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a-+t AND a+3He INTERACTIONS AND THE
EXCITED-STATE SPECTRUM OF °Li NUCLEUS

A kinematically complete analysis of the ®He(a, pa)d reaction on ®He nuclei of radiogenic
origin accumulated in titanium-tritium targets, as well as the *H(a, da)n and ®H(a, Tt)n re-
actions on tritium nuclei accumulated on the same targets, has been carried out to study the
excitation spectrum of % Li nucleus at excitation energies E* < 26 MeV with the energies of
accelerated alpha particles Eo, = 27.2 and 67.2 MeV. Three unbound excited levels are ob-
served in the excitation energy interval of ®Li nucleus from 7 to 16 MeV, as well as two
excited levels of S Li with excitation energies of 21.30 and 21.90 MeV, which are consistent
with theoretical calculations, but were not reliably confirmed experimentally. The application
of the particle decay spectroscopy method made it possible to eliminate some ambiguities in
the energy parameters of the excited states of the ¢ Li nucleus.
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1. Introduction

Despite numerous studies, the excitation spectrum of
the SLi nucleus is quite controversial |1, 2], especially
at excitation energies above 6 MeV. At the same time,
the exact determination of the excitation energy, life-
time, and decay modes of unbound states is very
important for an adequate understanding of the na-
ture of the nuclear forces that are responsible for the
formation and decay of those states. The excitation
schemes of the lightest nuclei contain excitation sec-
tions 3-7 MeV in width and separate levels, which re-
quires a more detailed experimental study concerning
the presence of new, theoretically predicted excited
levels and because of substantial differences between
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experimentally and theoretically obtained energy pa-
rameters of already known levels. For example, the
theoretical calculations based on modern ideas about
the nature of the nucleon-nucleon interaction [3-7]
predict the existence of excited levels in the ®He, 6Li,
and %Be nuclei belonging to the isospin triplet with
A = 6, which are located below the decay threshold
of those nuclei into 3 + 3 nucleons but above the ex-
citation energies of low-excited 27 states of the 5He
(E* = 1.8 MeV) and %Be (E* = 1.67 MeV) nuclei
and above the excitation energies for the °Li nucleus
(>6 MeV).

The energy parameters (the energy position and
the width) of excited levels with very short lifetimes
are determined by studying the interaction of the con-
stituent particles into which those states decay and
analyzing the presence of resonances in the required
energy interval of the relative energies of those con-
stituent particles. Such experimental conditions can
be created by considering a wide range of three- and
four-particle reactions, namely, by studying the in-

3



O.M. Povoroznyk, O.K. Gorpinich, Yu.S. Roznyuk et al.

clusive spectra of three-particle p(T,1)(2 + 3)* reac-
tions, where the examined nuclei are formed as fi-
nal (unbound) ones, and by studying the coincidence
spectra of p(T,12)3 reactions in those phase space re-
gions, where the interaction in the selected pair of
initial particles — e.g., in the pair 2-3 — occurs in the
given interval of relative energies E5_3 provided the
absence of resonances in the pairs 1-2 and 1-3, with
the exclusion of simple mechanisms such as quasi-free
scattering and interaction in the final state.

This work summarizes the cycle of studies of the
SLi nucleus [8-10], where the particle decay spec-
troscopy method [11, 12] was applied to consider nu-
merous three-particle channels of reactions induced
by the interaction of a-particle beams with hydrogen
and helium isotopes.

The subject of our study was excited unbound lev-
els of %Li nuclei, which were formed in the first stage
of the interaction of a-particle beams with tritium
and helium nuclei. In the second stage, the SLi nu-
clei decayed via d+« or t+7 emission. In this pa-
per, the excitation spectrum of the SLi nucleus up
to an excitation energy of 26 MeV was studied by
analyzing two-dimensional E, x E,, Fq x E,, and
E.. x E; matrices obtained as a result of the complete
experimental kinematic study of the three-particle
nuclear reactions: *He(a, pa)n (E, = 27.2 MeV) [§],
SH(ar, da)n (E, = 67.2 MeV) [9], and *H(a, t7)n
(E, = 67.2 MeV) [10].

2. Determination of the Energy Parameters
of Unbound States of the ®Li Nucleus Below
the Excitation Energy of 6 MeV Using

the Three-Particle 3He(a, pa)d Reaction

Consider the level scheme for the ®Li nucleus in the
excitation energy interval up to 6 MeV, which is the
most studied one for this nucleus. According to the
literature data [1], more than 40 different types of nu-
clear transformations were used to study the first five
excited levels of the 6Li nucleus, and no substantial
discrepancies were found among the energy level posi-
tions obtained from different experiments. However,
the values of the energy level widths differ consider-
ably, except for the first narrow state.

