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The direct method of decay branching ratio determination for nuclear unbound states is proposed. The method is
based on the complex study of three particle reactions in kinematically complete and incomplete experiments. The
resonance decay probability is defined as a ratio of experimentally observed magnitudes, namely the differential
cross sections corresponding to the processes of resonance excitation and their decay. The most favourable condi-
tions for such measurements have unbound states with the excitation energy near the decay threshold into the one of
the possible channels. The peculiarities and some applications of the proposed method are discussed.

PACS: 13.75Gx

1. INTRODUCTION

The main data about nuclear unbound states proper-
ties were obtained at study of binary reactions like

it

itj - R >

-m+tn, (1b)
in which these states are produced as intermediate res-
onance systems R decaying into i+j and m+n channels.
Such researches involve laborious measurements of re-
action cross sections with a small energy step of bom-
barding nuclei. In most cases the resonance parameters
are obtained from the analysis of experimental data us-
ing R-matrix theory, which foundations were laid in
work [1]. The important parameters of this and other
more contemporary theories (e.g. [2]) are reduced
widths 7, V..’ of the channels (1a), (1b) which are ener-
getically independent and characterize the structure of
resonance R. The resonance branches ratio data may be
received from the values of partial widths I, I
(Ly+ =1, where I' is a total level width). The radi-
ation width /", may be neglected in comparison with the
particle (m#0) decay widths. The magnitudes 7, L, I
are energetically dependent as I;=2Py(E;)V,
Lon=2Pon(Enn) Vi’ Pi(Ey) and P,,(E,.,) being penetrabil-
ity of the Coulomb and centrifugal barriers in corres-
ponding decay channels, E;, E,, are the relative ener-
gies of decay products. The values of I, I, are usually
presented at the resonance energy E,. Accordingly the
I'y/I" and I,/I" ratios correspond to the decay branches
ratio only at £ = E, energy.

Despite the detailed studies that have been carrying
out for tens of years, there still are significant discrepan-
cies of resonance parameters obtained for a number of
nuclei. The intensively studied “thermonuclear reson-
ance” "He*(16.75 MeV) may serve as an example. This
resonance was observed at the precision measurements
of energy dependences of cross sections for the reac-
tions (e.g. [3,4])

d+t-He* - a+n, )

(1a)

as well as of the total cross sections of elastic neutron
scattering by “He nuclei [5]. The different values of par-
tial widths for *He* decay into the channels d+¢ and
a+n were obtained by different authors, for example
1,=33.07 keV, I,,=38.83 keV in [3] and [,=25.77 keV,
I'5,=48.39 keV in [4]. The detailed analysis of various
approaches for determination of widhts /', and 77, in
binary reactions like (2) was carried out in [6].

Note must be taken that the branches ratios data for
nuclear unbound states produced in many-particle reac-
tions are almost absent till now. The direct method of
the resonance decay probability measurements at the
fixed energy in the input channel of three particle reac-
tions is proposed in the given work. The method is
based on the complex study of these reactions in inclus-
ive and exclusive experiments.

2. DETERMINATION OF RESONANCE
EXCITATION PROBABILITY
IN INCLUSIVE EXPERIMENTS

It is known that in reactions
p+tT - k+R 3)
the excitation of recoil nuclei R is provided in the en-
ergy range from 0 to E",.. at the fixed energy of incident
particles E, (the value of E”,,. depends on the type of
particles in the input and exit reaction channels and en-
ergy E,). If the nucleus R excitation energy in reactions
(3) exceeds the decay threshold on the i+j and m+n
channels, the three particles are produced in the exit
channels:
> k+ i+t]
p+T - k+R —
- k+m+n (4b)
The complete definition of reaction kinematics is
provided by the measurement of two product’s mo-
mentums, for example, particles k£ and i or k£ and m [7,8].
In kinematically incomplete experiments the momentum
of only one final particle is measured. The structure of

(4a)

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2005, Ne 6.

