the collision of the !'B primary beam
(= 1 puA, 33.4 AMeV) bombarding the 1-mm thick beryllium production target. The shown
in Fig. 4 target cell, 25 mm in diameter and 4-mm thick, was filled with deuterium gas (D,) at

temperature of 30 K at atmospheric pressure. Target was equipped with 6 um thick stainless
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Figure 6: Charged particle detector telescopes used in the experiment 1.

steel entrance and exit windows. The cell was also concealed in a screened volume having a
pair of 3.5 um thick aluminum-backed Mylar windows and kept cooled to the same temperature
to ensure thermal protection. The entrance/exit target windows, deformed by the gas pressure,
took the near-lenticular form, so that the maximum target thickness turned out to be 6 mm. In the

0?° cm~2. To ensure a homogeneous

described conditions, the D, target thickness was ~ 3.8 x 1
thickness of the target, only those events when the secondary beam hits the central part of the
target with a circular shape of the diameter of 17 mm were taken into account. This selection
ensured also the rejection of the reactions with the material of the target frame, made of stainless
steel.

In addition, about 20% of the beamtime was used for the measurements with empty target.
It allowed to estimate the contribution of the background random coincidences to the studied
spectra. The methods of the background subtraction and scaling for the acquired spectra are
described further.

For the detection of the low energy recoil particles, emitted from the target, two identical
AE-E-E single-sided silicon strip detector telescopes were used. The telescopes allowed to
measure the energy with accuracy of ~ 1% for the expected energy range and to reconstruct the
emission angle of the passing particles with resolution of ~ 1°.

Therefore, these assemblies provided high quality identification and tracking of charged
particles with energies from few up to 100 MeV. The described side telescopes were located
166 mm downstream the target and covered angular range between 8° and 26° in the laboratory
system, see Fig. 6. Each telescope consisted of three layers of silicon strip detectors (SSDs).
The front 20-um thick Si AE-SSD, had a sensitive area of 50 x 50 mm?, divided into 16 strips.
The pair of identical 1-mm thick (60 x 60 mm? with 16 strips) SSDs were placed on the second
and third positions. In order to track the particles with such telescopes, the strips of the first (20-
um) and the second layer detectors were set to be perpendicular to each other. The third SSD
was used as a veto detector to eliminate signals coming from the particles penetrating through
the second layer.

Detection of the high-energy particles was realized by the central telescope, installed at the
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beam line at the distance of 280 mm behind the target and covered angles < 9° in the laboratory
system. In the proton transfer reaction 2H(®He,He)”H supposed for the "H population, it was
intended to detect high energy tritons emitted from "H. This central telescope consisted of the
1.5 mm thick double-sided SSD (64 x 64 mm?, with 32 strips on each side) followed by a square
array of 16 CsI(TI) crystals. The crystals had a cross section of 16.5 x 16.5 mm? and thickness
50 mm each, which allows to stop the beam and all charged reaction products in the sensitive
volume of the telescope. Each crystal was covered with a 3.5 um-thick aluminized Mylar on its
entrance and was coupled with its Hamamatsu R9880U-20 photomultiplier tube by the optical
grease. In order to increase the light collection and avoid the light cross-talks, each crystal was
wrapped in a 100 um-thick VM-2000 reflector.

3.2.2 Experiment 2

The second experiment, dedicated to studies of the proton transfer reaction mechanism, realized
with the ¥He beam of the same properties as in experiment 1, and with the 'Be beam with
energy 42 +7 AMeV. The latter was used for the reference-reaction study in order to test the
reliability of the obtained experimental data and to control calibration parameters and all setup
configurations. These measurements were performed just after the main run with 3He beam and
all conditions related to the experimental setup (experiment 2) were kept the same. As for the
reference reaction measurements, during 64% of the 'Be beam time the target cell was filled
with deuterium gas of the same properties (30 K and atmospheric pressure), 26% of this run
was used for the background measurements with the empty target cell and in the rest 10%, the
pressure of the target gas was decreased by factor 2. Further, we will call these runs the thick,
empty and thin target measurements. The latter allowed to study the missing mass spectra with
improved energy resolution, albeit at reduced target thickness and, therefore, lower statistics.
More than 16% of the total ®He beam time was used for the background measurements carried
out with empty target cell.

The most important task of the second experiment was to increase the statistics obtained and
to expand the measured angular range of the recoils to lower values in the laboratory system. For
this purpose, the detector setup was modified, see Fig. 7. The new side-telescope assembly was
installed at distance 179 mm from the target. It consisted of four identical AE-E-E telescopes
made of the same SSDs as described in Section 3.2.1. The side telescopes for low energy recoil
particle detection covered angular range from & 6° to ~ 24° in the laboratory system.

The high-energy particles, emitted at forward angles, were measured in experiment 2 within
more narrow cone in comparison with experiment 1. For this purpose, the central telescope,
the same as in experiment 1, was placed at a distance of 323 mm downstream from the target.
As a result of the made modifications, considered together with the fact that the beamtime of
the second experiment was ~ 2 times longer, we could expect to increase the statistics of the
reactions of interest by a factor of ~ 2.5.

Significant advantage of the second experiment was the neutron detection, realized by the

spectrometer, made of 48 organic scintillator stilbene modules [70]. The measurement of cor-
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Figure 7: Charged particle detector telescopes used in the experiment 2.

relations, i.e., the detection of the neutrons in coincidences with the charged reaction products,
not only allows to verify the consistency and plausibility of the obtained results but also pro-
vides unique information obtained in the study of many body decays. The spectrometer detects
and identifies neutrons by measuring the light produced by the interaction of the recoil charged
particles (mainly protons) within the stilbene scintillator. Its center was located at zero angle,
approximately 2 meters behind the deuterium target. The distance between the neighboring
stilbene modules, each module having its 8-cm diameter and 5 cm thick stilbene crystal, was
approximately 12 cm, which allowed to well cover the forward angles for the neutrons emitted
at the "H decay. One can see in Fig. 7, that we left empty the central area, corresponding to
the most forward angles.It was made in order to avoid the beam produced signals, which are
expected to be dominated for so located detectors.

The sensitive part of each module was cylinder made of stilbene monocrystal, C;4Hj;. Each
cylinder had 8 cm diameter and 5 cm thickness and was oriented by its axis to the target. Each
crystal, covered with reflective MgO powder, was inserted into the 0.5 mm thick aluminum
housing and connected to the photomultiplier tube by the glass window and optical grease.
Two types of photomultiplier tubes were used: Philips Photonics XP 4312 and ET-Enterprise
9822B. In order to decrease the background, the photomultiplier tube-crystal systems were
put into the steel tubes with 0.5 mm entrance windows. Such assembly of the stilbene crystal, a
photomultiplier tube and a voltage divider in a metal case is called neutron spectrometer module

and is shown in Fig. 8.
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Figure 8: The 3D-model of the detecting module in the neutron spectrometer.

3.3 Data acquisition system

The signals coming from the silicon and scintillation detectors were split into the two-channel
branches and processed by either constant-fraction or leading-edge discriminator. The readout
system allowed to use both, the time-to-digital converter (TDC) and the amplitude-to-digital
converter (ADC) for all channels of the detector system. The signals, coming from the neutron
spectrometer, were also processed by the time-to-amplitude converter, which provides the data
for neutron identification [70].

We used the same logic of the data acquisition, trigger formation and event building, for all
conducted experiments. In order to fulfil both functions of beam diagnostic and selection of
the desired events, two different triggers with “OR” coincidence logic, were used for the data
acquisition. In the next chapters, we refer them as the "beam" and "experimental” triggers. If
both of them were fired, the system saved the experimental trigger value. The beam trigger
corresponded to those events, where any particle interacted with the ToF scintillation detector,
located at F5 focal plane. Obviously, one can expect, that the beam trigger fires significantly
more often than the experimental one. Moreover, the data acquisition system has its own pro-
cessing time, called "busy" status, during which no new coming data can be collected. That is
why the beam trigger was connected to the scaler block, which allowed to reduce the count rate
of the corresponded events by a factor of 1024. The experimental trigger signal was formed
by the signals coming from the second layer of the side silicon telescopes. If any of the trig-
ger signals was fired, and the data acquisition system is not busy, the data from all connected
blocks was read out by a front-end VME controller RIO4, controlled by the Multi-Branch Sys-
tem (MBS) data acquisition software [71]. The written data, consisted of more than 500 signal

parameters, had the event structure and were stored into binary files.
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4 Kinematics and simulations

As in the previous works [37, 45, 43], we assumed that the desired "H has a cluster structure
of tritium core and four valence neutrons. Moreover, the idea of all our experiments was based
on the assumption, that all valence neutrons of the ’H ground state occupy the same orbitals as
in the ground state of the 3He [37], used as the secondary beam. The latter assumption did not
only promise the relatively high probability of the desired system population, but also allowed
us to estimate the differential cross section of the 2H(®He,He)’H binary reaction by FRESCO
code [72]. The FRESCO algorithms are based on the Distorted Wave Born Approximation
applied for the d-*He reaction mechanisms under the assumption that the "H ground state is
populated by the one-step proton transfer from the bare “He core of ®He. Similarly, the same
procedure was conducted for the 2H(®He,*He)H reaction. In this chapter we are mainly fo-
cused on the kinematics of >H(®He,He)’H reaction and the subsequent 5-body decay of "H,
because the original idea of the 8He+?H experiment was the population low-energy 'H states,
and the deuteron transfer was a satellite reaction channel. The multiplier factors 1.45 and 1.3
were assumed for getting Woods-Saxon potential radii of "H and 2H, respectively, with the
diffuseness factor 0.55 taken for the both potentials. The potential strengths were adjusted to
match the proton bounding energies in ®He and *He. On the basis of data given in Ref. [73]
the proton spectroscopic amplitude of 8He was taken SA = v/2, as it is for *He, and SA = /1.5
was assumed for *He. The entrance-channel (*He+d) optical model parameters were obtained
on the ground of data given in Ref. [74], and the exit-channel ("H+3He) ones were taken from

the appropriate case given in Ref. [75].
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Figure 9: Angular distribution obtained by FRESCO code calculations for both
2H(8He,3He)7H(g.s.) a) and 2H(®He,*He)°H with the Al = 1 b) reactions. On both panels
green color refers to the angle areas covered by the side telescopes.

The calculated angular dependence of the one-step 2H(®He,>He)’H reaction differential
cross section, populating the "H ground state, is shown in Fig. 9 a). When the optical model

parameters were varied within 10-percent limits the position of the first cross-section minimum
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changed within 1.5°. A similar alteration of this minimum was obtained with the optical model
parameters taken from the compilation [76]. The variation of the mentioned input parameters
did not result in an appreciable change of the position obtained for the second diffraction max-
imum of the 2H(®He,>He)’H (g.s.) reaction. The relevant calculations performed for the "H
excited states assumed their two-step production going through the proton transfer from the
8He(2) state appearing due to the collective [ (27) = 0.45] excitation.

Similar method was used for calculation the 2H(8He,4He)6H, Al = 1, reaction cross-section.
The result is shown in Fig. 9 b). The cross section features a broad peak at about 6. r,, ~ 8°, the

rapid fall after 6. . > 14 — 16°, and the diffraction minimum around 6 ;,, ~ 24°.
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Figure 10: Dependence of the kinetic energy per nucleon of the "H and recoil *He on the
angle in the laboratory frame of reference. The red and blue curves relate to the "H and *He
respectively. Green color refers to the angle areas covered by the detectors.

For the studied binary reaction “H(®He,’He)’H and the expected decay "H—>H+4n the
kinematic calculator software was used [77]. The latter was configured to be able to calculate
kinematics of both binary reactions and many body decays. As far as the many body kinematics
(5 body decay of "H in our case) represents the complicated mathematical problem, the kine-
matics algorithms were based on the Monte-Carlo methods. The developed calculator allowed
to adopt all necessary input parameters, such as the reaction angular distributions, nuclear mass
distributions, including the corresponding excitation level schemes, etc. First, as for the binary
proton transfer reaction, the masses of all known particles (*He, ?H and 3He) were taken in
consideration in their ground states and taking the corresponded binding energy values from the

National Nuclear Data Center [78]. The mass of "H was calculated as excitation energy above
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the mass of the H+4n system. The corresponding excitation energy was randomly generated
for each event and adopted by the Monte Carlo algorithms of the kinematic calculator. Taking
into account the angular distribution, obtained by FRESCO, Fig. 9, the 2H(®He,>He)’H reac-
tion kinematics was calculated, by the well known binary reaction kinematics equations, see
Ref. [79]. The results are presented in Fig. 10. The latter shows that at all angles covered by the
detector setup, the recoil *He particle should be expected at relatively low energies (from 9 to
15MeV) in laboratory frame of reference. That is why the side telescopes, intended for track-
ing, identification and reconstruction of the recoil nuclei, had very thin silicon strip detectors
in the first layer (claimed ~ 20 um by the manufacturer). As for the short-lived "H, it moves
at forward angles with higher energies (up to 175 MeV, Fig. 10), and according to Ref. [34],
decays before leaving the target volume, and is measured indirectly by means of detection of
its decay products. The latter, moving forward along the "H direction in narrow cone which is
shown in Fig. 11. These calculations were based on works [80, 81] and realized with Monte

Carlo algorithms, applied for the 5-body phase space distributions of the t+4n decay products.
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Figure 11: Kinematic correlations of energies with the angle in lab for tritons (left) and neutrons
(right). Green color refers to the angle areas covered by the detectors.

The presented kinematics shows that the used detector system geometry is the most ap-
propriate for revealing all reaction products and thus promises the high detection efficiency of

double t->*He coincidences and admissible probability of neutron registration.

4.1 Experimental resolution

The complete Monte-Carlo simulations of the experimental setup were performed and exten-
sively used in the interpretation of the data. Here we address the question of experimental
resolution. Fig. 12 shows Monte-Carlo simulations for the center-of-mass angle distributions of
the binary reaction (8.y,) vs. 'H excitation energy (E7) defined by the product of §-functions
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at the corresponding energy and angle. The projections of the plotted structures either on the
energy or the angle axis reflect the respective resolutions at a certain place of the kinemati-
cal plane, see Table 1. It is possible to find out that at 6., — O the energy resolution is defined
mainly by the target thickness. The relative importance of this factor decreases with the increase
of the "H energy Er taken above the H+4n decay threshold: the energy resolution varies from
~ 800 keV at ET =2.2 MeV to ~ 250 keV at Er = 14 MeV. The angular resolution at 6., — 0
is defined by the beam tracking precision and granularity of the *He telescopes. It is clear from
Fig. 12, that for large 6., the Monte-Carlo “spots™ are tilted and, thus, both the energy and the
angular resolutions aggregate the two mentioned factors. Consequently, the best resolution for
the 7H g.s. missing-mass energy is obtained for small center-of-mass reaction angles, and for

the larger angles it considerably degrades.
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Figure 12: The Monte-Carlo simulations demonstrating the experimental resolution for the
2H(®He,>He)"H reaction of the second run. The simulations are performed for a set of fixed
center-of-mass reaction angles 6, and "H decay energies Er indicated by green dots. The red
dashed lines guide an eye along the contours defining the full width at half maximum for the
energy resolution, while blue dotted lines do the same for the angular resolution.
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Table 1: Experimental resolution in the second experiment as a function of "H excitation energy
and center-of-mass angle 6., based on the Monte-Carlo simulations, presented in Fig. 12. The
first and second values in each cell are the FWHM energy and angular resolutions given in MeV
and degrees, respectively.