Promising for the study of the excited states of the
611 nucleus can be the analysis of the 3He+« interac-
tion because owing to the low Coulomb barrier, var-
ious output channels of this interaction are charac-
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terized by substantial cross section values, which is
confirmed by the study of the binary *Ne(c, p)®Li*
reaction [13]. In addition, at such interaction, the in-
fluence of the continuum is minimal, and control over
it is possible. In the case of solid targets, the localiza-
tion of nuclear reaction is confined by the size of the
beam of accelerated particles at the target. However,
3Ne and “Ne are gases, and the interaction of incident
particles with the nuclei of the gaseous target occurs
within the beam-cord space, which complicates the
maintenance of necessary kinematic conditions.
When studying the interaction of a-particles with
tritium, it is possible to avoid the difficulties of
working with a gaseous target in the correlation ex-
periment via using solid titanium-tritium targets. In
this case, it turned out that, during long-term stor-
age of such targets, an accumulation of radiogenic —
i.e., generated by S-decay — tritium nuclei, 3H, took
place. From the analysis of the experimental data ob-
tained during the study of the interaction between
a beam of a-particles with an energy of 27.2 MeV
and tritium, it was found that, in addition to the
events corresponding to the formation and decay of
SHe nucleus in the four-particle reaction *H(c,pa)nn
[14] and lying on the corresponding calculated kine-
matic curve (marked by number 1 in Fig. 1), if certain
targets were used, a locus was observed, which cor-
responded to the three-particle reaction *He (o, pa)d
with Q3 = —5.49 MeB. The results of kinematic cal-
culations for this reaction are also depicted in Fig. 1
and marked with number 2. Titanium-tritium targets
with a thickness of 2.7 mg/cm? and a ratio between
the tritium atoms sorbed by the titanium foil and the
titanium atoms close to unity were used in the ex-
periment. Events corresponding to the three-particle
reaction 3He(c, pa)d were observed when the tar-
gets whose storage time exceeded two years were ap-
plied. The reliability of this phenomenon is evidenced
by the fact that the loci of this three-particle reac-
tion were observed for various pairs of registration
angles of the p-a coincidence matrices. An additional
argument for the appearance of events induced by
T+ « interaction in the two-dimensional spectra of p-
« coincidences is the spectrum of the energy balance
Q3 exp shown in Fig. 1, b and obtained as a result of
the recalculation of the two-dimensional spectrum of
p-a coincidences (Fig. 1, a). Two peaks are observed
in this spectrum. One of them is slightly wider, its
maximum is at an energy of about —8.5 MeV, and it
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corresponds to the four-particle reaction H(a, pa)2n
through the population and decay of the first excited
6He state. The other peak is slightly narrower, has a
maximum at about —5.487 Mev, and corresponds to
the three-particle reaction 3He(a, pa)d. The results
of kinematic calculations for the latter are marked in
Fig. 2 with number 2.

The coincidence matrices for protons and a-
particles were obtained using four semiconductor sil-
icon AE — FE telescopes, in which the thickness of
“thin” AE detectors was equal to 60-100 ym, and the
thickness of “thick” E-detectors to 1-1.5 mm. The de-
tector telescopes were located in pairs on the left and
right with respect to the beam of a-particles accel-
erated by a U-120 cyclotron at the Institute for Nu-
clear Research. Two-dimensional spectra of p-a coin-
cidences were obtained for the following pairs of reg-
istration angles of protons and a-particles: ©,/0, =
= 28.5°/10°, 13°, 16.5° and ©,/0, = 36°/10°, 13°,
16.5° [5]. All two-dimensional spectra demonstrated
loci corresponding to the three-particle 3He(a,pa)d
reaction. a-particles and protons registered at coinci-
dences can be formed as a result of the mechanism of
successive decays of the unbound states of the °Li and
611 nuclei, as well as a result of the quasi-free scat-
tering where the deuteron plays the role of particle-
observer, namely,

/ d +5 Li:era (1)
*He+a — p+°Li%, 4 (2)
N d+a-—p. (3)

An analysis performed on the basis of calculations
of the energies of three particles, the values of the
relative energies in the a-p and a-d pairs, and ac-
counting for the kinematic features in the formation
of the excited states of the °Li and °Li nuclei in the
first stage, made it possible to select two-dimensional
spectra of a-p coincidences for several pairs of reg-
istration angles, namely, ©,/0, = 28.5°/10°, 13°,
and 36°/19°, for which the mechanism of popula-
tion and decay of unbound levels of the SLi nucleus
is most manifested. It turned out that, for some se-
lected registration angles of protons (for example,
©, = 28.5°), the corresponding registration angles
of a-particles either coincided (0, = 1°, 13°) or were
close to the escape angle of %Li* in the binary re-
action *He(a, p)®Li*. Such a choice of angles is re-
sponsible for the appearance of the second excited
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Fig. 1. Two-dimensional p-a coincidence spectrum (a); the
corresponding energy-balance, Q3 exp, spectrum (b)

state in the two-dimensional spectrum of p-a coin-
cidences. The angles of the detectors for the regis-
tration of a-particles and protons and their angular
overlap had such values that for some pairs of angles
both products of the binary 3He(a, p)® reaction were
registered completely or partially at the coincidence:
the proton and °Lis 56 whose lifetime was sufficient to
reach the detector and not decay with the emission
of y-quantum. Since the time selection signals for the
electronic scheme of fast-slow coincidences were taken
from AFE detectors, and the two-dimensional p-a co-
incidence spectra contained some of the events that
were registered only by AFE detectors, therefore, in
the loci corresponding to the three-particle *He(a,
pa)d reaction, we obtained a peak corresponding to
the SLi* state with an excitation energy of 3.56 MeV,
which is stable with respect to decay into clusters and
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Fig. 2. Projection of the upper branch of the p-a coincidence
matrix. The numbers indicate the fitted excitation energies of
the first five excited states of the ®Li nucleus. The correspond-
ing individual contributions of excited levels and their sum are
shown by the dotted and solid curves

nucleons. Just this circumstance was used when de-
termining and taking into account the experimental
resolution of this research.

For further analysis, the two-dimensional spectra
were projected onto one of the energy axes. The pro-
jection procedure consists in the summation of point
events in the corresponding locus within a cell of a
given size, which allows one to obtain projections
of the branches of two-dimensional energy loci with
an arbitrary channel price increment. The projection
spectra are characterized by a resonance structure,
which can be explained by assuming it to be a result
of the simple two-stage mechanism of three-particle
reactions, in which the excited levels of the 6Li nu-
cleus are populated in the first stage, and, in the sec-
ond stage, they decay via the deuteron and a-particle
escape. For further analysis, we used the Monte Carlo
simulation method, which was also used to evalu-
ate the registration efficiency of coincidence events
by our proposed experimental technique, and, at the
same time, to simulate directly obtained projection
spectra in the framework of our assumption that the
main source of events is the simple model of sequen-
tial decay.