Series: Nuclear Physics Investigations (45), p. 11-16.

11



inclusive spectrum of particles & (or differential reac-
tions cross sections
d’o
dQ dE,
of reaction (4)) measured in such experiments are
defined in a great extent by the excitation processes of
recoil nuclei R. By integrating the cross section (5)
measured at the G, @« angles over the k particle energy
in the range that corresponds to the excitation of ana-
lysed nucleus R the following cross section is obtained:
do exc . (6)
dqQ ,
This cross section characterizes the excitation probabil-
ity of nucleus R which centre of mass according to the
kinematics of reaction (4) must move in the direction
that is determined by the angles Gk, @r=¢ -180° (see
Fig. 1).

&)

Fig. 1. Vector’s velocity diagram for reaction (4a)

In many cases the cross sections (5) may also have a
continuum part caused by the emission of particles &
from the decay of nuclear unbound states produced in
accompanied reaction channels. For defining the contri-
bution of these processes the well-known procedures of
the inclusive spectra analysis is used (see, e.g. [9]).

3. DETERMINATION OF RESONANCE
DECAY PROBABILITY
IN EXCLUSIVE EXPERIMENTS

At the decay of nucleus R with excitation energy £*
into the channel R —i+j the emission angles of decay
products @, ¢, @, ¢; and their velocities V;, V; in the
laboratory system are defined by the vectors Vz and V5,
V#® (Fig. 1). The velocities ¥;® and V® depend on the Q-
value of decay R —i+j: Q=E. ;=E*-Ey., where Ey, is the
energy of decay threshold, E., — relative energy of
particles i and j. The range of possible emission angles
AO= O -0, Ap=¢"“-¢/"™ is defined by the ratio
V2/Vk and can be simply evaluated (at V*<<Vz) as:

AB: = Ap; = 2arctg(V¥/Vi). @)

At the fixed angle GO=const the particle i as a decay
product of unbound state R with excitation energy E*
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can be observed within the “cone” defined by the pos-
sible emission angles A@, A@;.. The information about
of excitation and decay probability of nucleus R into the
channel i+j (reaction (4a)) are contained in the differen-
tial cross sections

d'o
dQ ,dE, dQ l.(j)dEl.(j)
which are obtained from coincidence spectra of particles
k and i (or k and j). Theoretical interpretation of cross

sections (8) is rather complicated that is why the triple
differential cross sections are used for the analysis:

d’a

) ®)

S — (9a)
dQ 0 dE,

d’o (9b)
dQ dQ  dE; ;)

(92) and (9b) are the result of integrating of cross sec-
tions (8) over the energy Ei; or E; around the corres-
ponding kinematical curves (functions Ei(Ey) or E;(Ey)
determined by the energy and momentum conservation
law).

By integrating of (9a) over the energy of particle & in
the same range as (5) the double differential cross sec-
tion

d’o
Al )
can be obtained. This cross section characterises the
probability of formation and decay of nucleus R within
the solid angle dQ,; simultaneously. The total probabil-
ity of decay into i+j channel is defined by the ratio

(10)

. . dU dec dO’ exc
PGt j)= —— [ —, (11)
dq , dQ ,
where
do
dec (12)
dQ .

is the result of integrating (9) over the solid angles Q; or
Q which determined by the range of all possible angles
O, ¢:or O, ¢ (see Eq. (7) and Fig. 1). For reaction (4b)
the probability of decay into the channel m+n can be
defined in the same way by the measurements of coin-
cidence spectra of particles k& (@=const) and m(n) with-
in the solid angle Q..

