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DEUTERON AND TRITON DECAYS OF He RESONANCES
IN THE REACTION Li(d, a)’He*

The processes of excitation and decay of high excited *He resonances into the d + t channel have been studied in the
reaction 'Li(d, o)’ He* at the energy of deuteron beam Eq = 37 MeV. In the inclusive spectra of a-particles in addition to
the contributions of well known °He resonances, the high excited states with excitation energies E,~ 19 and
E,.>20 MeV were observed. Cluster decay of these resonances was also identified in ad- and at-coincidence spectra.
For the first time, the decay into the d + t channel was observed for *He resonances with £, = 22 and 26 MeV. The
determined resonance energy and width are partly agreed with the R-matrix analysis of data obtained at the study of
d +°H and n + *He binary reactions. The possible Coulomb effects in three-particle channels of reaction ’Li(d, o)’ He*

are also analyzed for different conditions of observation of high excited *He resonances.
Keywords: three-particle nuclear reaction, kinematically complete experiment, coincidence spectra, high excited
resonances, decay channels, Coulomb interaction, resonance parameters.

Introduction

The properties of light nuclei may essentially
differ depending on the number of neutrons. It is
striking illustrated by the chain of helium isotopes
where the increasing the neutron number leads to the
transformation of stable *He nucleus in unbound
’He. Then we have weakly bound He, unbound "He,
weakly bound *He and unbound *He nucleus [1].
The properties of resonances of light nuclei and their
cluster structure attend considerably to research, that
is promoted by modern possibilities of correlation
measurements [2, 3]. But this time, cluster decay and
structure of high excited states of light nuclei,
including the *He nucleus, are insufficiently studied.

In this work the processes of excitation and decay
of *He* resonances into the d + t channel have been
investigated in the reaction 'Li(d, a)’He* at the
energy of deuteron beam of 37 MeV, which value
allowes to study the excitation spectrum of *He up to
Ex ~40 MeV.

Besides well known He resonances [4], the high
excited states with excitation energies £, ~ 19 and
E,.>20 MeV were observed in the inclusive spectra
of a-particles from reaction 'Li(d, o)’He (see also
[5]). Analysis of a-particle’s inclusive spectra for
this reaction is rather complicated because of very
large background caused by different accompanying
three- and four-particle reaction channels [5]. The
most reliable data can be obtained by correlation
measurements that provide the full determination of
kinematics of three-particle reactions. In this work
cluster decay of a number of *He* resonances was
observed in ad- and at-coincidence spectra.

Experimental method

The differential cross sections of reaction
Li(d, a)’He have been measured at the cyclotron
U-240 of the Institute for Nuclear Research at
deuteron beam energy of 37 MeV. The target with
the thickness of 1.5 mg/cm” has been produced by
rolling of lithium film with natural content of 'Li.
The reaction products have been detected by AE-E-
method using four AE—E-telescopes of silicon
detectors with the thickness of ~ 50 um for AE- and
550 um for E-detectors. The thickness of
AE-detectors have been specified in a way to have a
low energy threshold of registration preserving
appropriate mass resolution. Solid angles of detector

telescopes were Q,=0.92-107sr and
Q,=1.82-107sr. Total energy resolution of
reaction  products registration was mainly

determined by the dispersion of the beam energy,
solid angles of detectors and energy losses of
particles in the target and approximately consists of
1.5% of the beam energy. The signals from the
detectors were processed for multi-parameter
measurements of inclusive and coincidence spectra
of reaction products in the same manner as described
in details in [6]. Data analysis has been performed
using different procedure with two- and one-
dimensional histograms for particle identification,
determination of their energies and selection of
reaction channels [6].

Fig. 1, a shows typical E-AE-spectrum measured
by one telescope in coincidences with the reaction
products registered by the second telescope which
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was placed at the opposite side from the beam. As it
is shown the range of energy measurements for
protons and deuterons was restricted by the
thickness of E-detectors, which was insufficient to
stop these high energy particles.