Suppose that, as a result of the interaction between
the incoming particle p and the nucleus of the target
T, three particles (1, 2, and 3) are formed in the out-
put channel. Particles 1 and 2 are registered by coin-
cidence, and a two-stage process takes place. In the
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first stage, particle 1 and a nucleus R are formed in
some excited state J; in the second stage, the nucleus
R decays via the emission of particles 2 and 3. In this
case, in the framework of the sequential decay model,
the projection of the two-dimensional coincidence ma-
trix transformed into the excitation spectrum of the
nucleus R can be approximated by the following ex-
pression:

d3o
dQ1dQsdE ey

4/2
x Z (E; — Bo3)® 1 (1;/2) )

p(Qla QQ»-Eex) X

where C; is the amplitudes of formation of the j-th
excited state. Expression (4) can be divided by the
value of the phase space multiplier calculated for the
given kinematic conditions. By representing the re-
sult as a function of the excitation energy of the SLi
nucleus, it can be transformed as follows:

3o
00y d0 B, P e Fe) =
r;/2
=Y ¢ _
Z EGLz eX) (Fj/2)2
= Z C;BWY(Eey), (5)
J

Here, the value of the excitation energy of the °Li nu-
cleus is determined as the sum of the calculated rela-
tive energy in the a-d pair and the threshold energy
needed for this nucleus to decay into an a-particle
and a deuteron (Epo, = 1.475 MeV), ie., Eex =
= Fs3 + Epor = Eod + Etnp. The energy positions of
the SLi nucleus levels are defined as —FEsyi, =
=L + Epor.

In Fig. 2, the projections of the upper branch of
the p-a coincidence matrix obtained for a proton reg-
istration angle of 28.5° and an a-particle registration
angle of 10°are shown. The solid curve corresponds to
the approximation of experimental data in the point
geometry using expression (5) and the least-squares
method. The contributions of separate states excited
at the interaction are plotted by dashed curves. A
similar procedure was carried out for experimental
data obtained for other pairs of registration angles of
protons and a-particles. This approximation does not
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Table 1. Excitation energies and energy widths

of excited 6Li states calculated in the framework of the kinem E, = 27.2 MeV

* 3k o o
*Op/Oq 36°/19° *Op/Oq 28,5°/13° *Op/Oq 28,5°/10° 91’;@_‘*0350/10
No.
E* £ AE, I+ AT, E* + AE, I+ AT, E* + AE, '+ AT, E* + AE, I+ AT,
MeV MeV MeV MeV MeV MeV MeV MeV
1 2.140.2 0.234+0.20 | 2.15+0.2 0.2340.1 2.2840.015 | 0.2440.08 | 2.23+£0.09 | 0.0640.07
2 3.5340.20 - - - 3.49+0.26 0.174£0.22 | 3.47+0.03 -
3 4.56+£026 | 0.4340.30 | 4474025 | 0.46+0.25 4.36 £0.22 0.33+0.14 | 4.38+0.05 | 0.25+0.06
4 5.29 £ 0.25 0.5+0.5 5.054+0.22 | 0.48+0.38 5.1140.23 0.384+0.19 | 5.114+0.05 | 0.30£0.06
5 - - 5.754+0.28 | 0.98+0.36 5.9440.26 0.68+0.15 | 5.944+0.04 | 0.63+£0.04

N o t e: * approximation by expression (6) without taking the energy resolution into account, ** approximation taking the

energy resolution into account via expression (7)

take into account the energy resolution with which
the projections of the branches of the coincidence
matrices were obtained. If we take, in Eq. (5), the
convolution of the expression BW/J(E,y), which is re-
sponsible for the resonance contribution of the excited
state, and the function ¢(e, o) describing the energy
resolution, then we get the quantity BW7m (E,y) that
already depends on the energy resolution,

—50
BWim(Ey) = / BWI(Eex + €)q(e, 0)de, (6)

—50
As a result, from Eq. (5), we obtain

3o ZS ,
dQ dQ dE /p<QP’QPO“EeX) = CjBij(Eex)’
P e ex -
J
(7)

The function ¢(e,0) in Eq. (6) was chosen in the
Gaussian form,

iler0) = e (~ ) ®

where the parameter o was determined by fitting
the very narrow peak that corresponds to the sec-
ond excited state of the °Li nucleus from the binary
3He(ov, p)OLij 54 reaction and manifests itself due to
the simultaneous coincidence registration of protons
and SLi nuclei excited to an energy of 3.56 MeV. As a
result, we obtained the value o = (2°£5°) keV, which
was used in further calculations. In the framework
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of this procedure, first, the line shape of each j-th
excited state was fitted separately. Then, by varying
only the amplitudes C; in expression (7) and using
the least-squares method, the total curve was calcu-
lated. on the figure scale, this curve practically coin-
cides with the solid curve in Fig. 2, which was ob-
tained by performing the calculations in the point
geometry. The contributions of each level also differ
insignificantly, and, therefore, they are not shown in
the figure.

In Table 1, the energy positions and widths ob-
tained for three pairs of registration angles by fit-
ting experimental spectra are shown: in the point
geometry (0,/0, = 36°/19°, 28.5°/13°, 28.5°/10°)
and taking the experimental resolution into account
(0,/04 = 28.5/10°). As one can see, the energy pa-
rameter values obtained for the first five excited levels
of the SLi nucleus both assuming the point geometry
[Eq. (5)] and taking the experimental energy reso-
lution within the experimental error limits into ac-
count [Eq. (7)] coincide and agree with the values ob-
tained by various methods and quoted in Table 1. In
this case, the account for the experimental resolution
did not allow us to go beyond the error limits, al-
though we obtained somewhat smaller values for all
state widths; this fact thereby confirms the reliability
of the values obtained for the energy parameters of
the unbound °Li levels.