4. PECULIARITIES OF RESONANCES
DECAY PROBABILITY MEASUREMENTS

The procedure of determination of reaction cross
sections (6) is well known and in most cases not diffi-
cult. Now the technique of coincidence measurements is
also well developed. But the long measurement’s time is
the main shortcoming of such experiments. However the
differential cross sections (8)-(10) of different reactions
like (4) have been measured in lots of experiments. It
gave the possibility to study reaction dynamics effects
as well as to get the values of resonance parameters of
many nuclear unbound states produced by these reac-



tions. But the branches ratio data have not been obtained
even until now because of the absence of experimental
data about the cross sections (12). The cross sections
(10) have been usually measured at limited sets of regis-
tration angles of reaction products. But the detailed an-
gular correlations data covered the whole range of emis-
sion angles AQ, A@ (see (7)) are needed to obtain the
cross sections (12). For most unbound states produced
by reactions (4) at low and middle energies of incident
particles this angular range is sufficiently large.

The most favourable conditions of the decay probab-
ility measurements have unbound states with the excita-
tion energy slightly exceeds the decay threshold into the
one of the possible channels (e.g. i+j). For such states
the angular range of decay consists of 4Q,;~10°...30°,
that is quite acceptable for the measurements. The vivid
example of state with excitation energy near the decay
threshold is the mentioned above “thermonuclear reson-
ance” *He*(16.75 MeV). At the formation of this reson-
ance in reaction

- ata+n
d+7Li — a+5H€*—>
> a+t+d

(13a)
(13b)

at deuteron energies E, > 30 MeV it is easy to provide
such solid angle AQ,, of tritons or deuterons registra-
tion which would cover all the possible decay angles
into the channel *He* - t+d. The whole range of these
angles is very small due to the small value of relative
energy of deuterons and tritons (E..~ 0.05 MeV) while
’He* centre of mass energy at different emission angles
in reaction (13) at £,/~30 MeV consists of 10...20 MeV.
In this case the decay products can be registered by the
detectors with relatively small aperture.

Generally the multi-element silicon detectors with
large total square of sensitive surface can be effectively
used for registration of decay products [10]. The whole
range AO,; can be covered by full aperture of such de-
tector. At the same time the cross sections (8)-(10) are
measured with high angular resolution because of sim-
ultaneous using each element of detector. At A0,;<10°
the whole decay cone can be covered even by one-ele-
ment detector with not very big aperture.

According to the theory of many particle nuclear re-
actions [11] the cross sections of reactions (4) depend
on the three-body scattering amplitudes, which in the
assumption of dominating role of pair forces are defined
by the two-particle amplitudes, which correspond to the
interaction of every particle pair in the final state. That
is why it is very important to choose for measurements
such regions of phase space where the interaction of one
particle pair dominates. In our case it is the pair of
particles i and j, which interaction is responsible for
formation of the R resonance in reaction (4a).

The velocity diagram on Fig. 1 corresponds to the
ideal conditions of decay probability measurements for
the states with 7=0. For real states the change of excita-
tion energy within the limits of AE*~(2...3)I" causes
certain modification of energy of particles k (AE;) detec-
ted at fixed angle @, also as modification of energy (4
ER) and emission angle (AG%) of nuclei R and relative
energies of decay products AE; =AE,,=AE*. The men-

tioned factors (AE, AGk and AEj) lead to the change of
maximal and minimal observation angles of nuclei R de-
cay products, that is to the range AGy;, A@i; widening.
The additional widening of this range and modification
of differential cross sections (8), (9) are caused by a
number of conditions of carrying out the real experi-
ments. There are beam energy dispersion (4E,), beam
spot size on the target, target thickness, solid angles (4
Qr, AQ ;) and energy resolution of the detectors used
for the reaction products registration. .