Er 22MeV 55MeV 11 MeV 14 MeV

10° 095 22 073 23 048 25 038 28
20° 1.10 1.6 093 1.8 064 22 052 26
30 1.13 1.2 099 13 077 1.8 0.69 2.0
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5 Data analysis

Data analysis consists of several important steps. First of all the collected binary files should be
converted into the data of ROOT format taking into account the specifics of all readout blocks
and all channel mappings. We call such converted but unprocessed files - raw data, because
these files contain information about the signals in arbitrary units, channels. That is why, such
data can not be physically interpreted. The recalculation of the raw data into the physical units
is called calibration procedure, which is one of the largest and important methodical problems.
In order to obtain the calibration parameters used for the values recalculation procedure, the
special calibration measurements are conducted. Data collected in such measurements allows
us also to analyse the fine properties (dead layers thicknesses, detector thickness homogeneity,
channel numeration, etc.) of the corresponded detector. Irradiating the detector by the beam
may cause damage to their sensitive part. Thus, assuming the possible drift of the detector
properties, we performed the calibration measurements before and after the main experimen-
tal run, which allows us to make corrections for the possible parameter variations. Then, the
detector background signals are cut off. Realized by the analysis are the following indicators:
the time (for example signals, caused by other beam bunches, but registered inside the accepted
trigger window, etc.), amplitude (noisy channels, broken strips, etc.) and tracking information
(multiple hits, etc.) of all detectors. The remained signals are used for particle reconstruction,
which allows to obtain the four vectors of the particles in different setup planes (detector plane,
central target plane, beam interaction plane, etc.). The energy deposits are calculated by the
energy deposits of the predefined particles on the determined tracks of the virtual geometry.
The latter contains all information about the detector positions, peculiarities discovered in the
calibration data analysis and all passive and sensitive volumes information. The energy deposits
in the sensitive parts of the charged particle detectors are used for the particle identification by
AE-E method [82]. The particle identification method is based on the signal shape and ampli-
tude analysis and will be described further. The information, obtained in the reconstruction step

is used for the further analysis of the desired system and all possible reaction channels.

5.1 Beam detector

Here we present information about the properties of the produced '°Be and ®He beams. Such di-
agnostic always forms part of the preliminary analysis during the experimental run and provides
such information, related to the beam, as: secondary beam integral, its components identifica-
tion, beam energy in the central target plane and precision tracking.

The AE-TOF identification plots obtained in the main and reference experiments are shown
in Fig. 13. It is clearly seen, that both beam particles are well separated and make up the largest
part of the beam cocktails. The purities of the 8He and '°Be beams turned out to be 94% and
81% respectively.

For all identification plots of all the used detector systems, the particle selection was per-
formed by the graphical cuts of ROOT package [83], which provides the functionality for pre-
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Figure 13: Beam identification plot showing the energy loss in plastic scintillator (250 um
thick) versus time of flight in the F5 plane. Left figure a) corresponds to the main experimental
run with the 8He beam with energy ~26.5 MeV per nucleon. Right figure b) shows the identifi-
cation of the 'Be in the secondary beam, used in the reference measurements. The '°Be beam
had a mean value of energy in the central target plane ~42 MeV per nucleon.

cise selection of the events on any type of two dimensional plot.

The tracking of the beam particles in the central target plane was performed with accuracy
of ~1.25 mm. The two-dimensional plots, typical for all conducted experiments, measured in
this focal plane are presented in Fig. 14. The left distribution a) on the latter shows, that the
beam was well focused on the target plane, so that ~60% of the beam particles hit the central
target area (no further than 8.5 mm from the center of the target). The intensive halo around
the physical target, see the right b) distribution, is produced by the beam interaction with the
4-mm thick stainless steel boundaries of the target cell. The width of this halo is based on
the beam tracking accuracy, which, as it was mentioned, made 1.25 mm for the central target
plane. Those events obtained in halo with the experimental trigger are of no physical interest
and should be excluded from the further analysis. Obviously, the location of four discernible
halo areas, corresponding to different side telescopes, allowed to determine the target position
and also allowed to verify the applied beam tracking selection.

All the mentioned beam information, being taken in combination, allowed us to reconstruct
the four-vector of the beam particle in its state before passing through the second, F5 scintillator.
Here we should mention that we are using the assumption that the studied reaction occurs in the
central target plane. In order to implement the missing mass method, used for the reconstruc-
tion of the systems of interest, we need to obtain 8He and *He four-vectors in the studied binary
reaction in the interaction point. The latter is calculated by the developed software, which trans-
ports the corresponding particle through the all layers of the virtual setup geometry using the
methods of G4EmCalculator, which was inherited from Geant4 [84]. Fig. 15 shows the kinetic
energy in the two mentioned planes and energy losses of the 8He beam particles, produced in

the second experimental run.
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Figure 14: Beam profile at the central target plane, measured by the two MWPC detector planes,
shown in Fig. 4. Left a) and right b) distributions correspond to the events detected with the
beam and experimental triggers, respectively. The red circle on both figures demonstrates the
selection of the events for the further processing.

5.2 Neutron detector

Among all the used particle detectors, only the stilbene wall is characterized by indirect tech-
nique of particle registration, based on the measuring the ionization losses of recoil protons and
other particles (mainly recoil alphas) produced in the interactions of ~30MeV neutrons with
the carbon (hydrogen) nuclei making the composition of the detector material. Since the energy
of the recoils is related to the neutron energy only indirectly the energies of neutrons detected
by the stilbene neutron wall were calculated from their time of flight from the interaction point
to the certain stilbene detector.

The fact, that the neutron wall with the described module configuration is located relatively
far from the experimental target, leads to the fact that, during neutron detection, the main back-
ground is produced by 7y-rays that can be attributed to nuclear interactions of the beam and
the radioactivity of the materials surrounding the detector. The n-y discrimination method is
based on the difference between the signal shapes, produced by recoil particles (protons or al-
phas) and electrons. For each photomultiplier tube output signal has been independently read
and provided three digital signal information: time, amplitude and so-called time-amplitude
converter (TAC) signal. The latter value is proportional to the stilbene signal length, which in
combination with the signal amplitude (giving information about the energy deposit obtained
in stilbene) provides the n-y discrimination. One example of the obtained identification plot is
shown in Fig. 13.

It can be seen that the loci of neutrons and 7y-rays are separated well for all energies of

interest.
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Figure 15: Kinetic energy distributions of the 8He beam projectiles, obtained in the second
experimental run. Black line relates to the energy value, directly calculated from the time of
fight, which corresponds to the beam particle state before passing through the F5 scintillator.
Red line shows the calculated beam energy in the central target plane.

5.3 Energy calibration

For both types of charged particle detectors (silicon strip and CsI(TI) scintillator detectors) we
assumed the linear dependence between the signal amplitude (N), directly proportional to the
collected charge, on the energy loss (E(N)) of the particle inside the sensitive volume of the
detector.

E(N)=aN +b, (1)

where a,b are calibration parameters. According to the silicon detector properties, see Ref.
[82], the calibration correlation, and therefore set of a,b parameters, is unique for each channel
and does not depend on the particle charge and mass. The calibration measurements, dedicated
to the determination of the calibration parameters and such properties as dead layers on the
surfaces of all silicon detectors and their energy resolution, were carried out with the use 2*Ra.
The measurements were conducted with different geometry of the detector and source layout.
The detailed description of the whole process of the silicon strip detector calibration, developed
by our group, given in Ref.[85]. This technique allowed to determine the dead layers with
uncertainty of ~0.1 um and reach the energy resolution making ~0.5%.

Although we have conducted the calibration measurements of the CsI(T1) detectors with the
226Ra source, the genuine calibration of these detectors was based on the main experimental-run

data. The key reason for this approach is that the scintillator detector response behavior is not
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Figure 16: The discrimination of Y and neutron events.

the same for different types of particles, see Ref. [82]. That is why, for the precise measurements
of the certain particles (p, d, 3H, 3He, *He, etc. ), the calibration should be performed using the
same particles, registered in the wide range of energies. According to the kinematics, described
in Chapter 4, the studies of all reaction channels of interest required that the central telescope
is utilized for the detection of the high energy particles, which allows one to use the linear
approximation of the detector response. The energy loss of the selected particles (*H in our
case) inside the sensitive volume of the CsI(T1) crystals was calculated from the energy deposit
in the double side silicon strip detector, the first layer of the central telescope. Although, such
technique is based on the non-direct energy determination, which suffer from errors increasing

with energy, it allowed to reach energy resolution of ~1.5%.

5.4 Central telescope

The first problem associated with the work of the central telescope was that the scintillator
detector response changed over the whole beam time. That is why the application of the same
set of calibration parameters for the whole experimental data was not appropriate and the energy
resolution for the detected particles became worse during the experiment. That is why, the
whole collected statistics was divided into 6 equal parts, which were used for the individual
CsI(TI) calibration procedures.

The main problem was that the multiplicity (by this we mean the number of time-amplitude
signal pairs written) turned out not single in more than 80% of events. And compared to the

silicon sensors, where the multiplicity did not exceed 1 in 98% events after the offline amplitude
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Figure 17: Obtained multiplicity of the CsI(Tl) detector.

thresholds and complex time selections were applied, the CsI(T1) detector multiplicity remained
non-trivial, see Fig. 17. One of the reason for such multiplicity were the optical or/and electronic
crosstalks, occurred in the crystal-photomultiplier tube assemblies. The crosstalk effects, led to
the identification problems by the AE-E method, and these effects remained in the final cleaned
data shown in Fig. 18.

In order to perform the particle identification in the central telescope in the situation of
multiple signals obtained in the second layer, we have determined the true amplitude, based
on the tracking. The trajectory and the true scintillator interaction point of the particle emitted
from the target were reconstructed in linear approximation, using the particle coordinates in the
central target plane and in the double-sided SSD plane. Eventually, we found out, that for all
events (>90% of the collected data) the crystals, determined by such reconstruction, had the
maximum energy deposit. Such method allowed us to get rid of the major part of crosstalk
contribution, and the reminder does not harm the identification quality, see Fig. 18.

For particle selection, we used 16 graphical cuts corresponding to each of 16 CsI(TIl) crys-
tals. A typical example of the obtained particle identification is presented in Fig. 18. The latter
was obtained from the data of the second experimental run carried out with the ¥He beam, which
produced the most intensive locus, caused by the elastic scattering of the beam particles. The
applied AE-E method provided the clear identification of all detected nuclei, and in particular
3H, measured for the ZH(®He,>He)’H reaction studies.
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Figure 18: Identification plot obtained by the AE-E method in the central telescope, corre-
sponded to one of the scintillator crystals. The remained crosstalks contribution is localized
and covered the small area, which does not affect the particle distinction quality.

5.5 Side telescopes

The silicon detector assembly, used for detection of the recoil >*He, produced in the studied
binary reactions, was the key element of the setup. As it was mentioned above, the collected
statistics came essentially from the detection efficiency of the recoil particles. Moreover, the
main contribution to the resolution of the determination missing mass-spectra is the accuracy of
the recoil four vector reconstruction in the interaction point.

Energy calibration of all telescope layers has been conducted with the same 2*°Ra alpha
source. All calibration measurements have been conducted consecutively with telescopes con-
struction, starting with the third, veto layer. However, the described in Chapter. 5.3 energy
calibration methods could not be applied for such thin detectors, as we have used for the tele-
scopes’ first layers. The developed methods of silicon detector calibration are applicable if all
emitted alphas are stopped in the sensitive volume of the calibrated sensor. But alpha particles
with initial energy ~7.68 MeV penetrate ~46 pm of silicon, which suggests that the Bragg peak
locates deeply in the sensitive area of the second layer of the telescope. That is why the spectra
obtained in the measurements with a alpha source located so that the emitted particles hit the
detector center at approximately 90", shown in Fig. 19, did not allow to apply the mentioned
calibration algorithms.

The developed solution for the thin detector calibration consists of two steps. First of all,

the preliminary parameters were calculated from the linear approximation applied to the base of
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Figure 19: Typical spectrum of the energy deposit in 20-um thick detector, obtained in the
calibration measurements. The distinct peak corresponds to the only one stopping particle of
initial energy 4.78 MeV in the sensitive volume of the detector.

two experimental points: the peak position of the stopped alpha particle and the position of the
electronic noise signal. The latter is collected from all channels corresponding to the detector
strips which were not irradiated in the certain event. The first stage calibrating signals coming
from the thin detectors are used to obtain the cumulative spectra of the energy deposits in the
first and the second telescope layers. Obviously, the first peak, corresponding to the stopped
particle in the thin detector, was at the expected position: 4.7843 MeV. The second calibration
step is the modification the current thin detector calibration parameters, so that the peaks of
the alpha particle with the highest (7.68 MeV) energy had the same position in the spectrum
obtained in each channel.

In the obtained spectra only the first peak of the lowest energy turned out to be obtained at its
expected position, and the whole spectrum differs from that, obtained in the thick detector cali-
bration.The main reason is that the effective dead layers were not equal for particles of different
energies, and, moreover, the collected data did not allow us to determine the backside dead
layer thickness of the thin detectors. However, the identical structure of the presented spectra
is a confirmation of the correctness of the obtained calibration parameters, which eventually
allowed to identify all particles of interest, see the identification below.

The first attempt of the particle identification by means of the AE-E plot was not satisfactory.
In Fig. 21 the identification obtained from one of the side telescopes is presented. One can see
that the hydrogen isotopes can be distinguished from the helium group, but, the desired >He
cannot be observed being mixed up with “He.
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Figure 20: Obtained spectra of the total energy losses in 20(tm and 1 mm-thick silicon detectors,
typical for all four telescopes. 16 spectra are corresponded to different thin detector channels,
plotted on the vertical axis.

Our idea to improve the identification quality was to examine the thickness inhomogeneity
of the 20 -um thick detectors. It happened for a reason. During the calibration of the thin detec-
tor, we found out that the spectra of energy-deposit, registered by the second layer, i.e. by the
I-mm thick detector differs for different strip numbers of thin and thick detectors, see Fig. 22.
This led to the only conclusion that the thickness of the 20 -um detector is heterogeneous.The
thickness inhomogeneity maps were determined as follows. Here, we will call a pixel the part
of the i-th strip number of the first-layer detector corresponding to the j-th strip (oriented or-
thogonally) of the second-layer detector. Thus each first-layer silicon detector has 1xj pixels in
total.

For the thickness map determination we used the same data processed for the thin detector
calibrations. The silicon telescopes were located at the same positions, as in the certain exper-
imental run, and the alpha source was installed into the deuterium target position. Obviously,
the geometry of the division of the thin detector into the pixels depends on the position of the
irradiating particle source. That is why the described telescopes and source position allowed
us to be sure, that the layout and size of the pixels, examined in the calibration measurements
correspond to those considered in the experiment.

The energy loss in the 20-um detector as a function of the fired strips numbers in the first-
and the second-layer detectors was derived from the shift of the peaks in the 1-mm detector
compared to measurements made without the 20-um detector. Alpha particles with energy
~7.68 MeV penetrate ~46 um of silicon, which suggests that the Bragg peak locates deeply
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Figure 21: AE-E particle identification plot, typical for all telescopes. Vertical and horizontal
axes show the energy deposit in the 20 -um thick ( AE) and 1-mm thick (E) detector, respec-
tively. One may see that only isotope groups with different charge (Z=1,Z =2,7 =3) can be
distinguished.

in the sensitive area of the second layer detector. It was observed that among all the particles
emitted by the source only these particles with the highest energy could always penetrate the
thin detector and the dead layer of second sensor giving in the latter the signals with amplitude
above the noise threshold. That is why only these signals were used for the thickness analysis.

The obtained values of the energy losses were converted into the thickness using the
G4EmCalculator parameterization.

The obtained thickness distribution of all four used 20-um thick AE detector is shown in
Fig. 23. Although the number of strips of the first and the second layer detectors is 16, one
may see that the obtained thickness map consists of less than 16x 16 pixels. It is caused by the
shading of the second layer sensor by the supporting frame of the thin detector. The obtained
thickness distribution turned out to be quite non-uniform. Although it was declared by the
manufacturer that such detectors have thickness variation not more than 2 ym from the nominal
value (20 um), one can see that the investigated detector does not meet this criterion. In order to
check the results, the thickness non-uniformity was also verified with the LISE++ energy loss
parameterization. The thickness maps obtained by both methods are consistent within less than
1 pm.

The thickness maps were used to improve the isotope separation obtained in the AE-E iden-
tification plot. Note that poor statistics did not allow us to build the identification plots individ-

ually for each pixel. Under the assumption of the small thicknesses, the energy loss of a particle
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Figure 22: Spectra of the energy losses in the 1-mm thick detector of the first telescope, corre-
sponding to different fired pixels (different strips in the first and second layer detectors, shown
in brackets). It is clearly seen, that the structure and the position of the peaks, correspond-
ing to the same initial energies, are different confirming suggestion that the thicknesses of the
corresponding pixels are different. Pixel (7,7) is obviously thicker than (1,14).

per unit path (AE/AX) can be considered as constant. The energy losses occurring for different
AX are proportionally related, which fact was used for the AE normalization performed in the

following way:

AE,  AX;
AEcorr Y ’

where AX; and AE; represent the thickness of the k-th pixel and the energy loss in its sensitive

2)

area; AE,,,, is the corrected energy; X is the normalization thickness value (20 Um in our case).