Due to the fact that four of five indicated excited
levels (except for the second level, which neverthe-
less manifests itself owing to the coincidence of ex-
perimental circumstances) decay with the emission of
primarily a-particles, we managed, by studying the
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three-particle *He(a, pa)d reaction, to get the en-
ergy parameter values for all these levels in almost
one exposure.

The experimental energy resolution (o = 200 keV)
did not allow us to measure the energy width of the
first excited state of the ®Li nucleus. The estimation
of this quantity using expression (7) gave the value
'y = (0.057 £ 0.078) keV.

It is known that the excited state with E* =
= 5.36 MeV and isospin T' = 1 can decay only through
three-particle decay with the simultaneous emission
of a proton, a neutron, and an a-particle. The man-
ifestation of the fourth excited state of 6Li in the p-
« coincidence matrix indicates that after its popula-
tion due to the 7+ « interaction, its decay occurs
via the emission, besides an a-particles, of a pro-
ton and a neutron with the relative energy close to
zero. If the fraction of decays with the emission of
protons and neutrons with non-zero relative energies
were larger, then a vertical band similar to that reg-
istered at the He nucleus decay (E* = 1.8 MeV)
with ¢+« interaction (it is marked by an arrow
in Fig. 2, a) would be observed in the p-a coinci-
dence matrix at a proton energy value correspond-
ing to the formation of this level. To specify the
features of the three-particle nature of this excita-
tion, it is necessary to carry out a more detailed
study of the phase space region corresponding to the
formation and decay of the SLi nucleus state with
E* =5.36 MeV.

If we compare the obtained energy parameters of
the levels (Table 1) with the corresponding litera-
ture data [1, 2|, then it should be noted first of all
that the excitation energy values obtained taking
the experimental errors into account practically co-
incide. But the values of the state energy widths de-
termined from the correlation experiment with the
interaction of the lightest nuclei belong to the lower
limit of the array of all parameter values obtained
experimentally. It must be said that this result is in
good agreement with the results of theoretical calcu-
lations [15] performed in the framework of the three-
particle model based on the Faddeev equations and
two-particle nonlocal separable potentials of interac-
tion between particles.

The obtained results confirm the high information
content of the kinematically complete study of the
interaction between the lightest nuclei when deter-
mining their energy parameters.

8

3. Study of the Excitation Spectrum
of the %Li Nucleus (6 < Eox < 16 MeV) Using
the Three-Particle 3H(a, da)n Reactions

Numerous theoretical studies based on various ap-
proaches [3-7] predict the existence of several ex-
cited levels below the threshold of the Li decay into
3H + 3He. However, there are few experimental con-
firmations of this prediction. For example, by analyz-
ing the inclusive spectrum of a-particles obtained for
the ?Be(p, @)®Li reaction at a proton beam energy of
30 MeV, an anomaly was revealed at SLi nucleus exci-
tation energies of 8-12 MeV, which can be explained
as a manifestation of one or more excited SLi lev-
els [16]. Among other arguments for the availability
of excited states in this energy interval can be the
results of R-matrix analysis [17], where broad lev-
els of %Li nucleus with excitation energies of 14 and
15.8 MeV were found. Excitation levels at E* = 14.5
and 16 MeV and with widths of about 1 MeV were
observed in paper [18], where some experimental data
concerning the study of the 3H(a, da)n reaction in-
duced by «+t interaction were analyzed.

The three-particle H (o, da)n reaction was studied
in the framework of the kinematically complete corre-
lation experiment on a U-240 isochronous cyclotron
using an a-particle beam and tritium-saturated ti-
tanium self-supporting hard targets 2.7 mg /cm?
in thickness. The titanium-to-tritium atomic ratio in
the target was close to unity. In order to experimen-
tally study the nuclear reactions, a scattering cham-
ber was used, which was equipped with an angularly
movable detector desk and a unit for changing the
targets and formation systems, as well as the diag-
nostics of the charged particle beam. With the help
of a specially developed technique for measuring the
energy and time characteristics of particles acceler-
ated by the isochronous cyclotron, it was found that
the energy of a-particles in the experiment was equal
to (67.2 £0.4) MeV [19].

To identify and measure the energy of the charged
products of nuclear reactions, four AE — FE telescopes
were used. They were arranged two on the left and
two on the right with respect to the cyclotron beam
direction. Two of them, which were intended to regis-
ter single-charged products of nuclear reactions, con-
sisted of semiconductor surface-barrier silicon detec-
tors 400 pm in thickness and total-absorption de-
tectors composed on the basis of NaJ(T1) scintilla-
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tors 20 mm in diameter and 20 mm in height. The
other two, intended to register doubly charged par-
ticles, consisted of semiconductor AE and E detec-
tors 100 pm and 3 mm in thickness, respectively. A
detailed description of the experiment was given in
work [9].

In order to perform a correct energy calibration of
the combined AE x E spectrometers, in which scin-
tillation NaJ(T1) detectors were used (their response
function depends on the type of charged particles),
methods for modeling the energy dependence of the
light yield on the basis of the Birks formula [20, 21]
and the known empirical dependence dE/dx ~ E™/a
for specific energy losses of charged particles in the
matter [20,22] were developed and used. As a result
of the processing of accumulated “off-line” informa-
tion (it consisted in sorting experimental files taking
the spectrometer calibration into account and distin-
guishing the events that corresponded to the registra-
tion of deuterons in either telescope, and a-particles
in the other, using a software package adapted to a
personal computer [23]), we obtained two-dimensio-
nal spectra of d-a coincidences for the following pairs
of registration angles of deuterons and a-particles,
respectively: 15-15°, 15-27.5°, 27.5-15°, 27.5-27.5°,
21-15°, 21-20°, 21-27.5°, and 21-32.5°.