Two-dimensional spectrum of alpha-particle

1238

channel number

AE,

1238

E . chammel numnber

coincidences with tritons is shown in the Fig. 1, b.
The events located in the upper part of this spectrum
correspond to the three-particle reaction channel
d+Li — o + t + d. The events in the below region
of spectrum are caused by four-particle reaction
d+'Li>a+t+p+n.
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Fig. 1. AE-E-spectrum measured at the angles 8; = 30°, ¢, = 180° in coincidences with all products of reaction d + 'Li
which were registered at the angles 0, = 79°, ¢, = 0° (a). Two-dimensional plot of energy spectrum of at-coincidences
in the exit reaction channels d+'Li > a+t+d and d+'Li — o+ t+p+n, which were measured at the angles
0, =30°, 6,=79°, @;— = 180° (b). Arrows indicate the location of three- and four-particle reaction channels.

The measurements of time coincidence spectra
have been also used for evaluation of background
which was caused by the registration of random
coincidence events (Fig.2). Peaks marked by
number 1 correspond to the registration of two
reaction products induced by deuteron interaction
from one bunch of deuteron beam and contain real
coincidence events and random time coincidences.
Peaks marked by number 2 correspond to the
registration of two reaction products from two
different bunches of beam and contain only random
coincidence events. As it is shown, the contributions
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of random coincidences in time spectra, which
correspond to the registration of all reaction products
(see Fig.2,a), as well as in the spectra of
coincidences of a-particles with tritons (see
Fig. 2, b) are rather small. The ratio of random to
real coincidence events is equal 0.25 and 0.05 for the
spectra in Fig. 2, a and b, respectively. This ratio for
events corresponding the three-particle exit channels
o+t+d(see Fig. 1, b) and a + d + t is equal ~ 0.01.
Thus, the background contribution of random
coincidences can be neglected for reaction channels
"Li(d, at)d and "Li(d, ad)t.
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Fig. 2. Total time coincidence spectrum measured by two telescopes at the registration of all products of reaction
d + "Li at the angles 0, =30°, 0, =79°, ¢;— ¢, =180° (a). Time spectrum of at-coincidences measured at the same
angles (b). Peaks in the spectra marked as 1 and 2 correspond to the events from neighboring bunch of deuteron beam.
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Analysis and results

Alpha-particle energy spectra measured in
coincidences with deuterons and tritons are shown in
the Fig.3. These spectra (triple differential cross
section) were obtained from two-dimensional
spectra of at- (see Fig. 1, ) and ad-coincidences
using usual procedures [6]. Correlation spectra have
been decomposed in some Breit - Wigner curves
which correspond to the contributions of “He
resonances:

d’c B C,
dQ,dQ, dE, (E,,—Ez)’+T?/4

P(E,), (1)

where Er = E - Epq and I are resonance energy and
width, Ey 1s bound energy of deuteron and triton
in "He nucleus, E,,=fE,) is relative energy in
(d-t)-subsystem depending on the alpha-particle
energy E,, p(E,) is the phase space factor [7] for
three-particle reaction "Li(d, ad)t or "Li(d, at)d, C; is
the coefficient which determines the intensity of
resonance with number i.
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Besides “He resonances the excitation and decay
of °Li and 'Li resonances can be also observed in
coincidence spectra from reactions 'Li(d, ad)t and
'Li(d, at)d. These resonances are formed in
accompanying reaction channels 'Li(d, d)’Li* and
"Li(d, t) °Li*. The position of possible contributions
of °Li and "Li resonances can be calculated using the
kinematical dependencies of relative energies in
(0—d)- and (o-t)-subsystems on the alpha-particle
energy E,. The dependencies of excitation energy of
°He, °Li and "Li resonances on the energy of one of
the reaction products can be obtained using simple
equation: E, = E,,; + E,, where E,,, E, are the
relative energy and bound energy of one of the
cluster in corresponding subsystem, respectively. As
it shown in Fig. 4, the known resonances of °Li and
"Li [4] do not contribute to the high energy part of
measured coincidence spectra (E,> 19 MeV). The
well known “thermonuclear” resonance of *He with
excitation energy E,=16.75 MeV cannot be also
observed in the analyzed spectra.
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Fig. 3. Energy spectra of alpha-particle measured in coincidences with deuterons (a) and tritons (b) for reactions
7Li(d, ad)t and "Li(d, at)d at Eq= 37 MeV, 6, = 30°, 04y = 79°, Qo — gy = 180°. Solid lines represent the results of the
fit by equation (1) for each resonance (see Table). Thick line corresponds to the sum of all resonance contributions.
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Fig. 4. The dependencies of excitation energy of *He, °Li and "Li resonances, which can be observed in the reactions
"Li(d, ad)t (a) and "Li(d, at)d (b), on the alpha-particle energy E,. Calculations were performed under kinematical