An amendment to the AE}, was used to correct the energy deposit in the second layer SSD:

Ecorr - Ek + AEk - AEcorr:

where AE; and AE.,, denote, respectively, the energy deposits in the 20-um thick detector,
obtained before and after correction.

The particle identification plot obtained by the described correction method is presented in
Fig. 24 where the same experimental data as used in Fig. 21 were processed. One may observe
that all the helium and hydrogen isotopes are clearly distinguishable, and the loci of the desired
3He and *He are well separated.

The energy of the recoil particle at the interaction point was calculated using the imple-
mented in G4EMCalculator class methods. It is essential that the same energy-loss parameter-
ization was used both for the determination of the thickness map and calculation made of the
energy of detected particles. For this reconstruction the passive parts of the target and dead
layers of the detectors were taken into account going consecutively along the particle trajectory.
The particle emission angle was also taken into account. As an additional cross check, we used

two methods for the energy reconstruction in the interaction point, see Ref. [86].
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Figure 23: The thickness map for all used 20-pum thick detectors. Vertical axis shows the
calculated pixels’ thickness in micrometers. Strip numbers 1 and 2 represent the strips fired
in the 20-pm thick and 1-mm thick detector, respectively. Unlike strip number 1, which takes
values 1-16, strip number 2 accepts values from 1 to 15 which is due to the fact that the first
strip of the second detector layer was shaded by the housing frame of the corresponded thin

detector.

In the first method, the reconstruct kinetic energy in the interaction point was taken as a sum
of the energy deposits in the first and second telescope layers and added to this the calculated
average energy losses in all the passed passive volumes (detector dead layers, target cell and
gas volume). In the second method, the reconstructed kinetic energy of the studied particle in
the interaction point included only the sum of the energy measured in the second, 1-mm thick
detector and the calculated average energy losses in the entire thickness of the corresponding
pixel of the front thin detector and target volumes. We have shown in Ref. [86] that the dif-
ference of the results provided by these two methods is just about 70 keV, which is comparable

with the detector resolution. The latter confirmed the correctness and plausibility of all results,
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Figure 24: Corrected AE-E identification plot after thin detector thickness normalization. Verti-
cal and horizontal axes show the energy deposits in two silicon detector layers with the thickness
correction as described in the text. All isotopes are nicely separated from each other. Desired
3:4He nuclei can be also observed.

presented in this chapter: the calibration of the thin detectors, their thickness map determination
and the obtained particle identification. Further, for the missing mass reconstruction, the energy
of the particle, registered by one the side telescopes, is reconstructed by mean of the second
method described above. Such approach allowed us to get rid of such unknown parameters as
thin detector dead layers and do not rely on the thin detector calibration parameters obtained by

non-traditional method.
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6 Results: reference experiment

The proton pick-up reaction 2H('°Be,>He)’Li was studied with a 42 AMeV '°Be secondary
beam in order to test the reliability of the data obtained in the principal experiments, to control
calibration parameters, and to get an experimental estimations of the missing mass resolution.
These measurements were performed just after the second 8He beam run, keeping the same and
all conditions were satisfied related to the experimental setup.

During the reference measurement the measured '°Be beam-integral turned out ~ 17 - 10°,
~2.5-10° and ~ 7 - 10° for thick, thin and empty target runs, respectively. The recorded events
satisfied all the beam reconstruction (all sensors were fired in the expected time range; only one
beam particle was reconstructed in each event) and the tracking conditions (the '“Be particle
passed through the aperture of the diaphragm and hit the central part of the deuterium target:
circle 17 cm in diameter).

The total amount of the registered *He recoil nuclei with their reconstructed kinetic energies
in the central target plane less than 25 MeV was 11744, 1294 and 2941 for the thick, thin and
empty target runs, respectively. We suggest that all *He were obtained by the d->He reaction
mechanism, which produces the studied Li. The obtained °Li excitation spectra, later Er(°Li),
shown in Fig. 25 for all 3 runs, are presented with respect to the mass of the well-known ground
state of 8406.869 MeV [78].
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Figure 25: Excitation spectrum of °Li derived from all >He registered by the side telescopes
with energy < 25MeV produced in the 2H('°Be,?He)’Li reaction. The insert in the left a)
figure shows the part of the measured °Li spectrum near the ground state. The red lines show
the ground state position. a) - thick target run, b) - thin target run, c) - empty target run.

All spectra in Fig. 25 show a well-pronounced peak corresponding to the ground state of °Li
populated in the H('°Be,>He)’Li(g.s.) reaction. On the right slope of this peak the population
of not well-resolved first excited state of °Li (E* = 2.69 MeV) is also observed. The insert in
Fig. 25a) shows the part of the “Li spectrum near the ground state. The red curve demonstrates
the Monte Carlo calculation for the ground state of “Li using parameters of the experimental
setup. It is clearly seen, that the Monte-Carlo simulation reproduces quite well the shape of the
°Li ground state peak demonstrating the experimental resolution of ~2.2 MeV (FWHM). The
corresponding calculations of the missing mass spectrum resolution of "H at energy near 2 MeV

gave FWHM~-1.1 MeV. The reason for this ~2 times better resolution in the "H experiment is
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Figure 26: Excitation spectra of °Li, obtained from different side silicon telescopes; shown in
different colors.

caused by the larger energies of the *He recoils, as compared to the H(!°Be,>He)’Li reaction,
and, therefore, the smaller energy losses in the target. It is also a demonstration that the target
thickness makes the main contribution to the energy resolution in this energy range.

Before the detailed data analysis, we compared the results, obtained from the identical de-
tectors (side silicon telescopes in our case). Such procedure in conjunction with simulation
results, allowed to check and adjust within the error limits the layout of all detector systems and
used calibration parameters. Fig.26 presents the comparison of the results related to different
side telescopes (two typical telescope are selected) and shows the complete agreement of the re-
constructed missing mass spectra. The latter ensured the reliability of the cumulative spectrum
from all detectors, analyzed below.

One can expect to detect the long-lived °Li moving towards at forward angles with approx-
imately same as beam energies 42 AMeV. However, the registration of those, suffered from
the low efficiency, caused by the CsI(TI) crystals overload, high level of crosstalks and low
resolution, especially for those crystals, focused by the beam. Never the less, the condition
of the single particle registration in the central telescope, also significantly improves the qual-
ity of the spectra, drastically reducing the amount of random coincidences at higher energies
(Er(°Li)>5 MeV) and making distinctive the ground and the first excited states (the 9Li first
excited state is located at 2.691 MeV above the ground one [78]), see Fig. 27. The latter is par-
ticularly apparent in Fig. 27 b), corresponding to the thin target run characterized by the higher

energy resolution. Those events, for which the 9Li identification was achieved, are shown in
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Figure 27: Excitation spectrum of °Li derived from the recoil *He detected in coincidence
with the single particle tracked in the central telescope. Gray spectra show the events with °Li
identification. The red lines show the positions of the ground and the first excited states. a) -
thick target run, b) - thin target run, c) - empty target run.

gray color and confirm the mentioned structures.

Fig. 28 shows the angular distribution extracted from the experimental data obtained at the
forward center-of-mass angles (3 -13°) for the °Li ground state populated in the 2H('°Be,*He)’Li
reaction.

The differential cross sections were analyzed with the Coupled Reaction Channels Calcu-
lations approach using the code FRESCO [87]. For the entrance (d+!°Be) and exit (*He+°Li)
channels the Global Wood-Saxon optical potential models were used, see Ref. [74, 75]. In the
calculations, spectroscopic factor (SF) for the *He=p+d clustering was set as SF=1.32, accord-
ing to the value obtained by in work [88].

It should be noted that before our research, the SF for the system “Be(g.s.)=p+°Li(3/27)
was unknown. To evaluate corresponding SF we used the shell-model Hamiltonian based on
the monopole universal interaction, see Ref. [89]. The latter provided the spectroscopic factor
of 1.74 for the ground state '°Be=p+’Li(3/2-) clustering while for the p+°Li(1/2-) configuration
it was found to be 0.207. As it is seen from Fig. 28, the red curve, which corresponds to
the FRESCO calculation with the mentioned above SFs for the 3He and '"Be(g.s.) clustering,
perfectly describes the experimental data. Thus, the measured differential cross sections of the
2H('°Be,’He)’Li(g.s.) reaction at forward center-of-mass angles confirm the modern theoretical
approach for the ground-state structure of the '°Be nucleus.

As for the total cross-section of the °Li ground state population, at the covered forward
angles in the center-of-mass system the obtained value turned out ~7—10 mb/sr.

Thus, the data obtained with the '°Be beam provide an independent cross-check of the
missing mass spectrum calibration in the second 3He beam run. The presented results represent

an important support in the data interpretation and analysis.
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Figure 28: The angular distribution obtained for the 2H(1OBe,3’He)9Li(g.s.) reaction (black
squares). The error bars are statistical only. The red curve shows the results of the FRESCO

calculation.
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7 Results: experiment 1

Technical conditions of the first 8He run allowed to achieve ~90% purity and intensity ~10°
8He projectiles per second. This satisfied the same conditions which were used in the reference
measurements.

The amount collected during the whole run He beam integral flux was ~ 6.4-10°. As in
the case of °Li, the desired "H is calculated as a missing component of the binary reaction. The
obtained missing mass spectrum is further presented with respect to the cumulative mass of its
decay components (above *H+3n decay threshold).

The total number of *He-*H coincidences found in the recorded data was 113. But, due to
the kinematic selection, only 105 of these events were identified as the population of "H. The
correlation we used for this selection is shown in Fig. 29 a). This is the correlation of the *H
kinetic energy in the "H center-of-mass frame with the reconstructed "H excitation energy E7.
Such correlation of the kinetic energy of the emitted particles in the reference frame, attached to
the decayed system, we refer as “kinematical triangle”. The latter is based on the simple energy
and momentum conservation laws and allows to consider all events, lying above the kinematic
border, y=3/4x in the case of "H—>H+4n decay, as not physical and deserving hence to be
cut off in the further data analysis. By analyzing the amount of events above and below the
kinematic border, the described selection also served as a reaction channel identification. Let us
note that such information was provided due to the precise measurements of the emitted tritons,
which was the main novelty and advantage of both conducted experimental runs.

It can be seen from Fig. 29 a) that the majority of obtained data satisfied the kinematics con-
dition, and therefore is in agreement with the idea of the 7H production in the 2H(®He,*He)’H
experiment and its subsequent decay with the emission of *H. Another evidence for the "H pop-
ulation is that the experimental data acquired with the empty target showed that the contribution

of the background, caused by the beam interactions on the target windows was at a level of 10%.

7.1 First excited state; the first observation

The reconstructed missing mass spectrum of “H is shown in Fig. 29 b). In this spectrum the
peak with energy E7 = 6.5(5) MeV and width I'=2.0(5) MeV is identified. For the description
of this peak, see the dashed and dotted curves in Fig. 29 b), we used the Lorentzian profile with
the energy-dependent I'(E7) [90]. The standard statistical x tests of the hypotheses provided
in Fig. 29 b) give confidence level 0.9-0.95 for the presence of the 6.5 MeV peak within the
energy interval 3 < Er < 11 MeV. Moreover, in contrast, the assumption that this spectrum can
be described by some smooth distribution gives confidence level 0.05-0.25 depending on details
[91]. Thus, all the above-mentioned allowed us to conclude the observation of the 6.5 MeV
resonance state of “H in the reconstructed missing mass spectrum. We interpret this peak as
the first excited state of “H, which can be formed by the doublet, built on the 2" configuration
of valence neutrons. The suggestion to resolve this peak as a possible 5/2% and 3/2" doublet,

located at 5.5-7.5 MeV above the decay threshold, was made in the second experiment, see Ref.
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Figure 29: a) Correlation between the H kinetic energy calculated in the “H in center of mass
frame with the "H excitation energy. The red dashed line shows the kinematical limit for tritons
coming from the "H decay. The blue line corresponds to the E3y < 2/7E7 selection discussed
later. b) The "H missing mass spectrum reconstructed from the events satisfying the triton
kinematics selection. The blue dashed curve in b) shows the fit to the data by the 6.5(5) MeV
resonant state with I' = 2MeV plus the contribution of the rising 7+4n five-body phase space
distribution (forming the spectrum at high energy part Er>11 MeV). Green dotted curve illus-
trates the setup efficiency. Two vertical dotted lines corresponded to the declared ground and
first excited states.

[92], described further.

7.2 Indicators for the "H ground state

In Fig. 29 b), another group of events the lower "H energy E7 is observed.This group located
at Er ~1.8 MeV was interpreted as first indication of the population of the ground state of "H.
Despite to the obviously low statistics, multiple consistency checks for these "H ground state
candidate events were performed, see Ref. [91]. Moreover, in work [91] we have shown that
the angular and energy distributions of the emitted tritons relative to the retrieved "H flight
direction in the laboratory frame showed that all collected 5 candidate events are located in
excellent consistency with the theoretically predicted behaviour in Ref. [81].

The obtained in experiment 1 "H low-energy spectrum is in accord with the results of Ref.
[45], see Fig. 30. Let us mention that the latter was obtained in the same reaction at different
energy but with worse energy resolution. Multiple reasons did not allow authors of work [45]
observe the "H first excited state, however, the peculiarity at E7 ~2 MeV was pointed out. Such
fact is another important evidence of the reliability of the declared results, making this work a
logical successor to its predecessors in resolving the “H problem.

The spectrum behaviour at energy E7 > 10 MeV, is not an object of discussion in this work,
due to rapidly rising phase space and drastically decreasing energy resolution at high excitation
energies. The conjunction of this factor with the setup efficiency shown in Fig. 29 b) with

the green dotted curve may provide a variety of spectrum shapes, thus making this area of
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Figure 30: The black histrogram is the “H missing mass spectrum, reported in Ref. [45], which
is drawn on a blue background of the Ref. [91] result. The same as in Fig. 29 b) two vertical
dotted lines correspond to the reported in work [91] states.

high energies meaningless for interpretation. The blue dashed line in Fig. 29 illustrates the
contribution of the five-body #+4n phase space to the obtained "H spectrum.

The observed "H first excited state also fits the systematics of the lowest excited states of all
light nuclei with the closed ps3/, neutron orbital, for more details see Ref. [91]. This not only
proves the presence of the 6.5(5) MeV resonance, but also can be considered as an additional
argument supporting our interpretation of the low lying events indicating the "H ground state at
1.8 MeV above the decay threshold. The cross section angular dependence of observed excited
state population is shown in Fig. 31a). The obtained distribution was expected to be not that
much angular dependent as the one, shown in Fig. 9 for the ground state. That is why, such
analysis could only be the test of data reliability. The calculation results for the suggested "H
3/2" and 5/2% excited states are shown in Fig. 31b). The population of these states goes via the
proton transfer from the ¥He(27) state appearing due to the collective excitation with $,=0.45.

Eventually, all the presented results allowed us to claim that for the first time the "H excited
state was observed at E7 = 6.5(5) MeV of the 2 MeV width. The observed peak was formed by
27 events of *He->H coincidences satisfying the triton kinematic selection, see Fig. 29 a). In the
center-of-mass frame of reference of the H(®He,*He)’H(g.s.) binary reaction all events were
registered in the 10°-45" angular range. Taking into account the geometrical efficiency of the
detector system, the cross section of the found excited state population was ~30 tb/sr.