One of the best methods of taking into account all
these factors is the simulation of the investigated pro-
cesses by Monte-Carlo method [12]. Fig. 2 contains the
simulated differential cross sections (8), (9) which cor-
respond to the excitation and decay of 'Li*(7.45 MeV)
nuclei into the °Li+n channel in reaction

a+’Li - a+’Li* - a+°Li+n
at the beam energy of 27.2 MeV.
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Fig. 2. Monte-Carlo simulation of a-°Li coincidence
spectra (a,b — differential cross sections (8) and (9), re-
spectively) for reaction (14) in the region of excitation
and decay of 'Li*(7.45 MeV) into the °Li+n channel. E,
and E; are the energies of a-particles and °Li nuclei re-
gistered at ©,=34°, ¢,=0° and ©,=44.5°, p,=180°, re-
spectively

The real conditions of coincidence measurements
have been used for these simulations. In particular, the
solid angles of a-particles and °Li registration were A
9,=0.76-107 sr and AQ,=2.72-107 sr, respectively. The
total solid angle of decay into the °Li+n channel consists
of AQ,=3.55-107 sr. The space distribution of a-°Li co-
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incidence events simulated for °Li-detector plane is
shown in Fig. 3.
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Fig. 3. The space distribution of a-°Li coincidence
events simulated for reaction (14) and shown in the
plane of °Li-detector placed at the distance of 127 mm
from the target. The point x=y=0 corresponds to the
angles ©,=46.5°, ¢,=0°
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Fig. 4. Inclusive spectrum of a-particles for reaction (14)
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Fig. 5. o-°Li coincidence spectra (a,b — differential
cross sections (8) and (9), respectively) measured for
reaction (14). E, and E; are the energies of a-particles
and °Li nuclei registered at ©@,=34°, ¢,=0° and O
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2=44.5° ¢,=180° respectively. Solid line is the kin-
ematical curve for reaction (14)

If the detector’s aperture does not completely covers
the angular range of decay it would be appropriate to
calculate a “registration efficiency”:

£ = Ni;/ Nz, (15)
where Ny — the number of excited recoil nuclei R or cor-
responding particles £ detected without coincidences
with other particles, N;; — the number of particles & de-
tected in coincidences with one of the particles from de-
cay R—i+j. The number Ny defines the value of cross
sections (5), (6) and N;j; — of cross sections (8)-(10).

5. EXAMPLE OF METHOD APPLICATION

The Monte-Carlo simulations of differential cross
sections (5), (6), (8)-(10) and “registration efficiency”
(15) were used to choose the optimal conditions of
"Li*(7.45 MeV) decay probability measurements in re-
action (14). This experiment was performed at the incid-
ent a-particle’s energy of 27.2 MeV at the cyclotron U-
120 of the Institute of Nuclear Research (Kyiv).

The inclusive spectrum of a-particles (differential
cross section (5)) that was measured for this reaction at
the angles ©,=34°, ¢,=0° [13] is shown in Fig. 4. The
peaks observed in the spectrum correspond to the elastic
and inelastic scattering of a-particles by 'Li and target
admixture nuclei of °Li, C, "°F and Ni. Continuum part
of spectrum observed at low energies is caused by the
registration of a-particles as the products of decay of
nuclear unbound states produced by inelastic scattering
and others accompanied reaction channels. Using the
procedure given in [9] the differential cross section (6)
corresponding to the excitation of "Li*(7.45 MeV) nuc-
leus has been obtained from this spectrum. According to
the kinematics of reaction "Li(a,a)’Li* the centre of
mass of 'Li* must move at the angles ©;=46.5°,
(/77L,'*:1800.

The o-°Li coincidence spectra have been measured
around this direction within the range 4Gs,,=A4ps,=12°
(at fixed angles @,=34°, ¢,=0°) which covered all pos-
sible emission angles of °Li as a product of
'Li*(7.45 MeV) decay. The example of coincidence
spectra (differential cross sections (8) and (9)) is shown
in Fig. 5. The most intensive peak in Fig. 5b corres-
ponds to the contribution of 'Li*(7.45 MeV) excitation
and decay into °Li+n channel.
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Fig. 6. The O:>-angular dependence of measured and
simulated differential cross sections (10) for one of the
angle values ¢,= o= - 6°

By integrating the cross sections (9) over E, energy
within this peak the differential cross sections (10) have
been obtained. Their angular dependence is shown in
Fig. 6. And finally by integrating the measured cross
sections (10) over the @, ¢, angles the cross section
(12) has been obtained. Its ratio to cross section (6) de-
termined from the inclusive a-particle spectrum accord-
ing to (11) is the probability of "Li*(7.45 MeV) decay
into the °Li+n channel.