conditions specified in the capture of Fig. 3.
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Extracted values of *He resonance parameters are
given in the Table. Some resonances which
contributions can be overlapped with accompanying
resonances of °Li and "Li have been excluded from
consideration. Resonances with E, ~ 19 MeV have
been previously identified at the study of reactions
*H(a, pd)*H [8] and *H(a, dd)*H [9] in kinematically
complete experiments. The results of many inclusive
experiments indicate the presence only one broad
level with E,~20MeV [4]. Existence of three
resonances with FE,=19.14, 19.26, 19.31 MeV,
approximately equal width I' = 3.56, 3.96, 3.02 MeV
and different spin follows from multichannel
R-matrix analysis of experimental data for binary
reactions d + *H and n + “He [10].

The parameters obtained for the second
resonance with £, ~ 20 MeV are agreed well with R-
matrix analysis of binary reactions (£, = 19.96 MeV,
I'=192MeV [10]) and reaction “H(°He, dt)’H
(Ex=19.7+0.3 MeV [11]). Third resonance with
E.,=22MeV and I'=1.7MeV have not been
observed at the study of binary reaction [10].
R-matrix analysis [10] has suggested the presence of
two broad (I'~5MeV) resonances  with
approximately equal excitation energy E,=23.97
and 24.06 MeV and different spins. We identified
more narrow resonance (I'~1.2-1.9 MeV) with
excitation energy E,~24 MeV and the resonance
with E, ~26 MeV (I' ~ 2 MeV) which has not been
previously observed.

He resonance parameters obtained for reactions 'Li(d, ad)t and "Li(d, at)d.
Numbers in the first column correspond to the numbers of lines in Fig. 3

Resonance Reaction 'Li(d, ad)t Reaction 'Li(d, at)d
number E., MeV I', MeV E., MeV I', MeV
1 18.7+0.1 0.5+0.2 18.5+0.2 0.7+0.2
2 20.4+0.2 1.7+£0.6 20.3+0.2 1.8+0.5
3 222+0.4 1.7+£0.5 22.0+0.2 1.7+£0.5
4 23.6+0.4 1.9+0.5 242 +0.2 1.2+0.5
5 25.7+0.3 2.1+0.8 26.4+0.3 2.0+0.8

Coulomb effects at the decay of *He resonances
in the reaction 'Li(d, o) He*

All the products of studied reactions are charged.
In this case the observable parameters of “He
resonance can be modified by three-body Coulomb
effects [12 - 15]. The following expression for the
squared modulus of the amplitude of reaction

ptT—o>k+R—>k+i+j

2

can be used to estimate the influence of the Coulomb
field of accompanying fragment k£ on the decay of
resonance R into the channel i + j [13]:

27[5 eZé’Arcctgs
eF -1 1+&

7 k| = RPACH E)

e=2E;—Ep)/T°, &=n-v, 4

N=My+My =2 Zith; | kyy + Z,Z i [k, (5)

where Ej; is relative energy of particles i and j;
E), T are the position and width of isolated

resonance R formed in binary reactions; v, # are the
parameters corresponding the Coulomb interaction
of accompanied particle & with resonance R as a
whole system and with decay products, respectively;
Zy, Z, Z; are the particle’s charges; w, i, ki, ki; are
the reduced masses and relative momenta of the

particles £ and i(j), respectively; F is the function
depending on the angular momenta; ,1’?/(1%/.) is the

decay vertex function. In general case the parameter
v is the complex value v =v,-iv, [14, 15]. For

resonances far from decay threshold ( Ey >>T7) the

value v, is negligible small and parameter v can be
simply determined as v =2, Z 1, / k;z .

The resonance curves, which can be observed in
kinematically complete experiments at the study of
reaction 'Li(d, ad)t at different angles of deuteron
decay 64 in the *He resonance center of mass, have
been calculated in accordance with the
parameterization of reaction amplitude (3). The
decay into o+ n channel in the reaction "Li(d, oo)n
is also considered with the aim to estimate the
integrated Coulomb effects which can be observed
in the inclusive spectra of a-particles from reaction
"Li(d, a)’He*.