As for the desired ground state, 5 collected events have been collected, indicating its pop-
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Figure 31: The angular distributions calculated for the >H(®*He,?He)”H reaction channel for both
ground and first excited states. a) The angles of the five registered "H ground state candidate
events are indicated by arrows in the right figure. The gray curves in the right figure show the
1/27 cross section for £300keV variation of the "H ground state energy. The green dash-dotted
curves, drawn in both figures, associated with the arbitrary-scale right axes, show the calculated
setup efficiency for the registration of “H with Ey=1.8MeV and Er=6.5MeV, respectively.
b) The gray histogram in the right figure shows (in arbitrary units) the experimental angular
distribution in the E7=5-8 MeV range for the collected 27 events, corresponded to the observed
first excited state.

ulation at 1.8 MeV above the five body decay threshold. As it was expected, all of them are
characterized by the very forward angles of the binary reaction. The total cross section at an-
gles 17°-27" in the center of mass system turned out about 25 ub/sr. This corresponds to a weak
population of the "H ground state with experimental spectroscopic factor of 0.1. The explana-
tion of such unexpected extremely low cross observed section is that all the "H ground state
candidate events, shown by arrows in Fig. 31 b), are located in the area of the second diffrac-
tion maximum. 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 1/27 state. In principle,
one might expect the detection of the same number of the ground state events in the range of
6° < O.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, that is why the absence of the events in the first diffraction maximum, which was
supposed to be covered by layout of the side telescopes, see Fig. 9, leads to assumption that
the first minimum actually is located at lower angles as it was expected. Such a small angle of
the first diffraction minimum might also provide an evidence for the extreme peripheral char-
acter of the "H ground state population in the studied 2H(®He,”H)*He reaction. That is why,
the obtained results also clarifies why the task of search for the "H ground state task remained
relevant for more than 50 years and required so much time and efforts without bringing reliable

assignments of such a remote isotope.
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8 Results: experiment 2. d->He channel for "H population

During the second experimental run the 8He secondary beam had the same properties (energy,
purity, intensity) as in experiment 1. However, the two times longer beamtime allowed one
to increase the integral flux of the 3He particles up to ~ 25-10°. During the measurements
conducted with the empty target the integral of the ®He particles turned out ~ 4-10°. As it was
mentioned in chapter 3.2.2, the performed detector setup modifications, in conjunction with the
achieved beam integral, promised to increase the statistics by the factor of 2.5. However, instead
of the expected ~ 280 3He-3H coincidences, during the second run, we have registered 404 such
events. This was mainly caused by the improved energy resolution of the detector systems, and
hence the particle identification quality. The latter, once again, demonstrates the impact of the
reference measurements, which allowed to check and slightly correct some of the initial setup
information (mostly the detector and target positions).

The collected statistics allowed to perform more detailed analysis, including several gate
conditions which we could not apply to the data from the first run. The most important and
informative data surveys of the reconstructed "H spectrum are given in Fig. 32. From these
spectra we assign the H ground state at E7 =2.2(3) MeV, the first excited state at 5.5(3) MeV,
and the higher-energy resonances at 7.5(3) and 11.0(5) MeV.

Comparing to the first run, the second one was characterized by the considerably smaller
background, i.e. ~ 8% of 3He->H coincidences. Fig. 33 and the factorized missing mass spec-
trum given in Fig. 32 b) with green histogram, shows the collected data with the empty target
in two main correlations: triton kinematical triangle and the correlation of the center-of-mass
binary reaction angle with the calculated missing mass energy. In the distribution of empty
target events, see Fig. 33 a), a “‘dangerous region” can be spotted with 7.5 < E7 < 10.5 MeV.
Fortunately, these events are all concentrated in a certain angular range 18° < 6., < 35°. Con-
centration of empty target events in this area can hardly be explained by statistical fluctuations,
see the distribution of the complete data in Fig. 32 c¢). This situation was one of the reasons,
motivating to avoid the “dangerous region” in the interpretation of the data and enhance the
confidence in the rest of the data. As in the experiment 1, the correlation presented in Fig. 32 a)
shows that the majority of data satisfies the kinematics condition, and therefore is in agreement
with the idea of the experiment assuming the definition of "H by its missing mass measurement
and its subsequent decay with the emission of H.

At first glance, the declared resonance features in the "H missing mass spectrum in Fig. 32
b) are not very pronounced. In order to make it clear the reconstructed spectrum was studied
based on two suggestions: either the presented structures are formed by the broad overlapping
resonant states or by the combination of the background contribution and statistical fluctuations
in conjunction with the detection efficiency cutoff.

Let us try to interpret the spectrum, presented in Fig. 32 b), without assumption about the
population of the declared resonant states. The possible statistical fluctuations are tested analyz-
ing the "H missing mass spectrum in different representations with the varied binning factors

and bin offsets. The "H decay events with 6., < 18° were selected, see Fig. 32 c), and we

45



o
A
(%))

L / L
» / B
r / 40:
7j ./(. F
r / £
> 6 '/// 35?
o [ v »
E C _// >30j
5 / O
- L Vs . = T
W L I —os5F
E. 4 . // E E
o r, . // . %2OT
I 3C 4 * SO
’t':s’ ‘ // W5
§ / [
I_IjI y // - v F
2; ///. . it ':, ! 10—
C / M . s K L
e PR TP S P s5f
A X AT T :

0 M{"\" £ 0 \. ‘:"' 0 ‘T‘.:’? \‘.; Pk B 2 I o ! L

0 5 _ 10 20 0 2 4 6_ 8 10 {2 14 16 18
E;("H), MeV E{("H), MeV
a) Kinematic triangle b) Spectrum for 4/7 cut-off

450 -
401 14
35 5 12
305 ® Biol
o f 0 E L
0.)25; o |
A S 8-
= L m L
O20— a@(’ E r
® et e engrins S oL
15/~ . KT
f0F, . e e e ‘T
5t 2l

oL N TS R Ll ‘ ol E\ |

6 14 16 18 20

| | I R
0 5 1 15 20 2 4
)

0 8 10 12
E.('H), MeV E.(H), MeV

c) Reaction angle correlation d) Spectrum with angular cut-off

Figure 32: a) Correlation between the *H energy in the H frame and the "H decay energy
derived from the data of experiment 2 (black circles). The large magenta circles show triple
coincidence *He-*H-n events. As in Fig. 29 a), the red and blue lines correspond to 4/7 and 2/7
kinematical borders. b) The 7H missing mass spectrum, reconstructed from events satisfying
the triton kinematical triangle condition with cutoff Esy < 4/7E7. The green-filled histogram
shows the background normalized by the factor of beam integral ratio (= 6.6 in our case).
¢) Correlation between the center-of-mass reaction angle and the "H excitation energy. The
horizontal green dotted line shows the applied gate for the selection of the small center-of-
mass reaction angles events (O¢y; < 18°), see solid and open circles. The large magenta circles
show triple coincidence He-*H-n events. The red color circles relate to the events within
the “kinematical triangle”; the black ones show the rest of the data. d) The "H missing mass
spectrum constructed from the events satisfying both, the kinematic triangle and small reaction
angle gates. The magenta-filled histogram indicates the triple coincidence *He->H-n events.
The vertical gray dotted lines indicate the assumed positions of the “H resonant states (2.2, 5.5
and 7.5 MeV).

accordingly split the data in two parts in Fig. 34. One motivation for 6., = 18° selection is
illustrated in Fig. 12: the best energy resolution of the "H spectrum is obtained for the small
center-of-mass reaction angles, and it considerably deteriorates at larger angles. The selected

O.m < 18° range is also consistent with the cutoff needed for the elimination of the “danger-
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Figure 33: Data obtained with the empty target in the second experiment for Esy vs. Er for "TH
in the left figure a) and 6., vs. E7 in the right figure b). The same as in Fig. 32 vertical gray
lines indicate the assumed positions of the "H resonant states. In both figures the red dots show
the distribution for the events within the “kinematical triangle”, see Fig. 32; additional black
dots show the rest of the data. The green dotted line in corresponds to O¢y; < 18° and, as in
Fig. 32 c¢) shows the used border of the small center-of-mass reaction angle.

ous background region” specified in the measurements with empty target, see Fig. 33 b). For
O.m < 18° the three resonant structures at 2.2, 5.5, and 11 MeV are well identified in all rep-
resentations in Fig. 34. The evidence of the 7.5 MeV peak may be statistically insignificant in
some representations, but it is typically present. So, the assumed resonant structures are at least
not the statistical artefacts of the histogram arrangement. The spectra with the 6., > 18° selec-
tion gate are dominated by a smooth “phase volume”-like contribution. Only the 5.5 MeV peak
can be clearly seen on the top of the smooth component. Some resonance contributions can
be suspected at energies E7 > 10 MeV, but their manifestation on the top of the large smooth
component is statistically insignificant.

Then we turn to statistical analysis. It shows that the description of each spectrum in Fig. 32
merely by some smooth underlying continuum is possible with values of root-mean-square
deviation (RMSD) for the spectrum in Fig. 30 with RMSD ~ 1, for the spectrum in Fig. 29 b)
with RMSD ~ 1 — 2, for both spectra in Fig. 32 with RMSD ~ 2 — 3. These are statistically
tolerable values of the mismatch, which does not exclude a “smooth scenario”’. However, the
following general points should be clarified.

If the real spectrum of "H is smooth, then, due to the small-statistics data, a purely ran-
dom mockup of several peaks is possible. In such a case data with very large statistics (e.g.
10° — 10* events) are required in order to exclude such accidental “resonances” with a high
confidence level. In contrast, if the real '"H spectrum contains narrow resonant peaks, then re-
liable identification of these resonant states becomes possible even with few measured decay
events. We assume that the 1/27 ground state of "H and the lowest excitations, such as 5/2+—
3/2% doublet are located at E7 < 10 MeV. The width estimates for such "H states provided in
the related article [93] show that the widths are likely to be quite small with the expected values
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Figure 34: Different representations of the experiment 2 "H missing mass spectrum selected in
two center-of-mass angular ranges: the top row shows events selected by the gate 6., < 18°,
the bottom row shows spectra selected by 6., > 18°. The binning factor and bin offset are
shown for each column in the top row. The “phase space” curves do /dErdQ ~ E% with exper-
imental bias accounted by Monte-Carlo procedure are shown in the both rows (normalization is
arbitrary).

of I' < 1 MeV. So, the narrow resonant-state scenario seems to be physically reasonable and
even unavoidable, at least for E7 < 10 MeV.

We may claim that the same peaks may be spotted in all three experimental datasets of the
2H(®He,>He)’H reaction, see Figs. 29 b),30,32 b). The individual statistics of the datasets of
the order 100 — 400 events can not exclude a pure statistical origin of these peaks in each case.
However, it is extremely improbable that the same statistical artefacts could arise in the three
different, totally independent experiments (works [45], [91] and [92]). This is a strong general
argument supporting the data interpretation of this work. Below we provide an in-depth view
in different aspects inherent to each structure and also demonstrate that all these aspects can be

interpreted in a consistent way.

8.1 Ground state at 2.2 MeV

The events with Er < 3.2 MeV were selected as candidates to represent the “H ground state.
There are 9 such events with the mean energy value of 2.2 MeV and the dispersion of 0.6 MeV.
These values agree well with the results of experiment 1 reported in Ref. [91], where the "H
ground state energy Er = 1.8(5) MeV was obtained. The events are well separated (there is ~
0.5MeV gap) from nearest event connected with the higher "H excitation. There are 4 possible
reasons to get these events here: (i) background events, (ii) “contamination” by events from
higher excitations of “H, (iii) some smooth phase-space distribution, (iv) narrow resonant state.
We insist on option (iv), but we have to comment on the other points as well.

(1) Possible background contribution in the E7 region of interest can be estimated based on the
empty target measurements. No background events were observed in proximity, see Fig. 33
(a,b). Another way is to estimate it from the density of background counts beyond the kinemat-
ical triangle in Fig. 32 a). Here we can expect ~ 1 background event in the 2.2 MeV group.

(i) The observed width of the 2.2 MeV event group is assumed to be entirely defined by the
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energy resolution of the experiment. This is true even if the intrinsic width of this state is
larger by a factor 100 — 500 as compared to the theory estimate giving I' < 1 keV for the "H
ground state [93]. The discussion of the energy profiles of the “H first excited state is provided
in the next Section and in Ref. [93]. Various theoretical estimates agree that there should be
an empty “window” between the ground state and the first excited state from Er ~ 3 MeV
to Er ~ 4.0 —4.5MeV. Any events emerging in this energy range should be connected with
backgrounds or/and the poor missing mass resolution. The Monte-Carlo simulations of the "H
missing mass spectrum are shown in Fig. 37. They confirm that even the poorly populated
"H ground state can be reliably separated from the “tail” of the first excited state, and that
such a separation is the best for small angles in the center-of-mass frame of reference of the
’H(®He,>He)’H binary reaction.

(ii1) The phase space for the true core+4n decay at ~ 2.2 MeV is

dW /dEr ~ EJ.. 3)

The ordinarily expected five-body phase space is ~ E, but the antisimmetrization requirement
among four neutrons modifies it to formula (3), see [90]. At about 2.5 —3 MeV a turnover may
occur from the true 4n emission to the sequential emission via the *H ground state (located at
about 1.8 MeV above the SH+n+n breakup threshold [35, 94]). After that the dependence

dW /dEr ~ E3 (4)

is expected. In any case, the “phase space” behavior that can be expected for’H is a strongly
growing function of energy, not something smoothly rising from the threshold.

An additional support for the interpretation of the group of events at 2.2 MeV as a reso-
nant state is provided by three types of distributions which were analyzed for the events of the
2.2MeV group: (i) "H center-of-mass angular distribution of the binary reaction, (ii) *H energy
distribution in the "H frame (iii) *H lab system angular distribution relative to the "H flight di-
rection. Statistics, which we have for the ground-state candidate events is small. However, all
the mentioned distributions demonstrate correlated character, expected for the “H ground state

decay, in contrast with the casual behavior expected for background events.

8.1.1 Center-of-mass reaction angle distribution

The center-of-mass angular distributions for the 2H(®He,*He)"H reaction are further discussed
in Section 8.5. Here we comment on the distribution of the 2.2 MeV event group.

In the group of events, declared as the "H ground state, there is a gap from 9.5° to 15.5°,
see Fig. 32 ¢). This feature is consistent with the results of the first experiment, see Fig. 31 b),
where 5 ground candidate events were localized in the range 18° < 6., < 27°. Such observed
angular distributions can be problematic from the point of view of theoretically predicted angu-
lar distributions because theory typically predicts the diffraction minimum at O, ~ 16° — 18°.

Considerably lower values 6., ~ 13° — 14° are suggested by the data. If the latter is true, then
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the observed angular distribution provides important tip for the following problems. Here we
once again should pay attention to the results of the first experiment, described in Section 3.2.1.
(i) Although, the detector system allowed to register the "H ground state events in angular range
O.m > 6° covering the predicted first diffraction maximum, see Fig. 9, all the collected events
were located at higher angles, see Fig. 31 b). The suggestion made was that the actual diffraction
minimum covers a range of 10° < 6., < 18°.

(i) the DWBA/FRESCO calculations with standard parameters fail to provide the diffraction
minimum at Oy, ~ 13° — 14°. Such an angle of the minimum might provide an evidence of the
extreme peripheral character of the "H ground state population in the 2H(®*He,He)”H reaction.
Such an extreme peripheral character of the reaction gives a natural explanation of the extremely
low cross section observed for the "H ground state population (~ 25 pb/sr within the angular
range O.y, ~ 17° —27°). See also Ref. [93] for extended discussion of this point.

How statistically significant is the 0., ~ 9.5° — 15.5° gap in the ground state angular distri-
bution? One can assume, that the actual angular distribution is homogeneous, and experimental
efficiency is constant and nonzero in the ranges 6., ~ 8° —26° and O, ~ 6° — 24° in the ex-
periments 1 and 2, respectively. In that case, the estimated probability of non-population of the
Ocm ~ 9.5° — 15.5° range in both the experiments simultaneously is ~ 0.5 — 1%. So, it is very
unlikely that the experimentally observed patterns are generated by some featureless distribu-
tion because of statistical fluctuations. The interpretation by assigning the diffraction minimum
at O ~ 13° — 14° is, thus, quite natural.

The best energy resolution of the 7H ground state can be expected for the small-angle events
from the first diffraction maximum. Indeed, by selecting 4 events with 6., < 10° we obtain a bit
different mean energy E7 = 2.1 MeV and dispersion of 0.55 MeV (compared to results with the
complete data). The dispersions of the ground state events for the small 6., (0.55 MeV) and for
the complete data (0.6 MeV) are consistent with the Monte-Carlo estimated energy resolutions,
see Table 1.

8.1.2 °H energy distribution in the "H rest frame

The emission dynamics of the true 4n nuclear decay is still a completely unexplored phe-
nomenon. Our data for the first time provide access to this type of information. The commonly
expected energy distribution of the *H fragments emitted at the 7H ground state decay has the
shape of a 5-body “phase space”

aw 7E3H
— 1 7 — 5
8—\/8( e) , & 1B, )

where Ezy is the energy of *H in the "H rest frame. This distribution suggests that ~ 92% of

events are located below £ = 1/2 and the mean *H energy value (¢) = 1/4. Moreover, a realistic
energy distribution obtained in the 5-body calculations of Ref. [81] has even more correlated
character, with (€) ~ 0.21 —0.22 for Ey ~ 2 — 3, see Fig. 35. This happens because in the

decay via emission of 4 neutrons, at least 2 additional excitation quanta in the “neutron part”
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Figure 35: The energy distributions of the *H fragment in the "H center-of-mass: experiment
(the "TH ground state candidate events with E7 < 3.2 MeV) vs. Monte-Carlo simulation results
for phase volume distribution of Eq. (5) at different decay energies of "H. The gray solid and
dotted curves show (colors refers to different E7 values) theoretical (not corrected for experi-
mental bias) phase volume distribution and realistic distribution from work [81], respectively.

of the wave function are needed to enable the antisymmetrization of the wave function. In
this distribution ~ 95% of events are located below € = 1/2. The regions where the absolute
majority of the “physical” events should residue according to the above “phase space” argument
are separated by the “E3y = 2/7E7” lines in Figs. 29 a), 32 a) and 33 a).