The mechanisms of nuclear reactions with the
generation of three particles in the output chan-
nel can mainly be considered as sequential processes
of double two-particle interactions of various types:
quasi-elastic scattering or quasi-two-particle reaction
(QTPR), interaction in the final state (IFS), and the
sequential decay. The three-particle H(a, da)n reac-
tion, when generating a deuteron, an a-particle, and
a neutron in the output channel, proceeds via the fol-
lowing simple mechanisms:

/‘ d + 5He*—>a+n’ (9)
*He + a — n+°Li%, 4, (10)

N\, quasi-free a — d scattering, (11)

where reactions (9) and (10) are the formation of the
5He nucleus in the ground state and the °He and °Li
nuclei in the excited states, with the subsequent decay
of the resonances into o +n and « + d, respectively.
In order to obtain reliable information about the
parameters of certain excited states of the ®Li nucleus,
it is necessary to create such experimental conditions
that would prevent the population of the known levels
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Fig. 3. Two-dimensional ad-coincidence spectrum of the
3H(a, da)n reaction (Eq = 67.2 MeB). The shaded area marks
the experimental events of resonance formation. Curves Enq
and E,q demonstrate the calculated relative energies in the
n + «a and d + « pairs, respectively

of "He nucleus and hamper the manifestations of the
mechanism of quasi-free o — d scattering (11).

In the case of the three-particle *H(a, da)n reac-
tion at E, = 67.2 MeV, it is most optimal to study
the mechanism of formation and decay of the %Li nu-
cleus levels with excitation energies of 6-15 MeV at
the following angle pairs of deuteron and a-particle
registration: 15-15°, 27.5-15°, and 21-15°. An anal-
ysis of the values for the relative energies in the d — «
and a — n pairs for the d — a coincidence matrices,
which were calculated for the three indicated pairs
of angles, testifies that in an energy interval of SLi
nucleus excitation (6-14 MeV), the relative energy
in the @ — n pair changes from approximately 5 to
15 MeV, which corresponds to the °He nucleus ex-
citation in an energy interval of 4-14 MeV. Accor-
ding to the latest compilation publication dealing
with the study of the level schemes in light nuclei
with A = 5, 6, and 7 [1], there is no excitation level
of the nucleus in this energy interval. At the same
time, this is just in this part of projection spectra
(T MeV < E,q < 14 MeV) where a certain resonance
structure appears.

For further analysis of experimental data, the d — «
coincidence matrices for registration angle pairs of
15°-15°, 21°-15°, and 27.5°-15° were projected onto
the deuteron energy axis. In Fig. 3, a two-dimensional
d— a coincidence spectrum for a deuteron registration
angle of 27.5° and an a-particle registration angle of
15°. Figure 4 illustrates the projection of the shaded
part in the upper branch of the 3H(a, da)n reaction
locus onto the deuteron energy axis.

9
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Table 2. Energy parameters of the excited levels

of the ®Li nucleus, obtained using approximation (13) and the least squares method

o o Level No. Eex(AFEex) E.q4(AFEad) T'(AT)
“ “ (in the figures) MeV MeV keV

15 15 3 9.28(0.28) 7.80(0.28) 2.09 (1.17)
4 11.59(0.33) 10.11(0.33) 0.62(0.70)
5 13.99(1.12) 12.51(1.12) 0.60(1.71)
15 21 3 8.47(0.14) 6.99(0.14) 1.33(0.72)
4 10.32(0.51) 8.84(0.51) 2.22(2.75)
5 12.46(0.43) 10.98(0.43) 1.78(2.42)
15 27,5 3 9.61(0.08) 8.13(0.08) 2.11(0.26)
4 12.01(0.21) 10.53(0.21) 1.00(0.82)
5 14.09(0.54) 12.61(0.54) 1.98(1.43)
Averaged parameter values for the 3 8.81(0.13) 7.33(0.13) 1.84(0.71)
excited levels of the SLi nucleus wit 4 11.31(0.38) 9.83(0.38) 1.28(1.09)
hin an energy interval of 6-15 MeV 5 13.51(0.38) 12.03(0.38) 1.45(1.52)
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Fig. 4. Projection of the upper branch of the locus of the

three-particle 2H(a,da)n reaction at E, = 67.2 MeV onto

the deuteron-energy axis.

for deuterons, and 15° for a-particles. The dashed and dash-

dotted curves demonstrate the calculation results for the rel-

The registration angles are 27.5°

ative energy in the d — a and a — n pairs, respectively. The
solid curve is the approximation of the spectrum by the se-
quential decay mechanism (the Breit—~Wigner formula) assum-
ing the formation and decay of the SLi nucleus levels. The
dotted curves marked with numbers 3, 4, and 5 are the contri-
butions from separate excited levels

The formula describing the cross-section of a three-
particle T'(p,12)3 reaction can be expressed as fol-
lows:

d3o
dQdQdE,

_ (@)
hvin

ITis I p(E), (12)

where T is the matrix element of the transition op-
erator, the function p describes the density of final

10

states and is the phase-space factor of the three-
particle reaction, and vy, is the relative velocity in
the input channel.

In order to describe the spectra obtained while
studying the three-particle reaction, various forms are
chosen for T. In particular, in our case (the study
of the 3H(c, da)n reaction as a sequential process),
the expression for the factorization of spectrum (12)
takes the form

d3
__C9 (B
A0 A0 dE, - P ZC %

L';/2
B, — Ba)® + (0522 (13)

where p(Eq) is the phase space factor; Egr, and I';
are the position and the width, respectively, of the j-
th excited state of the SLi nucleus; C; is the relative
contribution of the j-th resonance; F4« is the relative
energy in the da pair; and n is the number of excited
states that are taken into account.