The calculations for *He resonance with excitation
energy Ey= 19,96 MeV and width T =1,92 MeV

are shown in Fig. 5. The parameters Ep=FE —E,

and T°, which were used in the calculations for both
decay channels, correspond to the values obtained for
isolated “He resonance formed in the binary reactions
d+°H and n + *He [10].

At the decay of short lived resonances with
> 1 MeV in the reactions like (2) the scattering of
accompanying particle on the resonance as a whole
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system can be neglected. In this approach, the
effective Coulomb parameter & is determined by
the interaction of accompanying a-particle only with
decay products (£=17). As it is shown from Fig. 5,

SHer— d+t

10004 @

E, MeV

such approach predicts greater shift and broadening
of resonance curve than approximation with the
Coulomb parameter £=n—v.

Fig. 5. The calculations of the resonance curves corresponding the excitation and decay of He* resonance with
E, = 19.96 MeV and I'” = 1.92 MeV [10] in the reaction 'Li(d, ad)t (a) and "Li(d, ao)n (b) at Eq = 37 MeV. Thick solid
line corresponds to the calculation for isolated *He* resonance (& = 0). Other lines represent the calculations in both

approach (see text) according to which the Coulomb parameter is defined as £=7—Vv (lines 1) and £=7 (lines 2).

The angles 04y = 0° and 04, = 180° correspond to the deuteron or a-particle decay in the resonance center of mass in
the direction towards the accompanying a-particle and vice versa, respectively. The calculation for the decay angle
04 = 180° in the approximation & =7 —V almost coincides with the curve corresponding the isolated decay of He*, so

it is not shown in the Figure.

Therefore, the maximal shift and width change of
resonance curves caused by the Coulomb field of
accompanying a-particles exceed the value of 200 —
300 keV. For example, the contribution of
He*(19.96 MeV) decay into o + n channel provides
the broadening of resonance curves to the value
I' =2.4 MeV. This value is in consistent with data
obtained from the inclusive spectra of a-particles,
which were measured for the reaction 'Li(d, «) He at
the same energy of deuteron beam Ey =37 MeV [5],
as well as with compilation data for different three-
particle reactions [4]. Similar changes of resonance
parameters should be observed at the decay of other
high excited “He resonances in the reaction
"Li(d, o) He*.

Conclusions

The decay of high excited *He resonances with
E.>17MeV into the d-+t channel have been
studied in the three-particle reactions 'Li(d, ad)t and
"Li(d, at)d at deuteron beam energy E, =37 MeV. In
kinematically complete experiments a new data for
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He resonance energies and widths have been
obtained. The data within experimental error are
consistent partly with those obtained by other
authors (see [4, 8 - 11]), but the decay of resonances
with E, ~22 and 26 MeV into the d + t channel was
observed for the first time. Determined parameters
for some resonances are also agreed with the
extended R-matrix analysis of data for binary
reactions d + *H and n + *He [10].

Performed calculations show that three-particle
Coulomb effects are quite observable in the studied
reactions for *He resonances with E, ~ 18 - 26 MeV.
The different resonance position and width can be
observed in kinematically complete experiments at
the different angles of resonance decay. This results
the broadening of resonances in the inclusive spectra
of accompanying particle in which the integrated
over decay angles and decay channels effect is
observed.

Obtained results will be useful to clarify the
causes of inconsistency between an existing data as
well as to test the various theoretical models.
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FO. M. I1aBnenko, B.JI. llaéaos, B. O. Kusa, O. K. I'opnunuy, H. JI. Jopouko,
A. B. Crenaniok, O. I. Pynneas, JI. JI. dyarep, /1. B. KacnepoBuu