Thus, the events with € > 0.5 — 0.6 should be connected either with some sort of back-
ground or with poor resolution for the reconstructed energy of *H in the center-of-mass of "H,
populated in the 2H(®He,He)”H reaction. The observed *H energy distribution for the expected
"H ground state events is shown in Fig. 35. This energy distribution is consistent with the ex-
pected correlated emission and highly inconsistent with uncorrelated situation, see the orange
curve called “flat”. The numerical information is also provided in Table 2. A more detailed
discussion of the H energy distributions is provided in Ref. [93].

8.1.3 >H-"H angular distribution in the lab frame

From theoretical point of view, this distribution is directly connected with the energy distri-
bution of >H in the "H frame discussed above. Moreover, it is obtained by projecting the *H
momentum distribution on the transversal plane. However, from experimental point of view, this
distribution is derived in methodologically different and more safe way because a reconstruc-
tion of the H energy is not needed, only the reconstruction of *H direction. The Monte-Carlo
calculations evaluated resolution of this angular distribution as quite good ABsy 7y < 0.4°.
The 3H angular distribution relative to the "H direction in the lab frame in the experiment
2 is shown in Fig. 36 together with different predicted distributions. From this figure one may

conclude that the experimental distribution is clearly inconsistent with the smallest considered
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Figure 36: The angular distributions of *H fragments in the lab frame relative to the "H center-
of-mass momentum vector. The "H ground state candidate events with Er < 3.2MeV are
selected. a) Experimental data and theoretical predictions with experimental bias taken into
account by Monte-Carlo simulation. b) Initial theoretical distributions based on phase volume
are shown by colored dotted curves, and are presented for different excitation energies.

energy E7 = 1.5MeV and with an uncorrelated distribution (“flat” curve). Finally, from infor-
mation given in Table 2 one can find that both the energy and angular distributions of *H are

consistent with the Er = 2.2(5) MeV energy inferred from the missing mass data.

8.2 First excited state as a doublet at 5.5 MeV and 7.5 MeV.

In the first experiment, the first excited state was found as a peak at ~ 6 MeV, with a possible
interpretation as a 5/2%-3/2" doublet, see Section 7. For the discussion of this Section, we
should assume (i) the possible width of the state and (ii) the profile of the resonance peak,
which is also induced by this width. The relevant theoretical estimates are provided in Ref.
[93]. Contrary to the "H ground state, which has a unique true 4n emission decay channel, the
components of the 5/27-3/2" doublet, located above Er ~ 4 MeV, may undergo sequential
emission of 2 neutrons via the ground state of >H: "H — >H+2n — *H+4n. The alternative
single neutron emission channel is assumed to be closed, because no OH states available for
the sequential decay "H—°H+n were found in this work below the 6 MeV energy relative the
3H+3n threshold.

We start with overall “pessimistic” estimates for the resonance profile. The upper-limit

width value of the sequential decay of the “2*” state at 5.5MeV via the “H ground state is

Table 2: Mean values of the € and 637y variables for the distributions of Figs. 35 and 36.

Value flat 1.5 2.0 2.5 3.0 Exp.
€ 0.46(11) 0.28(6) 0.26(6) 0.24(6) 0.23(6) 0.31
Ospn 3.5(6)  234) 264 284 3.04) 29
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determined in Ref. [93] as I' = 0.75 MeV. We assume a conservative value of I' = 1.5 MeV. It
can be seen in Fig. 37 a) that Lorentzian profile with such a width extends to the ground state
position and may ‘“‘shade” it. However, a realistic resonance profile should be corrected by a
function of the width dependence on energy:

do F(ET)

dEr ~ (E,—Er)>+TL(Er)2/4° ©)

Functions of this type were proved to be extremely precise in the description of the resonance
profiles of three-body decays, see, e.g., Eq. (24) in Ref. [95] and Eq. (7) in Ref. [96]. The
low-energy asymptotics of the “27” state should be ~ E%. Let’s assume the behavior ~ E%
The energy resolution for the ground and the first excited states are expected to be ~ 1 and
~ 0.8 MeV, respectively, see Table 1. Let us take 1.2 and 1 MeV. It can be found in Fig. 37
a) that even the “pessimistic” estimate of the resonance profile results in a pronounced deep
between the "H ground and “2%” states. So, clear experimental separation of the ground and
“2%” excited states of "H in our experiment is expected.

Some additional clue on another resonant state can be found on the right tail of the 5.5 MeV
peak at about 7.5MeV in Fig. 34, upper row. It could be just a statistical fluctuation of the
data. However, one should keep in mind that if the 5.5 MeV peak is indeed the 5/2" state of
"H, than one may expect the 3/2* member of this doublet to be located ~ 1 —2MeV above it.
According to statistical argument, the 3/2" state population should be two times smaller than
the 5/2% population. For the 3/27 state at E7 ~ 7.5 MeV with width smaller than 1 — 1.5 MeV
we can show that the doublet components can be resolved by the setup of experiment 2, see Fig.
37 b), red dotted curve. Otherwise, we can expect some quite broad asymmetric “triangular”
profile with “shoulder” for the 5/27-3 /2" doublet, see Fig. 37 b) orange dash-dotted curve.

So, we can not discriminate confidently between these two opportunities and contribu-
tions just from asymmetric broad right “shoulder” of the 5.5 MeV state, see Fig. 37 a). How-
ever, the idea about contribution from the 3/ 2" doublet state is attractive, since it allows also
to explain the disagreement with experiment 1. The Er = 6.5(5) MeV peak position found
in [91] is consistent with the observation anticipated for a unresolved 5/27-3/2" doublet
Er = {5.5,7.5} MeV, as the resolution was considerably worse in experiment 1 compared to
experiment 2. It can be found in Fig. 34 that a spectrum, consistent with the results of ex-
periment 1, can be obtained for certain binning conditions, simulating deterioration of energy

resolution.

8.3 Group of events at 11 MeV

The 11.0(5) MeV peak is well seen in all the data representations in Fig. 32 (b,d) and 34 (a-e).
The search for this state at 6., > 18° loses sense, since this energy-angular range is expected
to be contaminated with the background events, see Fig. 33 b). Question could be asked: what
could be the nature of such quite a narrow states observed at such a high excitation energy? The

disintegration of the *H cluster into p+n-+n is possible above E = 8.48 MeV. Phenomenology of
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Figure 37: The energy profile of the ground and the first excited state(s) of "H. a) Broad state
case. The gray solid curve shows pure Lorentzian profile with I' = 1.5 MeV. The black solid
curve shows the realistic profile with I' = 1.5 MeV. The red dotted curve shows the realistic res-
onance profile with experimental resolution taken into account by the Monte-Carlo simulations.
b) Narrow states case. Black solid, blue dashed, and olive dash-double-dotted curves show the
5/21-3/2" doublet with the resonance energies of 5.5 and 7.5 MeV, but with different widths
of the 3/2". The red dotted and orange dash-dotted curves show the doublet spectra with ex-
perimental resolution taken into account by the Monte-Carlo simulations. The experimental "H
missing mass spectrum with cutoff of the reaction angle 6., < 18° is shown in both panels by
gray histograms.
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nuclear states suggests that the states with definit clusterization are likely to be found near the
corresponding cluster disintegration thresholds (both somewhat above and somewhat below).
According to this systematics the 11 MeV state can be expected to have the structure with
“dissolved” 3H core: p+6n. It does not mean that such a state should be necessarily observed
in the p+6n decay channel. According to a penetrability argument, the H+4n channel should
still be a preferable decay path for such a state. Nevertheless, we performed a dedicated search
for decay of this state into p+6n. Unfortunately, no significant concentration of such events was
identified.

8.4 Neutron coincidence events

The neutron wall used in experiment 2 provided 4.5% energy resolution for neutron energy of
~ 1 MeV and the single neutron registration efficiency of ~ 15%. The efficiency of the neutron
registration in coincidence with *H and *He was around 2% taking into account that four neu-
trons are produced in each "H decay event. Such an efficiency is too low to expect statistically
significant result. However, these events could be interesting as an additional consistency check
of the data, see Fig. 32 a) and d). There are 8 triple-coincidence H->He-n events. There are
two events in the E7 ~ 5.5 MeV region, one event corresponding to ~ 7.5 MeV structure, and

three events consistent with the 11 MeV state.

8.5 Reaction angle correlation

Such distributions of the direct reactions serve as one of standard tools of spin-parity identifica-
tion in reaction theory. Due to the small statistics of our experiment, angular distributions can
not provide a basis for reliable statements, but some conclusive remarks still can be done.

Fig. 32 c) shows the center-of-mass angle of events from the 2H(® He,>He)"H reaction ver-
sus the corresponding “H excitation energy taken from the experiment 2. For E7 > 10 MeV the
available angular range rapidly shrinks: the kinematical cut defined by the maximum energy
E = 26 MeV of reliable identification of >He recoils can be clearly seen. The angular distri-
butions for different energy ranges of 'H are presented in Fig. 38. The efficiency-corrected
angular distributions converted to cross section values are shown in the upper panels of Fig. 38.

The angular distribution for the possible “H ground state energy range, shown in Fig. 38 a),
was discussed in Section 8.1.1. Here we would like to point that the deduced cross sections are
~ 24 ubl/sr for Oy ~ 5° —9° and ~ 7 ub/sr for Oy ~ 157 — 19°. For the first excited state,
Fig. 38 b), the deduced cross sections are ~ 30 ub/sr for Oy, ~ 5° — 18° and ~ 11 ub/sr for
Ocm ~ 18° —30°. The energy range 8.5 < Er < 10.5MeV was excluded from consideration,
because of the remarkable background found in the empty target experiment, see Fig. 33 b).

In general, we would like to comment the following. Within the available angular range and
available statistics, the angular distributions of all the 4 ranges can be seen as qualitatively dif-
ferent. Thus, these distributions support the idea that the considered ranges contain physically

different entities.
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Figure 38: The center-of-mass angular distributions for the ?H(3He,® He)"H reaction in differ-
ent “H missing mass energy ranges. Efficiency corrected angular distributions are shown in the
upper part of each panel. a) The "H ground state with 0 < E7 < 3.2MeV and E3y < 4/7Er,
the hollow black and filled gray histograms shows the data of experiments 1 and 2, respectively.
The dotted curves of corresponding color show the detection efficiency which is given on the
right axis. The red solid curve shows the FRESCO calculation results with standard parame-
ters, see Section 4, the blue dashed curve shows the result of FRESCO calculation assuming the
extreme peripheral transfer (both curves have arbitrary scaling). b) The first excited state (or
doublet) with 3.2 < Er < 8.5MeV. ¢) The 11 MeV excited state with 10.5 < Ey < 12.5 MeV.
d) High-energy part of the spectrum with Er > 12.5 MeV.

8.6 H summary

In conclusion, we once again refer to the previous works dedicated to the “H study. In our ex-
periments the accepted condition of the occurred 2H(®He,*He)’H reaction was the coincidence
detection of the recoil *He together with the *H nucleus emitted at the "H decay, and the *H
momentum reconstruction allowed for using the kinematical triangle as a selection gate reduce
significantly the missing mass background conditions. The efficiency of using the kinematical
triangle selection is demonstrated by the comparison of our present results with the spectra ob-
tained in the previous experiments where the same proton removal from 8He was studied. In
experiment [37] only the missing mass of "H was available, and background conditions were
very poor: the missing mass spectrum extended into negative energy region down to —20 MeV,
and more than 90% of the data were related to the background in the analysis. In experiment
[44] also only the missing mass of "H was available, and background conditions were poor:
the missing mass spectrum extended into the negative energy region down to —3 MeV, and
~ 75% of the data were related to the background reactions originated from the carbon com-
ponent of the CD, target. In experiment [45] the missing mass spectrum, see Fig. 30, of "H
was augmented by the requirement of the 3He->H coincidence which drastically improved the
background conditions. Still, some evidence of the background is visible, since the missing
mass spectrum extends into the negative region beyond the values implied by the energy res-
olution of the experiment. In our experiments, the coincidence with *H and reconstruction of

the 3H momentum allow for using the “kinematical triangle” as a selection gate which reduced
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significantly (down to 10% and 8% in our first and second runs, respectively) the background
in the reconstructed obtained "H missing mass spectrum.

The results of two conducted experiments at ACCULINNA-2 are consistent with each other
and, moreover, with the previous work [45]. Experiment one allowed to observe the first
excited state as a bump at ~ 6 MeV and to get evidence for its ground state at ~ 2.2 MeV
above the decay threshold into 7+4n. In experiment 2 we collected the record statistics for the
’H(®He,>He)’H reaction (378 events). This allowed us to observe four peaks in the recon-
structed missing mass spectrum of “H at 2.2(5), 5.5(3), 7.5(3), and 11.0(3) MeV. For each of
these three datasets, because of the limited statistics, it is not impossible that these peaks are
induced by statistical fluctuations on a top of some smooth continuous spectrum starting from
Er ~ 5MeV. However, it is virtually impossible for statistical fluctuations to cause peaks at the
same energies in the three totally independent experiments.

The observed "H ground state is populated with very low cross section in the 2H(®He,’He)’H
reaction. So, our special concern in this work were the background conditions in the low-energy
part of the obtained spectrum and the energy-resolution issues, which might make “contamina-
tion” in the ground state range by events from the higher-lying H excitations. Both these
aspects were found to be favorable for the "H ground state identification even by few events.
All the observed in two experiments ground state events are consistent with the "H center-of-
mass angular distribution expected for the 1/2" ground state with diffraction minimum located
between ~ 10° and ~ 15°. They are also consistent with predicted energy distributions of the
H fragment in the "H center-of-mass system.

Summarizing, the conclusion about the observation of the "H states at 2.2(5) and 5.5(3)
MeV is very reliable. The observation of the 7.5(3) MeV state is not statistically confident
enough. Energy resolution of experiment 2 was high enough to resolve the possible 5.5 —
7.5MeV doublet. However, we can not exclude that the observed separation of the 5.5 —
7.5MeV peaks is actually a statistical fluctuation on the broad right tail of the 5.5 MeV state.
Anyway, we conclude that the firmly ascertained 5.5(3) MeV state is the 5/2% member of the "H
excitation doublet. The 11 MeV peak is well exhibited at the 2H(®He,>He)"H reaction center-
of-mass angles 6., < 20° where the available statistics is limited. It is also well seen at higher
center-of-mass angles 6., ~ 20° —35°. However, in this energy-angular range a strong back-

ground contribution is expected, so caution is needed.
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9 Results: experiment 2. d-*He channel for °H population

The breakthrough results on “H studies were the demonstration of the high quality collected data
and the effectiveness of the developed experimental methodics. Based on the latter, another re-
action channel of direct transfer of deutron from the ¥H beam has been studied. This mechanism
leads to the ®H population which can be studied as a missing component of the ZH(gHe, 4He)6H
reaction. Although, similarly, the events of interest are characterized by the detection of low
energy recoil “He and high energy *H, the data analysis is complicated by the expected higher
level of the background. The reason for this is the high amount of the background “He, as a
doubly magic nucleus. That is why, the missing mass spectrum interpretation required more
thorough analysis of all data representations: the empty target events, triple coincidences “He-
3H-n, multiple angular correlations and simulations. As for the reference measurements, the
results of the same reaction channel, occurred with the '°Be beam are given in Ref.[97]. The
obtained missing mass spectrum of populated 8Li had the expected structure, which proved the
effectiveness of the applied methodics for d-*He reaction mechanism and reliability of the total
setup calibration. However, due to the high amount of background alphas, originating from
other intense reaction channels, the certain 8Li structures were observed only in coincidence
with high energy lithium isotopes, detected by the central telescope. The latter, was configured
for triton registration in the main experimental run, and that is why did not allow to identify high
(up to 320 MeV) lithium isotopes with good efficiency. The latter led to the relatively low col-
lected statistics of the reconstructed missing mass spectrum of 8Li. Never the less, the observed
population of ®Li in conjunction with the results, related to the *H(!°Be,3He)’Li reaction, given
in Section 6, provided evidences for the data reliability and made the °H reconstruction method

highly promising.