The value of ratio (11) consists of P(n+°Li)= 0.49+
0.06 that significantly differs from the results of binary
reactions studies. This level was observed as pro-
nounced resonance at low energy interaction of neutrons
with °Li nuclei [14] and a-particles with tritons [15].
The resonance has a large neutron width and a small -
width (y%/y,’=48, I(E)/[(E)=0.77, G./Cw= 0.71 [14],
where Oy is the total neutron cross section, O, is the
cross section of n+°Li elastic scattering).

Extremely large width (/~0.5 MeV) of *He* “ther-
monuclear resonance” with respect to the standard value
(r~0.076 MeV [16]) was deduced from experimental
data for reaction (13a) in Ref. [17]. The strong modific-
ation of branching ratio for this resonance was also ob-
served at the study of reactions (13a) and (13b) at deu-
teron energy of 37 MeV [18]. The spectrum of a-
particles measured in coincidences with tritons (reaction
(13b)) is shown in Fig. 7. High registration efficiency (&
=0.46, see Eq.(15)) for reaction channel (13b) was
achieved due to the large solid angle (AQ,=1.82-107 sr)
of detector used for the registration of tritons. The pro-
nounced peak at the energy of E.~14.8 MeV corres-
ponds to the contribution of narrow (/=24 keV, [16])
resonance of °Li*(2.185 MeV). The broadening of the
observed peak is mainly caused by large value of the
solid angle AQ.. It is well reproduced by Monte-Carlo
calculations. The middle part of spectrum corresponds
to the possible contribution of other states of *He* with
excitation energy E*>18 MeV [16,19] or °Li* with
E*>4 MeV [16].

[=2]
o

6 i*(2.185) SHe*(16.75)
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Fig. 7. Reaction "Li(d,at)d at E;=37 MeV. The spec-
trum of a-particles (©@,=45° ¢,=0°) measured in coin-
cidences with tritons (©,=79° ¢,=180°). The results of

Monte Carlo simulations of the excitation and decay of
‘He*(16.75 MeV) and °Li*(2.185 MeV) unbound states
are shown as histograms

Contrary to the binary reactions the formation and
decay of "Li*(7.45 MeV) in three particle reaction (14)
as well as "He*(16.75 MeV) in reaction (13) occurs with
the presence of accompanying a-particles. The influence
of its Coulomb field may be one of the reasons for a
modification of resonance decay branches ratio in com-
parison with the binary reactions [11,20,21].

CONCLUSIONS

The method proposed for the determination of decay
branching ratio for nuclear unbound states produced by
three-particle reactions (4) is based on the measure-
ments of differential cross sections of these reactions in
kinematically complete and incomplete experiments.
The method has many advantages over the known pro-
cedures, developed for binary reactions (1). Firstly, this
is a method of direct measurement of decay probability
of resonance states into one or two channels as it is
defined as a ratio of experimentally observed mag-
nitudes, namely the number of nuclei decaying into the
given channel to the number of excited nuclei (see (11)).
Secondly, the method needs no implication of theoretic-
al analysis. Thirdly, there is no need to measure the
cross sections of reactions at different energies of incid-
ent particles.