The spectra obtained by projecting the upper
branches of the ad coincidence loci were approxi-
mated on the basis of formula (13), considering three
excited levels and using the least-squares method. In
Fig. 4, the approximation results are presented by
a solid curve. Dotted curves marked with numbers
3, 4, and 5 illustrate the contributions of separate
excited levels of the 6Li nucleus. The fitted energy
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position and width values are as follows: FE3 =
= (9.61 £ 0.08) MeV, I's = (2.11 £ 0.26) MeV, E; =
= (12.01£0.21) MeV, I'y = (1.00+0.82) MeV, E5 =
= (14.09 + 0.54) MeV, and T'5 = (1.98 4 1.43) MeV.

For the studied excitation levels of the Li nucleus
within an energy interval from 7 to 14 MeV (they are
denoted by the numbers 3, 4, and 5) and for all ex-
posures, the values of their averaged energy positions
and widths are quoted in Table 2.

In Fig. 5, a schematical diagram of the energy levels
of the ®Li nucleus is depicted. It illustrates the data
calculated on the basis of the shell model modified
for light nuclei [3] and the corresponding experimen-
tal values [1]. In the column with the experimental
data for the excited levels of the 5Li nucleus, three ex-
cited states obtained in this work (averaged over the
results) and two levels observed earlier [18] (marked
with an asterisk) are plotted. Those five levels are ex-
hibited taking their widths into account.

4. Highly Excited States of the ¢Li Nucleus
with Excitation Energies Near 21 MeV

If comparing the compilation data on the energy lev-
els presented in [1] and [2], discrepancies can be ob-
served, especially at high energies. For example, two
6Li levels at 21 and 21.5 MeV are absent in work
[2]. Moreover, when studying the “Li(*He,«)%Li reac-
tion at E, = 150 MeV [24], °Li states with energies
Eeox = (18 +£0.5) MeV and (22+ 1) MeV, and widths
I' = (5.0 £ 0.5) MeV and (8 + 1) MeV, respectively,
were observed.

Theoretical studies point to the existence of trinu-
cleon (t and 7) clusters at high excitation energies of
SLi. The authors of work [25] theoretically researched
the existence of the trinucleon (7 and t) clusters in °Li
accounting for the LS pairing and using the resonance
group method (RGM). They predicted the availabil-
ity of the P doublet (*P; and 3P- ; 5) and the F dou-
blet (1F3 and 3F334) with Fex &~ 22 and 29 MeV,
respectively. In turn, in paper [26], according to the
results of the analysis of elastic 7+t scattering, a re-
port was made about the presence of four levels 3P,
3Po, 3F 4, and 3F3 with excitation energies of 21.0,
21.5, 25.7, and 26.7 MeV, respectively.

On the other hand, in contrast to the low-energy
excited SLi states, which are formed by boson parti-
cles, the high-energy excited states are t -+ 7 particle
systems composed of fermions. From the analysis of
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Fig. 5. Schematic diagram of the ®Li nucleus levels

3He + t elastic scattering [26], SLi nucleus levels were
predicted at excitation energies of 21.0, 21.5, 25.7,
and 26.7 MeV.

A kinematically complete H(c, 7¢)n experiment
was performed at an incoming a-particle energy of
67.2 MeV, which is sufficient for the excitation of SLi
levels above the threshold of cluster decay into 3 + 3,
and the excitation energy interval can be observed to
about 27 MeV.

Two-dimensional F; x E; spectra were obtained to-
gether with other two-dimensional spectra for the in-
teraction of a-particles with tritium nuclei. The reac-
tions 3H(c, 7t)n and 3H(«, da)n were studied simul-
taneously in the same experiment. Its more detailed
description can be found in work [10].

In Fig. 6, a, one of two-dimensional 7¢ coincidence
spectra is shown. The solid curve represents a kine-
matic curve estimated under appropriate geometric
conditions for the study of three-particle *H(c, 7t)n
reaction. Since scintillation E-detectors were used in
the experiment, a special procedure based on the well-
known Birks approach [21] was applied to calibrate
them in some telescopes.

For additional control over the sorting procedure,
on the basis of the momentum and energy conserva-
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*H(aatn,  20% 21°
: @= = -2061 MeV

“zexp
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T Mev
a b

Fig. 6. Two-dimensional experimental 7¢ coincidence spec-

trum; the solid line represents the kinematic curve calculated

in the framework of point kinematics for the corresponding ex-

perimental conditions (a). The corresponding experimental Q3

spectrum (b)

30 Qp» MeV

tion laws, the two-dimensional spectrum was recalcu-
lated into the spectra of the reaction heat balance
Q@s. As one can see from Fig. 6, b, the maximum
of the experimental (@s3-distribution approximated
by a Gaussian takes place at Q3 = —20.61 MeV,
whereas the calculated Q3 value for the three-particle
sH(a,7t)n reaction equals —20.58 MeV. The experi-
mental error obtained from the two-dimensional 7¢
spectra with regard for the detector resolution, the
beam resolution, the energy distribution in the tar-
get, the influence of the differential target thickness,
the kinematic dependence on the beam spot size, and
the beam divergence was about 1.0-1.3 MeV.