9.1 °H data

In total, during the main experimental run, we collected 4650 *He-*H coincidence events, 130 of
which are triple coincidences with neutron detection by the stilbene wall. Despite to such record
statistics, as it was expected, it suffered from the poor background conditions. This background
can be seen in the triton kinematical triangle, see Fig. 39 a), as the strong population of the
{E7,E3y} plane beyond the kinematical limit allowed for the 2H(® He,*He)°H reaction (Esyg
is the H energy in the °H center-of-mass frame). Especially for the low excitation energies,
this background can be drastically reduced by using the triton kinematical triangle selection.
This selection results in 3850 events shown by red dots in Fig. 39 ¢). At first glance, no certain
resonance structure can be observed even in the °H spectrum cleaned by the *H condition (see
in Fig. 39b)). The clear sharp rise is observed in the region beginning at E7 = 3.0 — 3.5 MeV
and going up to ~ 6 MeV, where the spectrum remains flat within the energy range extending
up to E7 = 9 MeV. Obviously, this spectrum shape can not be described just as a contribution of
the 4-body phase space volume (see the orange dotted curve in the same panel), indicating the

presence of some resonance states of °H lying at low energy above the *H+3n decay threshold.
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Figure 39: a) Correlation between the *H energy in the ®H frame and the °H decay energy,
mentioned in text as triton kinematical triangle. The kinematical border showing the Ezg <
1/2E7(%H) relation is shown with the dashed red line. b) The ’H missing spectrum projected
from a) by using the triangle gate condition. The green-filled histogram shows the empty target
measurement data, normalized by a factor of beam integrals ratio. The orange dotted curve

illustrates the 4-body phase volume ~ E;/ * convoluted with the setup bias. c) Correlation
between the center-of-mass reaction angle and the H missing mass energy. Events satisfying
the triton kinematical triangle gate are colored in red. The horizontal green dotted line shows
the condition applied for the selection of the small center-of-mass reaction angle events (O¢ys <
16°), see solid and open circles. d) The ®H missing mass spectra, obtained by the projection of
events below and above the green line in panel c¢). The black and red histograms correspond to
the O, . < 16° and 6., > 16° selection, respectively. The magenta-filled histogram indicates
the “He->H-n triple coincidence events. The green and red dotted curves show the calculated
efficiency of the 4He-3H coincidence registration at low (6., < 16°) and high (16° < 6. . <
22°) center-of-mass reaction angles, respectively. The vertical gray dotted lines, drawn in all
planes, correspond to the zero excitation energy and the suggested position of the °H resonant
state at 6.8 MeV.

The position of the claimed resonance can be estimated by limiting the center-of-mass re-
action angles, see the black-line histogram in Fig. 39d). This limit was chosen based on the

behavior of the missing mass spectrum at different angular ranges [97]. First of all, we are
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focused only on the low-energy part of the reconstructed spectrum. The discussion of the ®H
spectrum obtained at E7<10MeV is much more convenient at small center-of-mass reaction
angles, see the red-line and green-line dotted curve in Fig. 39d). The red-line histogram in
Fig. 39 d) shows that starting with 6, ,, = 16°, the reconstructed missing mass spectrum has no
resonating behavior, only monotonous growth up to E7 ~ 20 MeV. This spectrum follows the
behavior of the “He->H registration efficiency given by the blue dotted line in Fig. 39 d). This
confirms its non-resonance nature.On the other hand, the same argument can not be applied
to the black-line histogram being together with the efficiency curve given by the green dotted
line. And the fact, that the position of the maximum efficiency value does not correspond to the
suggested 6.8 MeV state is another evidence for the resonance existence in close-lying energy
range. Here, we also would like to refer to the previous works, where authors claimed the pop-
ulation of ®H at 2.6-2.9 MeV, for example [46, 47, 43]. Although our setup allowed to register
such low-energy events, we clearly observe the absence of any possible states below 3.5 MeV.
Such observation is an important result, leading to the solution of the questions related to the

decay mechanisms of both ®7H in their ground states.

9.2 Center-of-mass reaction angle distribution

The cross section of the 2H(®He,*He)®H reaction populating the expected low-lying resonant
states of °H was calculated using the FRESCO code for Al = 1 momentum transfer provided in
Section 4. The calculated cross section angular dependence is presented in Fig. 40. The obtained
experimental count rate distribution, also shown in this Figure, demonstrates good agreement

with the predicted behavior, see the gray-filled histogram.
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Figure 40: Angular cross section dependence calculated for the 2H(8He,4He)6H(g.s.) reaction.
Green color refers to the angle areas covered by the detector setup. The gray-filled histogram
shows the obtained in the experiment angular distribution for the low-energy °H event popula-
tion (E7<10MeV).

Here we would like to mention that the "H data show the low-angle shift of the expected
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diffraction minimum of the corresponded distribution, see Fig.31 a). Both suggested expla-
nations of this observation, strong absorption or extreme peripheral character of the reaction,
lead to the idea that we may expect that such a parameter modification is needed also for the
2H(®He,*He)®H reaction calculations. However, the situation observed in Fig. 40 with diffrac-
tion minimum at about 6., ~ 24° and the hypothetic situation of the diffraction minimum
shifted to smaller angles are qualitatively consistent with the observed absence of the 6.8 MeV
bump in the experimental missing mass spectrum for 6., > 16°, see the red-line spectrum in
Fig. 39 d). Such angular dependence obtained in the range of 16° < 6. . < 20° may correspond
either to diffraction minimum for the Al = 1 cross section, or to the right slope of its low-angle

forward peak.

9.3 Empty target subtraction

The background contribution can be further reduced by taking into account the empty target
(deuterium gas out) data, see Fig.41. The empty target measurement collected around 17%
of the total obtained beam integral providing 280 events altogether, and 190 events within the

triton triangle, presented in Fig. 41 a).
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Figure 41: Empty target data for the *He-*H coincidence events in representation of triton
kinematical triangle and reaction angle correlation. a) Correlation between the *H energy in
the °H center-of-mass frame Ezy and the °H excitation energy Er. b) Correlation between
the center-of-mass reaction angle and the °H missing mass energy. Those events satisfying
the kinematic triangle selection are colored in red. The same as in Fig. 39 vertical gray lines
correspond to the peak observed at 6.8 MeV, and to the zero-energy level above the t+3n decay
threshold. The selected angular gate, ®cy; < 16°, is shown with the green dotted line.

First of all, we applied the primitive method to background subtraction. The background
was subtracted just taking into account the beam integral factor equal to 6.25 in this case. Such
subtraction was conducted both for the total spectrum and for its part obtained at low reac-
tion angles (0. m. < 16° (see black-line histograms in Figs.39 b) and d)). Two resulting spec-
tra of this procedure are presented in Fig. 43 a). The subtraction spectra in the energy range
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3.5 —10MeV are consistent with each other and consistent with the declared 6.8 MeV bump
position as it is seen in the spectrum without any background subtraction. Moreover, all the
presented spectra once again show the absence of any possible states below 3.5 MeV. So, the
direct background subtraction made both in the total spectrum and in its part obtained at low
center-of-mass angles produce consistent results and indicate that we understand the nature of
the apparatus-induced backgrounds in our experiment. However, because of the low statistics
of the empty target data the E7 bin size was to be set to quite a large value of 3 MeV. Despite
the large bin size, the statistical error bars produced by the two used procedures are quite large
and do not allow detailed quantitative conclusions. For that reason a more stable background
subtraction procedure is developed, which is based on the smooth approximation of the empty

target background data.

Figure 42: a) Empty target data in the correlation plane {Er,Esy}. b) Empty target data fit by
a smooth analytical function.

The second subtraction procedure is conducted in the triton kinematical triangle space and is
based on assumption that the empty target contribution is sufficiently smooth in the {Er, E3y}
coordinates. The proper presentation of the empty target data obtained in the triton kinematical
triangle are given in Fig. 42 a). For analytical approximation we suggested that this background
distribution has two components: the flat component, weakly depending on energy, and the rel-
atively narrow “ridge” at small E3y values. The obtained smooth analytical function is shown
in Fig. 42 b). We have used a Monte-Carlo procedure to subtract it from the experimental data.
The subtraction results obtained with the empty-target data normalized to the 3He incoming
beam flux are shown in Fig. 43 b). The 6.8 MeV bump is clearly seen in the obtained corrected
missing mass spectrum. The deduced cross section turned out to be ~ 190(40) ub/sr for the
center-of-mass reaction angular range 5° < 6., < 16°. This reasonably large cross section is
consistent with the resonant population mechanism. This value is also in a very good agree-
ment with the cross section obtained by FRESCO calculations, see Fig. 40. The steep rise of
the spectrum at 3.0-3.5MeV and the broad left tail of the 6.8 MeV bump provide together an

indication that another ®H state may be located at about 4.5 MeV. These results once again em-
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phasize that no indication on the 2.6 — 2.9 MeV state (the °H ground state, as suggested in Refs.
[46, 47, 43]) is found.
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Figure 43: The SH missing mass spectra obtained after the background subtraction procedures.
a) Scaled direct spectrum subtraction. The black- and gray-line histograms relate to the full and
low angle (6. m. < 16°) data. b) Triton kinematical space subtraction. The black- and gray-line
histograms show the spectra obtained before and after the subtraction procedure. The blue-line
histogram presents the scaled background spectrum. As in the previous figures, the dotted gray
lines correspond to the 6.8 MeV and zero level above the decay threshold.

9.4 Neutron coincidence data

Practically background-free °H data can be obtained by requesting the measured data coinci-
dence with one of the neutrons emitted in the ®H decay. The data on the *He-3H-n coincidence
events (130 in total) from the >H(®He, *He)®H reaction are shown in Fig. 44. Besides the already
traditional triton kinematical triangle, here we also use the similarly built neutron triangle, as a
correlation of the neutron energy in the °H center-of-mass frame of reference with the missing
mass energy. The spectra in both triangles show that the triple coincidences data are almost
free from the background, as far as practically all the events are located in the kinematically al-
lowed region, see Figs. 44 a) and b). To be more specific, the background level of this spectrum
can be estimated as < 3%. The reaction center-of-mass angular distribution of the *He-*H-n
coincidence events is shown in Fig. 44 c¢). The projected missing mass spectra Fig. 44 d) show
the clear evidence of a resonance state at 6.8 MeV. Moreover, the indication on the 4.5 MeV
structure can be also found. As in the previous data analysis, data in Fig. 44 does not provide
any indication related to the possible existence of the 2.6 MeV state: just one event is found in
the 1.5 MeV energy bin around E7 = 2.6 MeV, which is statistically not significant to the total
14 events within the E7 ~ 3 — 8 MeV energy range assigned to the broad 6.8 MeV peak.
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Figure 44: a) Triton kinematical triangle for the triple “He-3H-n coincidence events. The red
dashed line corresponds to the E3y < 1/2E7(%H) border. b) Neutron kinematical triangle for
triple “He-H-n coincidence events. The red dashed line corresponds to the E, < 5/6E7(°H)
border. c) Correlation between the center-of-mass reaction angle and the °H excitation energy.
Events inside the triton kinematical triangle gate are colored in red. The horizontal green dotted
line shows the applied gate for the selection of the small center-of-mass reaction angle events
(Ocy < 16°), see the solid and open circles. d) The SH missing mass spectra obtained for all
triple coincidences (black-line histogram) and for low-angle events (6., < 16°). The orange

dotted curve illustrates the 4-body phase volume ~ E;/ ? convoluted with the setup bias. The
vertical gray dotted lines are drawn in all planes showing the suggested position of the SH
resonant state at 6.8 MeV.

9.5 Background reaction channel correlation analysis

Another important question to be solved, before making missing mass spectrum interpretation,
is whether the low-energy structures can be the artifacts, provided by other reaction mecha-
nisms? How can we be sure, that those registered “He and *H nuclei were produced in the deu-
tron transfer reaction from the 8He beam nuclei, but not in a different channel? One can fairly
assume that the same reaction products could be registered in such reactions as *H(*He, >He ) H

or ?’H(3He,"He)H. In this chapter, we provide the results of these channels investigation and
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the correlations of the latter with the low-energy part of the °H missing mass spectrum.

9.5.1 d-’He background channel

Let us consider, that the registered “He and *H nuclei were actually the products of the

’H(®He, "He)>H reaction. In this case, ’He can be reconstructed as a missing component from
the registered *H in the central telescope. The "He missing mass spectrum, reconstructed from
the tritons in coincidence with alpha, registered in one of the side silicon telescopes is presented
in Fig. 45 b). We have selected the "He low-energy part, see the green colored part, and analyzed
the position of such events in the ®H spectrum, see the green-line Fig.45 a). The blue-line
distributions relate to the inverse procedure and correspond to the events of the low-energy °H
spectrum. The result of low energy spectra correlation analysis is that the low-energy events of
"He are spread at the high-energy region of °H and do not form any pronounced peak. Thus, we
conclude that our ®H spectrum is very weakly affected by possible population of "He, produced

in the d-"He reaction.
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Figure 45: a) The ®°H missing mass spectra. b) The He missing mass spectra. In both Figures:
the low-energy part with E7(°H)<9 MeV is colored in blue; the green-line spectra correspond
to the events of low excitation energies of "He: Er("He)<25MeV.

9.5.2 d-"He background channel

This channel leads to the production of target-like >He and beam-like H. The latter moves at
forward angles and decays into t+2n, which does not allow to measure it directly. However, the
recoil "He of smaller energies also lives not enough time to reach the silicon telescopes. That is
why, the 2H(3He,>He) H reaction can be studied only for triple “He-*H-n coincidence events.
For those, the recoil >He invariant mass is reconstructed from the measured alpha and neutron.
The correlation of this spectrum with the ®H, obtained for triple coincidence events is presented
in Fig. 46.
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Figure 46: a) The °H missing mass spectra, reconstructed the recoil *He in triple “He->H-n
coincidence events. b) The *He missing mass spectra, reconstructed from >H. In both Figures:
the low-energy part with E7(°H)<9 MeV is colored in blue; the green line corresponds to the
events of low excitation energies of SHe: Er(CHe)<5 MeV.

Thus, the conducted background reaction channel tests did not confirm the idea of a back-
ground nature of the low-energy structure of °H. This gives more confidence to the correct re-
action channel identification and in conjunction with the previous chapters allows us to declare

the observation of the °H resonance behavior.

9.6 °H spectrum interpretation

The suggested interpretations of the low-energy ®H spectrum are illustrated in Fig. 47. In this
figure the empty-target-corrected “He->H coincidence spectrum of Fig. 43 (a,b) and the *He-
3H-n coincidence spectrum of Fig. 44 (c,d) are also corrected for the experimental efficiency by
a Monte-Carlo procedure. For consistency, the neutron coincidence spectrum in Fig. 47 (c,d)
has the same 6., < 16° cutoff.

Obviously, non of the shown spectra can be interpreted as a pure phase volume, see the
orange curves in Fig. 44 d). That is why, in order to explain the obtained missing mass spectra,
especially at low-energy part of E7 ~ 3 — 8 MeV, some resonant contributions are also needed.
The described spectrum analysis resulted in conclusion, that the suggestions of the resonance,
located at the energies higher than 6.8 MeV are not acceptable, because those lead to the sys-
tematic underestimation of the low-energy data. Thus, the Er = 6.8 MeV resonance energy can
be regarded as an upper limit for the °H resonance energy.

For the spectrum interpretation we used the conventional Lorentz-like profiles, given as:

do F(ET)

~

dET (Er—ET)2+F(ET)2/4

Important feature of our data is the nonobservation of the °H ground state at Er = 2.6 —
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Figure 47: Two suggested interpretations of the °H spectrum with one broad (left figures) or two
relatively narrow states (right figures). The gray histograms in a) and b) show the efficiency-
corrected *He->H coincidence data based on Fig. 43 b). The bottom c) and d) histograms show
represents similar data of triple “He->H-n coincidence events, based on Fig.44 d). The red
dashed and blue dotted curves correspond to the possible contributions of the low-energy °H
states, the green curves are an option for the physical background approximated by the Fermi-
type profile.