JNEATPOHHUN I TPUTOHHUN PO3MAJIU PE3OHAHCIB *He B PEAKIII "Li(d, o)’He

Iporiecy 36y/KeHHs Ta po3Majly BHCOKO30YIKeHHX pe3oHancis “He B kanan d + t nocmimkeno B peaxuii 'Li(d, o) He
npu eHeprii mydka nedtpoHiB E,;=37 MeB. B IHKIIO3UBHHX CIIEKTpaX 0-4aCTHHOK, KpIM BHECKIB J00pe BiOMHX
PE30HAHCIB, CHIOCTEpiraivcs BUCOKO30y/KeH1 CTaHu 3 eHeprismu 30ymkenHs £, ~ 191 £, >20 MeB. Knacrepuuii po3nan
X PE30HAHCIB TAaKOXK imeHTH(]iIKOBaHO B crekTpax od- 1 at-30iriB. Ymepme crocTepiraBcs pos3man y kaHan d -+t
pesonancis “He 3 E, =22 i 26 MeB. BusnaueHi pe3oHaHCHi eHeprii Ta IIMPHHH 4aCTKOBO Y3rOUKYIOThCA 3 R-MaTpuuHiM
aHATI30M JAHMX, OTPMMAHHX MU JOCTimKeHH Ginapuux peaxuiit d +°H i n+ ‘He. AHami3yloThCs TAKOXK MOMUIHBI
KYJIOHIBCKi €(DeKTH 1l Pi3HHX YMOB CIIOCTEPEXKEHHs BUCOKO30Y KeHHX pe3onancis “He B peaxuii 'Li(d, o)’ He.

Knwouosi crnosa: TpUYACTMHKOBA SIEPHA peEakilis, KIHEMAaTUYHO TIOBHMHA EKCIIEPUMEHT, CIEKTpH 30iris,
BHCOKO30YIKEeHI Pe30HAHCH, KaHAIH PO3Maay, KyJIOHIBChKa B3a€EMOIis, PE30HAHCHI MapaMeTpH.

IO. H. ITaBnenko, B.JI. llla6aos, B. A. Kua, O. K. 'opnuuuy, H. JI. {opomiko,
A. B. Crenanwk, A. WU. Pyngeas, JI. JI. dyarep, . B. Kacneposua

JEWTPOHHBIN U TPUTOHHBIN PACIHAJIbI PE3OHAHCOB “He B PEAKIIMM ’Li(d, o)’He

IIporiecchl BO30YXK/IEHHs M PACIaja BHICOKOBO30YXKICHHBIX Pe3oHaHCOB “He B kanal d + t MCCIIEIOBAHEI B PEAKIMH
"Li(d, a)’He mpu sHeprum myuka aeitpoHoB £, =37 MaB. B HHKIIIO3MBHBIX CIEKTPaX 0-4aCTHII, KPOME BKJIAZ0B XOPOLIO
W3BECTHBIX PE30HAHCOB, HAOJIOJAINCh BBICOKOBO3OY)KIEHHBIE COCTOSIHUSL C JHeprusiMu Bo3Oyxnenus E,~19 u
E,.>20 M»B. KiactepHblii pacmag 3THX PE30HAHCOB TaKXKe HICHTU(PHUIMPOBAH B CHEKTpax od- W 0Ot-COBMAICHHUIA.
BriepBbie HaGmoaancs pacna B kasan d + t pesonancos “He ¢ E, =22 1 26 MaB. Onpe/ie/icHHbIe pe30HAHCHbBIE SHEPTUH
U IIUPHUHBI YaCTHYHO COTJACYIOTCS ¢ R-MaTpUYHBIM aHaIM30M AAHHBIX, TOJYYEHHBIX HMPH HCCIEAOBAHWM OMHApPHBIX
peaxumii d+°H u n+‘He. AHaMIMBUPYIOTCS TaKke€ BO3MOXKHBIE KYJIOHOBCKHE A(PQEKTHI Al pasHBIX YCIOBUH
HABTIO/ICHNs BHICOKOBO30Y K ICHHBIX pe3oHancoB “He B peaximu 'Li(d, o) He.

Kniouegvie cnosa: tpexyacTHyHas sii€pHas peakius, KAHEMAaTHUECKH MOJHBIA AKCIIEPUMEHT, CHEKTPBI COBIAJICHUH,
BBICOKOBO30Y KJICHHbIE PE30HAHCHI, KaHAJIbI Paciia/ia, KyJIOHOBCKOE B3aUMOJICHCTBIE, pE30HAHCHBIE [TapaMETPBl.
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