The obtained two-dimensional E. X F; spectra con-
tain information not only about unbound excited lev-
els of 5Li. The formation of three particles in a nu-
clear reaction can be interpreted as the sum of contri-
butions made by successive two-particle interactions
of various types together with a contribution made
by a simple statistical decay. For the 3H + « interac-
tion, the following schemes for the formation of three
(a+t+n) particles in the output channel are possible:

— T+ H T+t +n+t, (14)
— 7+ H—T7+t+n+t, (15)
SH4+a — t+ *He* — t + 7 +n, (16)
— n + quasi-free 7 — ¢ scattering, (17)
— T+t+n. (18)

Here processes (14)—(16) are mechanisms with further
decays: in the first stage, nuclei are formed in the
unbound ground (*H) and excited (*He* and SLi*)

12

states; in the second stage, those excited states decay
into the corresponding pairs of clusters. The process
of quasi-free scattering of ™ — t-particles [17] is associ-
ated with a virtual decay of the a-particle projectile
into 7+n and a real interaction between the a-particle
and the triton (¢) target. The last mechanism [18] is
a statistical three-particle decay.

The manifestation of any simple quasi-two-particle
mechanism depends on the kinematic conditions for
the three-particle reaction. Therefore, the two-dimen-
sional spectra obtained for various geometric condi-
tions of Tt-coincidences were considered in order to
find those where the population of excited Li states
with the 7 + t cluster structure occurs in the ab-
sence of the “H and “He resonances in accordance
with the relative energy of n — ¢ and 7 — n. In ad-
dition, the choice of particle detector angles in our
experiment was made taking into account the high
density of highly located SLi levels. From the anal-
ysis of the upper branch in the experimental two-
dimensional spectrum, the configuration with the de-
tector angles O, = 20° and ©; = 21° turned out the
most optimal for detecting and identifying tritons (t)
and 7-particles (*He). The obtained spectra were in-
terpreted using the Monte Carlo method.

Calculations for the three-body p(T,12)3 reaction
are carried out using a set of random numbers suit-
able for obtaining 1-2 coincidences accounting for the
beam energy and its dispersion, the target thickness,
energy losses in the target, the beam spot size on
the target, the distance of the detectors from the tar-
get, and the detectors’ energy separation resolution.
For this purpose, a special software was developed.
Proceeding from real experimental conditions for the
three-body p(T,12)3 reaction, it simplified the spec-
tral analysis procedure with the recalculation of two-
dimensional cells of random events [11]. For further
analysis of experimental data, the upper and lower
loci of the kinematic curves obtained from the two-
dimensional spectra of the reaction 3H(a,7t)n are
projected onto the energy axes of the 7 and ¢ par-
ticles. This procedure is carried out by recalculating
the two-dimensional 7t spectra of the mentioned re-
action using the Monte Carlo method, as was de-
scribed in work [11]. The selected two-dimensional
Tt-coincidence spectrum, which was obtained at an
incident particle energy of 67.2 MeV and the detector
angles ©, = 20" and ©; = 21°, was divided into up-
per and lower branches using the method described
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above (see Fig. 7, a), and the upper branch of this lo-
cus was projected onto the energy axis of T-particles
(see Fig. 8).

From Fig. 7, b, one can see that the behavior of
the function E,;, as compared to that of the func-
tion F., is almost constant with insignificant fluctua-
tions. In addition, in the projection of two-dimensio-
nal spectrum, there appears a contribution from the
4He decay into 7-n in the energy interval E, = 9-
15 MeV. The contribution is made by the second and
third excited levels of “He with the corresponding
width values. The obtained values corresponded to
those reported in paper [24].

Concerning the formation of the *H nucleus, no
contributions from events belonging to reaction mech-
anism (14) were observed in various energy intervals
of the kinematic curve on the (E., F;) plane. Figure 8
illustrates the projection of the events contributing to
the upper branch of the kinematic curve onto the F -
axis. One can see five well-resolved peaks associated
with the formation and decay of the excited *He* and
6Li* states. The error bars take into account both the
statistical error and the finite energy resolution by the
applied electronic system. The first peak in this fig-
ure appears due to the contributions of the second
and third excited *He states. The other four peaks
are associated with the excited °Li states.

In order to obtain the excitation energies and
widths for the examined levels, we have to use a fitting
procedure following the Breit—Wigner formalism. The
contributions of each unbound state are shown in
Fig. 8 by a dotted and a dash-dotted curve. In the
experiment, the excitation energy of SLi levels was
Es1; = Ert + Epor, where Epor = 15.79 MeV was
the 7 4+ t decay threshold. Thus, two pairs of en-
ergy parameters for the excited states of the 6Li
nucleus were obtained: E; = (21.304+0.30) MeV with
'y =(0.25+0.30) MeV, and F5 = (21.904+0.40) MeV
with T'y = (0.4 + 0.2) MeV.

When studying the (3H,a) reaction, Nakayama et
al. [24] discovered two excited ¢ — 7 states with exci-
tation energies of (18 £ 0.5) and (22 £ 1) MeV, and
corresponding widths of (8 &£ 1) and (5 £ 1) MeV,
which were identified as P-states belonging to the 3P
and 'P shells, respectively. The excitation energy in-
terval between the two P levels, according to work
[24], is about 4 MeV, whereas this difference equals
1 MeV in the three-nucleon cluster model [25,27]. We
experimentally detected with sufficient accuracy two
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Fig. 7. Upper (gray) and lower (light gray) branches of ex-
perimental Tt-coincidence matrix. The kinematic calculation of
the locus position is marked with black background (a). Rel-
ative energies Er¢, Erpn, and Eiy, of the initial particle pairs
in comparison with the energies of 7-particles calculated in
the point geometry framework (solid curves). The results of
corresponding Monte Carlo calculations are presented as point
arrays. The shaded area corresponds to the energy interval
E: = (15+31) MeV where the excited Li levels are populated
and decay into 7t clusters (b)
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Fig. 8. Projection of the upper branch of two-dimensional 7—t
spectrum obtained at © = 21° and O, = 20° and an incoming
energy of 67.2 MeV of a-particle beam onto the E- axis. Curves
Ert and Er, are relative energies in the 7 + ¢ and t 4+ n pairs.
The first (light gray) peak is associated with the formation and
decay of the second (light gray dashed curve) and third (light
gray dotted curve) excited “He levels. The consecutive dash-
double-dotted curve corresponds to the relative energy Fiy, for
the analysis of the contribution made by the excited *H* state

6Li levels belonging to the P shell, at E* = 21.30 and
21.90 MeV. These results obtained for two very close
611 levels agree with the values presented in compila-
tion [1].