Besides mentioned above resonances of *He* and
"Li* the method can be used for the measurement of the
decay probability of many other nuclear states. It is
most suitable for the states which excitation energy
slightly exceeds the decay threshold into one of the
probable channels, for example: *‘He*(21.1 MeV)—
*He+n, *He*(19.8 MeV)— *He+2n, °Li*(16.6 MeV)—
*Hetd, 'Li*(9.9 MeV)—‘He+p, °*Be*(18.91 MeV)—
"Li+p, *Be*(22.2 MeV)—°Li+d and others. The experi-
mental data about the decay branches ratios for such
nuclei states are important for testing of existing theor-
ies of many particle reactions and further study of influ-
ence effects of accompanying particles on the processes
of formation and decay of short lived nuclear states. The
results of experimental and theoretical works [13,20,21]
prove the availability of this research direction.

This work has been supported in part by the Funda-
mental Researches State Fund of Ukraine under Grant
02.07/00244.
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METO/I U3SMEPEHU S PACIIPEJIEJIEHUS BETBEM PACIIAIA HECBSI3AHHBIX
COCTOSIHUM SIJIEP B TPEXYACTUYHBIX PEAKIIUSAX

I0.H. Ilaénenxo

[IpenynoskeH mpsAMoOi METOI OIpeeSICHUs paclipeesIeHUs] BeTBEeW pacnaja HECBA3AHHBIX COCTOSIHUM sijep. Me-

TOJ] OCHOBaH Ha KOMILIEKCHOM HCCIIEIOBAHMH TPEXYACTHUYHBIX PEAKLU B KHHEMATHYECKH MOJIHBIX M HEMOJIHBIX
JKCTIepUMeHTax. BeposiTHOCTh paciasia pe30HaHCOB OIPEesieTCsl KaK OTHOIEHHE SKCIIEPUMEHTAIIBHO Ha001ae-
MBIX BEIUYUH, & UMEHHO, AU PepeHIIUaTbHBIX CEYCHUH, COOTBETCTBYIOLIMX MPOIeccaM BO30YKICHHUSI PE30HAHCOB
U ux pacnaaa. Haubonee O1aronpusiTHbIE YCIOBUS U TAKUX M3MEPEHHUN HMEIOT HECBSI3aHHBIE COCTOSIHUS C DHEP-
rueil BO30Yy KIeHHsI, HE3HAUUTEIBHO MPEBBIMIAOIIEH TOPOT paciaia B OJWH W3 BO3MOXHBIX KaHAJIOB. AHAIH3UPY-
FOTCSI 0COOEHHOCTH MPEAIAraeMoro MeTO/a, MPUBEACHBI IPUMEPBI €r0 UCIIOIb30BAHHS.
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3anpornoHOBaHO MpPSIMUII METOJ] BH3HAYEHHS PO3MONLTY TIIOK po3naly He3B’si3aHMX CTaHiB sjep. Meron
0a3yeTbcsi HA KOMIDICKCHOMY IOCHIDKEHHI TPHYACTHHKOBHX pEaKIii y KiHEMaTHYHO ITOBHHX Ta HETOBHUX
eKCIIepUMeHTaX. MMOBIpHICTH pO3Majgy pPe3OHAHCIB BU3HAYAETHCA AK  BiAHOMICHHS —EKCIIEPUMEHTATLHO
CIIOCTEPE)KYBaHMX BEIMYMH, a caMe Au(epeHIialbHAX IIepepi3iB, MO BiQOBINAIOTH IpolecaMm 30yHKEHHS
pe30HaHCIB Ta iX po3mamy. HaiOinmpIn cHopusATIMBI YMOBH JJIsi TaKUX BHUMIpIOBaHb MAlOTh HE3B’s3aHI CTaHU 3
eHepricro 30y/DKEeHHs, 110 HE3HAYyHO IEPEeBUIYE MOPIr po3naay B OJMH 3 MOXIIMBHX KaHaiB. AHaNi3yrOThCS
0COOJINBOCTI 3aIIPOIIOHOBAHOTO METOY, HABEJICHO NPUKIIAAN HOT0 3aCTOCYBaHHSI.
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