2.9MeV, as it was proposed in the earlier works [46, 47, 43]. To quantify this conclusion
we performed complete Monte-Carlo simulations for the isolated ground state assuming the
Er = 2.6 MeV resonance energy and angular distribution predicted by calculations of Fig. 40.
The Monte-Carlo simulations of our setup efficiency, see Fig. 39 d), show that this energy and
angular range 6., < 16° are most favorable for such a resonant state identification. However,
according to the advanced subtraction procedure the obtained spectrum population is practically
zero at ET < 3.5MeV, see Fig.43 b). This led to the task of the lower limit for the resonance
state admissible by our data. We imply that the population rate for such a state should be com-
parable for several possible low-lying states of °H populated by the Al = 1 angular momentum

transfer. The mentioned above reason of systematic disagreement of the suggested interpreta-
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tion with the experimental data at low energies does not allow one to describe the spectrum
in the region E7 ~ 3 —5MeV even for a quite broad state with I' = 3 MeV, especially notice-
able for the triple coincidence data in c) panel of Fig.44. That is why, for the Er = 6.8 MeV
resonance of a smaller width (e.g. I' = 1.5MeV) the interpretation with two states is more
preferable, see the blue and red profiles in Fig. 47 (b,d). In the assumption of several states, the
illustrated E7 = 4.5 MeV peak is the lowest °H resonant state energy, which can be consistent
with our data. However, one should keep in mind that more than two overlapping °H states may
actually be expected in this energy range. That is why, the obtained spectra do not exclude the

many states.
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Figure 48: The level schemes of °H, and the known neighboring 4H, °H [35, 98, 94], and "H
[91, 92] systems, which are important for the discussions of this work. The solid red arrow
illustrates the decay mechanism of the ground state of H which is expected to be the “true”
4n emission. The dotted blue arrows illustrate the decay mechanism of the higher excitations
in 7H, which is expected to be the sequential 2n+2n and 2n+n+n emissions via the >H and °H
excited states, respectively.

These obtained results on the “H and ®H energy spectra also an evidence about the 5-body
decay mechanism of the observed "H ground state at 2.2MeV above the *H+4n threshold.
Such conclusion comes from the hydrogen isotope energy level diagrams, presented in Fig. 48.
It is clearly seen, that since the low-energy limit of the possible °H resonance is located at
Er = 4.5MeV, the "H ground state decays directly into the t+4n.

As in the case of the H data analysis, the analysis of the fragment energy distributions of °H
provides unique information about its structure and properties of its subsystems. In particular,
the analysis of the sequential decay °H— H(g.s.)+n—>H+3n showed that the energy distribu-
tion of the emitted 3H demonstrates strong sensitivity to the correlations in the H intermediate
system. The calculations, described in details in Ref. [97], have been performed in assumption
of the °H decay energy situated in a range between from 3.5 to 7.5 MeV, which corresponds
to the observed resonance at 6.8 MeV. Two models were used for theoretical estimations: the

uncorrelated decay, described with a phase volume model and the highly correlated dineutron

68



decay of the H ground state. The obtained estimations were compared to the results of our
experiment and the data of the H work [94]. These resulting datasets are provided in Table 3
and led to the conclusion that the preferable interpretation of the data suggests the extremely

correlated emission of two neutrons from the H ground state intermediate system.

Table 3: Mean values of the 3E;y/2Esy distributions. The “th.” columns show the theo-
retical results and the “bias” columns give the corresponding values corrected for the exper-
imental bias via the Monte-Carlo procedure, see Ref.[97]. The “4-body p.v.” is the four-
body phase volume approximation of the true 3n emission from *H. Models for the sequential
oH— SH(g.s.)+n — *H+3n decay: “3-body p.v.” — the uncorrelated three-body phase volume
decay of the *H ground state, “realistic” — the experimental data of work [94], “dineutron” —
the highly correlated dineutron decay of the >H ground state. The column “experiment” shows
the obtained experimental data.

Models: 4-body p.v. 3-body p.v.  realistic dineutron experiment
ranges (MeV) th. bias th. bias th. bias th. bias *He-’H “He-3H-n

35<Er <55 1/3 030 029 028 033 030 043 039 0423) 0.49(7)
S5<Er<75 1/3 028 027 024 031 026 039 033 0.332) 0.24(8)

As for the estimations of the cross section, one may find in Fig.47 (a,c) that for the °H
missing mass spectrum in the E7 =4 — 8 MeV energy range up to ~ 35% of the population cross
section can be related to background, corresponding to the tail of the higher energy excitations.
For that reason the lower limit given for the uncertainty of the population cross section should
be extended as do /dQ . ~ 19()‘:%8 Ub/sr.

9.7 SH summary

The data of this work obtained in the double “He-*H coincidences have quite large statistics
(among available data only for the *Be(n~,pd)%H reaction [40] statistics is better), and it allows
for a good missing mass energy resolution for the ®H spectrum and careful treatment of the
backgrounds. The consistently reconstructed spectrum picture was obtained in the triple *He-
3H-n coincidence data, which provides much smaller statistical confidence but can be seen as
practically background free. Such data quality was achieved using the kinematical triangle
method, applied for both detected neutron and triton. Both statistical analysis and correlation
analysis of all possible satellite reaction channels confirmed the resonance nature of the low-
energy spectrum of ®H. Thus, the derived from our data detailed information on the spectrum
of °H for E7 < 9MeV shed the light on the problems of ®H structure, 5-body decay of "H and
3-body decay properties of "H.

The reconstructed from the “He data missing mass spectrum of °H has a broad bump at
Ep = 4 —8MeV, which is populated with a cross section d6/dQ¢m, =~ 190f§8 ub/sr in the
5° < Q.. < 16° angular range. This is a reasonably large cross section, consistent with the
resonant population mechanism. This bump can be interpreted as a broad (I' > 5 MeV) resonant
state at £ = 6.8 MeV. Observation of such a states(s) is consistent with the data of Ref. [40],

concerning the lowest °H state.
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We have found no evidence of the ~ 2.6 — 2.9 MeV state in °H, which was reported in the
pioneering work [46] and has got support in [47, 43]. The cross section limit do/dQcm. < 5
ubf/sr is set for the population of possible states with E7 < 3.5 MeV. Also the existence of the
®H ground state at ~ 2.6 — 2.9 MeV is hardly consistent, due to the pairing energy argument,
with our observation of the ground stat of "H at 2.2(5)MeV. There is no sensible structural
argument explaining why the population of the possible ~ 2.6 —2.9 MeV ground state could
be suppressed in a very “simplistic” >H(®He, *He)®H transfer reaction and not observed in our
data, while the °H spectrum at E7 > 3.5MeV is well populated. Therefore, we suggest that
the position of the °H ground state is not yet established, and discussion of this issue should be
continued.

The broad bump in the °H spectrum at E7 = 4 — 8 MeV can also be interpreted as overlap of
several relatively narrow states. We suggest to resolve it into two overlapping states, at E =4.5
and 6.8 MeV of I' = 1.5 MeV width. These states correspond to the lowest possible °H ground
state energy admissible by our data. According to the energy systematics and the paring energy
arguments, resonance with such an energy is a good candidate for the °H ground state.

The updated level scheme of all heavy hydrogen isotopes, illustrated in Fig. 48, clearly
demonstrates the evidence of the true 5-body decay of “H in its ground state. Obviously, that
the low-energy limit of the lowest °H resonance position, established as Er = 4.5 MeV, confirms
that the "H ground state, observed at E7 = 2.2 MeV, decays via the “true” (or simultaneous) 4n
emission. Thus, "H is the first confirmed case of nucleus possessing this exclusive few-body
dynamics of decay.

The momentum distribution of the 3H decay fragments was reconstructed in the °H rest
frame. The theoretical studies, described in work [97], of the four-body sequential H—
SH(g.s.)+n — >H+3n decays were performed for the first time and provided unique results
on the SH decay. Within the assumption of the °H sequential decay we have found that our data
provide evidence that an extremely strong “dineutron-type” correlation is realized in the decay
of the H ground state.

Although in the frame of this work we do not establish the positions of the °H resonance
states, but the demonstrated results and developed experimental methodics present the signif-
icant step towards resolving the ®H problem, which can be applied for extracting information
about the multi-particle nuclear decay dynamics. Never the less, in order to fulfill these tasks,

more accurate measurements are needed for more solid conclusions.
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10 Theoretical model

In this chapter we introduce the developed theoretical model allowed to perform the cross-
section analysis of the 2H(®He,*He)"H(g.s.) reaction. As we have suggested the reason for the
observed extremely low cross section value and the position of the first diffraction minimum
at unexpectedly low angles is the extremely peripheral character of the 2H(®He,>He)"H(g.s.)
reaction. The FRESCO calculation with the standard parameters showed provided the cross-
section with a typical value of few millibarns at the zero angles, see the red solid curve in Fig.
38 a). But the deduced cross-section of ~ 25 ub/sr for O, ~ 5° —9°) indicated the uniqueness
of the "H case and the inapplicability of the standard methods of the reaction theory.

In theoretical calculations accompanying the data we limited ourselves to very simple reac-
tion mechanism populating "H: we considered sudden removal approximation for proton from
the 8He core to populate “H spectrum.Such process can be understood based on the plane-wave
Born approximation model, which well reflects the “quasifree scattering” aspect of the pro-
cess. Our goal is to describe the obtained in the experiment (Fig. 38 a)) distribution with the
developed parametrization of the peripheral reaction behavior.

The sudden removal reaction mechanism corresponds to a situation where in the initial
state we take into account only the potential between the transferring proton (further referred
as participant) and “H (further referred as spectator), and in the final state we neglect all the
interactions except the target-participant one. Thus, we assume that the interaction time is so
short that it does not affect the spectator at all [99]. This approximation allows to factorize the
cross section into product of the elastic cross section (on-shell T-matrix squared) and formfac-
tor (squared). In this chapter we apply the mentioned formalism for the 2H(®He,’He) H(g.s.)

reaction.

10.1 Model
Let us use the following notations for the H(®He,>He)’H(g.s.) reaction:
e K;, is the momentum of the ®He incoming beam in the laboratory frame of reference.

e Koy = {K ||,K’ 1} is the laboratory momentum of the spectator ’H. It is decomposed
into longitudinal momentum K’ I and transversal momentum K’ | (Z axis as parallel to

the beam direction).
o K. =Kj, — Ky is the laboratory momentum of the center of mass of the recoil 3He.

M 3 (13 b T 3 2 b
o Kt = me is the “spectator in projectile frame” momentum, i.e. the spectator mo-

mentum as a component of the initial *He projectile.

e K= A%Km is the relative momentum in the incoming channel (beam-target). Accord-
ing to the definition of the conjugated radial variable, it is defined in such a way that this
is the beam momentum in the center-of-mass frame of the whole system (beam+target),
see Fig. 49.
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e K = MﬁM, Ki, — Koy is the relative momentum in the outgoing channel (spectator-

recoil), accordingly, ’He momentum in the center-of-mass frame of the outgoing system
(spectator+recoil), see Fig. 49.

For reaction with 26.5 AMeV incoming ®He beam
K, = 1785.15 MeV , Kqpr = 1561.98 MeV , K =357.79 MeV. (7)

The masses of the reaction components are:
e Beam: M), = M(3He) = 7482.538 MeV

Target: M, = M(*H) = 1875.612 MeV

Participant: M, = M(proton) = 938.272 MeV

Spectator: My, = M("H) = 6567.18 MeV

Recoil or “QFS subsystem”: M, = M(*He) = 2808.391 MeV

Reaction Q-value: Q = (M, +M;) — (My+M,) = —17.421 MeV

participant 2 o
proton My o
1 0’0{
r th( r ) %
1 1
spectator v, k

target 2H

H
S
O g
beam 8He

Figure 49: Scheme of the H(®He,’He)’H reaction in the quasi-free scattering approximation.
Red arrow represents the target-participant potential the only one taking into account in the
outgoing system.

The energy balance for incoming and outgoing channels is

K2 K2 K>
My + 0 L My = M+ 2% M, L E 8
b+2,”b+ t s+2,”s+ r+2”r+ T ®)

where E7 is the energy of “H above the 3H+4n decay threshold.

From momentum conservation

Kin = Kout + Krec 5 (9)
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we define the total excitation energy available for spectator E7 and recoil system E;. for the

certain point in the kinematical plane {K|’ K "}

K> KiP+K? (K~ K|)?+K?
Ev (K. K| )=Ep = — — 10
bal (K[|, K ) = Er 2Mb+Q M M, (10)

The energy balance function Epy (K " E K’ ) is given in Fig. 50. For clarity, the experimental data

is also presented.

400

300

K}, MeV

100 -

1000 1200 1400 1600 1800

K'||,MeV

Figure 50: Kinematical locus and energy balance of the 2H(8He,3He)7H(g.s.) reaction. The red
color dots correspond to the data of the second experimental run discussed in Section 8. Vertical
and horizontal axes correspond respectively to the longitudinal and transversal momenta of the
spectator 'H.

We consider the system of three particles, “spectator” s ("H inside the ¥He beam projectile),
participant p (proton inside 3He), and “target” ¢ (*°H). Let us denote r the internal coordinate
of 8He, the vector directed from spectator fragment to the participant, and R is vector pointing
from ZH target to the center-of-mass of the beam. In the exit channel the applied approximation
requires another Jacobi set of variables — r’ and R’, see Fig. 49. The vector r’ is the internal
coordinate of the final state spectator, and R’ is the vector directed from the spectator to the
center-of-mass of the recoil *He.

There is a linear transformation from the initial state {R,r} to the final state {R’,r'} coor-

dinate sets:

M
r = R+—— r=R+ar 11
M, +M, (11)
M, M, (M, +M, +M
R/ — t R+ p( t+ p+ S) r:—BR—f—yr
Mi+M, " (My+M,) (M, +Mp)

We use the model with two major related physical assumptions — quasifree and plane wave
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in the in- and out-channels:

e Quasifree assumption: only one potential is taken into account in the T-matrix

— the potential between target and participant fragment.

e Plane wave assumption: plane wave motion is assumed in the initial state coor-
dinate and conjugated momenum {R, K} and final state coordinate and conju-
gated momenum {R’,K’}. This approximation makes the explicit factorization
of the cross section possible and makes consequent derivations purely analyti-
cal.

The transition amplitude in the T-matrix formalism and within the frame of the quasi-free
assumption has the form:

Tr:(K, K K / Erd® R}, (K1) ¥y, (K R) Vi (1) Wy (1) Wy ) (K, R), (12)

where V;,(r') is the target-participant interaction potential, see Fig. 49.

In the plane wave approximation we use
Wi (K R) =e®® W (K R) = e KK (13)

Inserting the unity operator in the form

/ d3k /d3 /! lkl‘ —I' (14)

we can effectively split the “prime” and “initial” variables in Equation (12)

d’k e ke KR .
T;i(K K, K) = /W/d3r" v (K )V () /d3rd3Rezkr o KRy (1) KR

15)
KR —kr' - K'R' =R(K—k+ BK') —r(ak+ yK'),
and using the definition of the T-matrix for the quasi-free channel
Tors (k,K') = / dre” ™V, (r) y,(K,r),  [fm® MeV] (16)

we get expression for the T-matrix:

3k : / , ’
Thi(K, K, K) = / (;l o Tops (k' k) / d°R ¢ K-k+BK)R / Bre Ky (r) - (17)

The momentum formfactor for the initial state spectator-participant relative motion wave func-
tion is

q) = / Pre @ (r) [/ (18)
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For the plane wave assumption we get:

d’k
Tr(K' K, K) :/W TgFS(k’,k) 2n)* §(K—k+BK) @,,(ak+7K').  (19)

[fm®] [MeV] [fm/?] = [fm®/?> MeV]
After intermediate momentum integration
T7i(K' k' K) = T (K, K+ BK') @y, (aK+ (af + K’ | (20)

where there is very simple relation
af+y=1.

We can see that there are two very special “transferred momenta” in the model, which are
illustrated in Fig. 50.