5. Conclusions

This work is a generalization of the cycle of studies
of the °Li nucleus [8-10] using the improved method
of particle decay spectroscopy [3, 4] and the Monte
Carlo method to study numerous three- and four-
particle channels of reactions stimulated by the in-
teraction of a-particles with tritium and 3He of ra-
diogenic origin, which are accumulated in titanium-
tritium targets. It may be argued that complete and
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Table 3. Energy parameters of excited 6Li levels

No. | E*, MeV T, MeV

Eo = 27,2 MeV 3He(a, pa)n 3He+a — p+OLi* — a+d [7]

1| 2.22(0.20) 0.20(0.15)
2 | 3.50(0.25) -

3 | 4.44(0.30) 0.40(0.20)
4 | 5,15(0.25) 0.40(0.25)
5 | 5,85(0.30) 0.72(0.20)

Eo = 67,2 MeV 3H(a, da)n 3H+a — n+8Li* — a+d

6 | 8.80(0.15) 1.85(0.70)
7 | 11.30(0.40) 1.30(1.10)
8 | 13.50(0.40) 1.45(1.50)

Eo = 67,2 MeV 3H(a, t7)

9 | 21.30(0.30)
10 | 21.90(0.40)

n 3H+a — n+SLi* — 7+t [§]

0.25(0.30)
0.4(0.2)

incomplete correlation experiments with the measure-
ment of two-dimensional spectra in the plane of par-
ticle energies for the particles into which the excited
unbound state of the nucleus decays comprise a pow-
erful tool for studying short-lived excited states of
light nuclei. The advantage of this method consists in
its ability to observe the energy characteristics of re-
searched nuclei by selecting, with the help of kinemat-
ics, exactly those regions in the phase space, where
the conditions for the formation of the examined state
are realized. This possibility excludes the appearance
of impurities from the formation and excitation of the
states of other nuclei, as it happens, when measuring
inclusive spectra.

The excitation energies obtained for the first five
levels with excitation energies less than 6 MeV are
in agreement with the corresponding data given in
compilations [1,2].

As a result of the kinematically complete study of
the 3H(«, da)n reaction [6], three new unbound ex-
cited levels of the %Li nucleus were observed for the
first time within the excitation energy interval from
7 to 14 MeV. The energy parameters of those levels
are consistent with the results of theoretical calcu-
lations [3-7] and the experimental data of other au-
thors [16, 17].

By studying the *H(a, 7t)n reaction at an a-
particle energy of 67.2 MeV, two excited levels of SLi
with excitation energies of 21.30 and 21.90 MeV [10]

14

and the 2He + ¢ cluster structure were experimentally
discovered for the first time. Their existence was the-
oretically predicted in the late 1960s by Thomson and
Tan [29], who assumed the cluster structure of the ex-
cited states of the ®Li and 5He nuclei.

In total, ten excited states of the 5Li nucleus were
observed. In Table 3, the results of our experimental
research devoted to the study, using a kinematically
complete analysis, of the excitation spectrum struc-
ture of three-particle reactions with the interaction of
27.2- and 67.2-MeV a-particles with tritium and 3He
nuclei are summarized.
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B3AEMOIISA a+t I a+3He
TA CIIEKTP 3BY/I2KEHUX CTAHIB SAIPA SLi

IIpoBesieHOo  KiHEMATWYHO IIOBHE JIOCJIJPKEHHSI  PEaKIii

3He(a, pa)d na sapax 3He pa/lioreHHOro TIOXOIZKeHH ST, HAKOIIH-
YeHux y THTaH-TpuTieBux Mimenax ta SH(a, da)n, SH(a, Tt)n
Ha siIpaxX TPUTIIO Ha IUX Ke MIIIEHsIX JJIsi BUBUYEHHSI CIEKTPa
30y/I2KEHHS sA/1pa 6Li mo emepriit 30ymkennss B* < 26 MeB
pu eHepril Myd9kiB IPUCKOPEHUX ajibda-JacTHHOK Fo = 27,2
i 67,2 MeB. Cnocrepiranuce Tpu He3B’st3aHi 30y/12KeHi piBHI B
€HEpPreTUYHOMY Jialla3oHi eHepril 36ymxenus siapa SLi sim 7
10 16 MeB Ta apa 36ymskeni pisui 6Li 3 eneprisvu 36y mxenst
21,30 Ta 21,90 MeB, ski y3romKymoTbCd 3 TEOPETUYHHMU
po3paxyHKaMu, aje He OyJIu JOCTOBIPHO MiITBEP/IXKEH] eKCIle-
pUMeHTaJIbHO. BUKOpHCTAHHST METOY CIIEKTPOCKOIIT po3maLy
30y pKeHux piBHiB (particle decay) xosBonmiio ycyHyTH Jesiki
HEOJHO3HAYHOCTI B EHEPreTUYHHUX IapaMerpax 30yI»KEeHUX
cranis szpa SLi.

Katwwosi caosa: SLi, tpuuacTunkoBi peakuii, 1BOBUMip-
Huil crekTp 36iriB, o + t B3aemomist, a + SHe B3aemoist.
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