M
q = aK—l—KI = ]%TS]WPKHI - I(out - Kspf_ Kout )
Mt Mt
— K4pK = Kin — Kou) = 0 Kpee 21
q2 +B Mt T Mp( in out) Mz T Mp rec ( )

Specifically for the H(®He,*He) transfer reaction the transferred momenta can be expressed as

7
qQ = K+K/ = gKin —Kou = Kspf — Kout

2 2 2
Q@ = K+ gK/ = § (Kin - Kout) = gKrec . (22)

Final expression for the T-matrix in explicitely factorized form is
Tr(K' K, K) = Tfi(Koui, k', Kin) = TSFs(k/7Q2) D, (q1) - (23)
The “universal” expression for cross section is

1
do = - T (ki k', k)| dpy (24)

where the density of the continuum final states is defined by the universal recipy:

n dSk{
. / I 1
dpy = (2m)S(E1 + ... +E, E)LJ<2n)3.

(25)

where n = N — 1 is number of “dynamical” Jacobi momenta in the final state, which is by 1

smaller then the number of particles N in the final state.
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Specifically for elastic scattering case we gets

2 / 2
/}T (K, K)|*(27)S(E' - E) 1225)]‘3 - (é‘i)z T K| = K], 26

where M denotes the reduced mass of the system;

ko/

. This equation also provides
connection between 2 — 2 scattering T-matrix and elastic scattering amplitude f(k’, k).

For inelastic excitation of the final state |k’| # |k| one gets the expression

doinel) M2
dQu  (2m)?

kK p 2
= \T(k ,k)| ) (27)

For transfer reactions the in- and out-channel masses are also not equal and one gets the

expression
do"™™) My Mo K
dQy n (271')

\T (K, k | (28)

The transfer reaction 7T-matrix, squared and summed over all magnetic quantum numbers

Y, Trijmguenin> = (47 Y |Tju (B a2)” [sp0(gr)]* x

mj, UsM; Ly mj, PsMitly
]rmjr Srly JiM; ]rmjr Sy * (A A _
X Z Z Ssl»isfplip lrms,u,CStIJzSpIJpCsé,ubsp‘upCl,ms,u,Cs,u,spupY (QZ)Ylm(CD) = = (29

mp Wy il D iy

where we used the notations: J(j) - total angular momentum; | - orbital angular momentum; s -
spin; m - projection of the angular momentum; (i, - projection of the total angular momentum;

W - projection of the spin; indexes i,t,s,p correspond to ®He, 2H, "H and proton respectively.

By using
Z JiM - Ji 2J + 1 Z Sr.ur Sr.ur 6~
o SsUsSpflp Ssl-isspup 2S +1 fplp > o StleSplp Sz,Uthlip ey s
one gets
2Ji+1
3 er r ]rm r
— = (4m) 3 | rlys: ( r7q2)| |9sp.0(q1)] Z Z rm‘]r,ur rm;jhurY (22)Yim(§2) = —
Sp +1 mgj, minly,
by using
m w241 2+1
Jrim j. Jrij. r .
m;r ClrerurCer;lsrur o 21 + 1 6mm ’ ZYlm Ylm ) - 47[ )

one gets the 7-matrix averaged over initial magnetic quantum number

1

Ttiim: e JM:
<2Ji + 1)(2& + 1) mjﬂ%’lilit | S e s Mt

T (25, +1)(2s,+1) |7}rlrsr(E}/’7q2) ¢sp,0(Q1)|2-(30)
P
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So, we get the transfer cross section as

do K’ (2j-+1)
= 4M, (M —
dQem s K (s, + 1) (28, + 1)

|05p.0(q1) Tji,s,(EL,q2) |- (31

The angular dependence in the frame of reference attached to the center of mass of the
system is realized via the dependencies of the transferred momenta ¢; and ¢». Using Equation

(21) the transferred momenta can be easily constructed as the function of E7 and 6.y,

2
M.
g1 = \/(K’sinecm)2+<K’cos90m—A7sK) and
b

2 2
M; M,
g2 = \/(mK’Slnecm) +(mK’cos90m K) s (32)
t t

where

M, MM, +M
d K; Kin = V 2]wbEbeam ) K = \/S(t—l))(EK+Q_ET) .

MM, M+ M, +M,

10.2 Peripheral cut parametrization

In our approach we used the assumption of rectangular shape of both spectator-participant and
target-participant potentials. This treatment simplifies simplify the solution of the Schrodinger
equation for the participant wave function in the initial (‘F';,) and final states (‘¥;,) and includes
in the T-matrix definition, see Equation (16).

For the plane wave representation we use the following partial wave decomposition:

F
Yo (K, 1) = Z” ZYlm ) Yim(7) (33)

where F; is regular at the origin Bessel-Rikatti function, trivially connected with spherical

Bessel functions and characterized by the corresponding asymptotics
T
Fy(kr) = (kr) ji(kr) , Fy(kr) — sin(kr — ZE)

The behavior of the wave function beyond the potential barrier is denoted as K; and ex-

pressed as follows:

[2kr
Kl<r—>°°) = p= Kl+1/2(kr) NCXp( kl"),

where Kj | »(kr) is a modified Bessel function.
We assume the square well behavior for both V;,(r), Vj, (r). These potentials were chosen so
the ¥, and ¥y, functions satisfy the continuity equation on the barrier borders and provide the

correct result of the root-mean-square nuclear charge radii. The radii of 3He and *He are 1.924
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Figure 51: The participant (proton) wave functions ¥;,(r) and ¥, (r) obtained in the square
potential wells of He (V;,(r)) and 8He (V,(r)). The green-line distribution illustrates the
applied peripheral cut for the ¥, (r) function.

and 1.966 fm, taken from Ref. [100]. In the spherical coordinate system ¥, ,(r) and ¥,(r)
obtained in this way as a functions of radius are presented in Fig. 51. The implementation
of the peripheral behavior of the participant in its initial state is shown with the green-line
function. The presented cut is realized by multiplying the initial "black" wave function by the
Fermi-function and thus is characterized by two corresponded parameters: cut range and its
diffusion.

The cut of the ¥y, (r) function subsequently transforms the momentum formfactor ®;,(q)
calculated using formula 18. Both formfactors as a functions of q;, before and after peripheral
cut, are presented in Fig. 52 a). Using the dependence of q;(®cy), given in formula 32 and
shown in Fig. 52 b) the simple visual analysis at this step tells about the behavior of the cross-
section of the ground state population. Here and in the following discussion we suggest the
ground state energy E7 =2.2(3) MeV, which corresponds to the observations, see Section 8.

The second factor of the formula 31 is the T-matrix calculated in the quasi-free approxima-
tion. From the Fig. 53 one may see its monotone decreasing behavior with increasing q;, and
therefore ®¢y,. That is why in the studied angular range ®¢y;<45° the T-matrix does not affect

the cross-section structure, but decrease its absolute value with the rising angle.

10.3 Results

For the two mentioned tasks two sets of cut range(R,, r)-cut sigma (0, r) were obtained.

The cross-section, provided by the FRESCO calculations and presented in Section4 has
been reproduced with R,, ;=6.1 fm and 0,,y=0.23 fm. The obtained cross-section with such pa-
rameters in compare with the one in Fig. 9 a) is presented in Fig. 54.

One may see that the developed model allowed to reproduce the center-of-mass angu-

lar distribution calculated by the FRESCO code with standard parameters for the reaction
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Figure 52: a) The proton formfactor ®;,(qq) as a function of the transferred momentum qj.
The black and green-line distributions correspond to the initial and cut ¥y, (r) function, see
Fig.51 b). b) The q; transferred momentum dependence on the reaction angle ®¢;; shown in
the experimentally covered angles: 0-45°, see Fig.32 c). Those q;, and hence ®¢yy, at which
®d,,(q) turns to zero correspond to the position of the cross-section minimums.
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Figure 53: a) The proton T-matrix as a function of the transferred momentum q, calculated in
the quasi-free assumption. b) The q, transferred momentum dependence on the reaction angle
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Figure 54: ZH(®He,>He)"H(g.s.) reaction angular distribution obtained by the developed model
with R,,=6.1fm and o©,,7=0.23 fm is shown with black line function. The initial FRESCO
results taken from Fig. 9 is presented with the green line function. Both functions are shown in
the linear a) and logarithmic b) scale.

2H(8He,3He)7H(g.s.). The position of the first minimum as well as the cross-section absolute
values at forward angles is reproduced with high precision. This result confirms the efficiency
of the developed model, which makes it possible to choose the certain set of R, and 0,,¢ pa-
rameters and analyze the suggested extreme peripheral character of the 2H(®He,3He)”H reaction
based on the experimentally observed results.

Due to the low collected statistics of the "H ground state population (14 events in two ex-
periments) the observed center-of-mass angular distribution was reproduced with big errors.
That is why criterion of results consistency should be agreement of the theoretical model with
the data in both representations: before and after interpolation. The unexpected extremely
low cross-section contradicting the FRESCO prediction implies the larger cut range R, r. The
model results for the selected parameters R,, r=8.79 fm and 6, /=0.2 fm which best interpretates
the collected data is presented in Fig. 55.

One may see that the structure of the obtained center-of-mass angular distribution (the black-
line in Fig. 55) corresponds to the collected experimental data on all studied angular range. The
important feature of the result is the lower the first and the second cross-section-minimum
positions, which is obviously better fits the observation than the FRESCO result obtained in the
similar peripheral cut assumption. The absolute cross-section values shown in b) panel are in
good agreement with the FRESCO result. Thus, we may conclude that the developed model
based on the plane-wave Born approximation is in agreement with both results: experimental
and calculated by FRESCO, which confirms the suggestion of the extreme peripheral reaction
character.

The Fig. 56 shows the reproduced ®cy-E7 correlation with the embedded experimental
data. In the above discussion we assumed that the E7 (7H(g.s.)):2.2 MeV. The reproduced Ocy,-

Er gives the opportunity to analyze the cross-section for different excitation energies of the
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Figure 55: The center-of-mass angular distribution for the 2H(®He,®> He)’H reaction recon-
structed with R,,=8.79fm and 0,,/=0.2fm. a) The H ground state events collected in two
experiments are shown with filled gray histograms. The black solid curve shows the theoreti-
cal calculations, which has arbitrary scaling here. b) The theoretical model result presented in
the linear scale with overlaying efficiency corrected experimental data given in Fig. 38 a). The
experimental data points are drawn with squares with the calculated errors. In both figures the
FRESCO results performed in assumption of the extreme peripheral transfer (given as the blue
dotted line in Fig. 9 a)) is shown with the green-line function.

studied system, which in conjunction with all presented results, makes the developed model a

powerful tool for the direct transfer reaction studies.
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Figure 56: Correlation between the center-of-mass reaction angle and the "H excitation energy
calculated within the developed model. The Z axis is shown in logarithmic scale for clarity of
the cross-section structures at large angles and excitation energies. The red color dots corre-
spond to the data of the second experimental run taken from Fig. 32 c).
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11 Conclusions

This thesis reports the results of two experiments performed with the fragment separator
ACCULINNA-2 in Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Re-
search, Dubna. During both experiments we used the cryogenic gaseous deuterium target of
30K at atmospheric pressure and the secondary beam of 3He ions with energy of 26 AMeV.
The latter was produced in the interaction of ''B primary beam of 33.4 AMeV with beryllium
target and separated by the in-flight technique. Having the the intensity of the primary beam of
~1 puA, ACCULINNA-2 facility produced ~10 pps of ®He ions. As a result of the ¥He->H in-
teraction, the properties of H populated in the proton transfer “H(*He,?He)”H reaction and °H
populated in deutron transfer >H(®He,*He)H reaction were investigated. Both ’H and °H were
studied by the missing mass method and reconstructed from the recoil *He and “He respec-
tively. The beam diagnostic system consists of two BC404 plastic scintillators and two pairs
of multiwire proportional chambers. The scintillators detectors provided the time-of-flight and
energy loss information, used for the particle identification and the beam energy reconstruction.
The charged reaction products were identified and measured by the AE-E telescopes. We used
three layer AE-E-E (20 um-1 mm-1 mm) telescopes consisted of silicon strip detectors for the
low-energy recoil detection. The higher energy tritons produced in the °H or "H decay was
measured by the the telescope consisted of one 1.5 mm-thick double-sided silicon strip detector
followed by a square array of 16 CsI(T1) crystals. During the second experimental run the emit-
ted neutrons were measured by the time-of-flight scintillator stilbene modules placed behind the
reaction chamber.

In addition to the main experimental runs with 3He beam, just after experiment 2 the ref-
erence measurement with a 42 AMeV !“Be secondary beam was conducted. It was performed
with the same setup configuration as in the second run and allowed to test the methodics of the
proton transfer reaction on the 2H(lOBe,3He)9Li reaction, to control calibration parameters, and
to estimate the missing mass resolution for the “H system.

For the interpretation of the experimental data on the 7H ground state cross-section we de-
veloped a theoretical model based on the plane-wave Born approximation describing the sudden
removal character of the 2H(8He,3He)7H(g.s.) reaction. The parameterization of the extremely
peripheral character of this reaction was implemented into the model. We focused on both
experimental data and the results obtained by the FRESCO code.

e For the first time the ground and the low-lying excited "H states were discovered at 2.2(5),
5.5(3), 7.5(3) MeV above the t+4n decay threshold. The recorded statistics of 483 events
related to the "H population of was collected in two experimental runs. The results ob-
tained in two conducted experiments are consistent with each other and the previous work
[45]. The suggested reason for the poor “H ground state population with the cross-section
~ 24 ub/sr is the extreme peripheral character of this reaction. Although only 14 events
of "H ground state population were collected, the applied kinematical triangle selection

in conjunction with the consistency with the "H center-of-mass angular distribution, *H
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energy distributions in the "H center-of-mass system and neutron coincidences allowed
us to declare with confidence the ground state observation. The first excited state popu-
lated with cross section ~ 30 ub/sr was observed at 5.5(3) MeV and interpreted as the 5/2
+ member of the "H excitation doublet. Due to the low statistics and rising background
contribution at “H higher energies, we could only suggest that the observed 7.5(3) MeV
peak is the second 5/2+;3/2+ doublet member. For the same reason for the interpretation

of the observed 11 MeV peak more investigation is needed.

e The idea of peripheral character of the “H ground state population was confirmed by the
developed theoretical model. The calculated 2H(8He,3He)7H(g.s.) reaction cross section
reproduced the FRESCO result and well described the experimental data. The demon-
strated model efficiency gave us grounds to declare the prospects of this tool for the future

direct reaction investigations.

e The °H resonance state at Er = 6.8 MeV was observed in the reconstructed missing mass
spectrum. The higher level of the background caused by the recoil “He detection requires
additional analysis. The statistical analysis, the study of possible interfering reaction
channels, in conjunction with the empty target (deuterium gas out) data confirmed the
declared ®H state observation. The deduced cross section of its population is ~ 1901“%’8
ub/sr. The observed peak can be a single state or can be an overlap of several relatively
narrow states. Our suggestion is for two overlapping states, at Er =4.5 and 6.8 MeV,
which sets the minimum for the possible °H states. That is why in contradiction to the
early works [46, 47, 43] our results indicate the absence of the H resonances with Ep <
3.5MeV with the cross section limit < 5 ub/sr. This result serves as an evidence of the
true 5-body decay of "H in its ground state and an extremely strong “dineutron-type”

correlation in the decay of the H ground state.

e In the ?H('"Be,?He)’Li reaction the °Li ground state (3/2-) and its first excited state (2.69
MeV, 1/2-) were clearly observed in the low-energy region of its excitation spectrum. The
cross-section values of do /dErd€Q ~7-10 mb/sr at forward angles in the center-of-mass
system were deduced from these data for the reaction populating the °Li ground state.
The Monte-Carlo simulation reproduced the observed °Li(g.s.) peak with the resolution
of ~2.2 MeV (FWHM). The latter corresponds to the resolution of the low-energy 'H
spectrum of ~1.1 MeV. The obtained results provide the strong evidence of the reliability
of the data interpretation of both “H and ®H systems. In addition the collected results on

the reference experiment is the subject of a separate investigation.
e In the frame of this work multiple experimental methodics were developed.

1 Employment of the 20-um thick silicon strip detectors for the low-energy charged

particle identification and reconstruction [86].

i1 Neutron measurement with the developed neutron spectrometer based on stilbene

crystals. The demonstrated confident n-y discrimination and energy reconstruction
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from the neutron time-of-flight provided unique information on the studied ®’H

systems.

The applied data analysis methods (kinematical triangle selection gate, correlation
channels analysis, background subtraction procedure, etc.) demonstrated their effi-

ciency and are a significant tool for the experimental nuclear physics.

Thus, these results showed the great potential of the ACCULINNA-2 fragment sep-
arator and allowed to substantially expand the experimental capabilities and, at a

qualitatively new level, to carry out correlation experiments with radioactive beams.
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