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Abstract: The results of experiments on measuring the energy spectra of alpha particles in reactions with heavy

ions are presented. The measurements were performed using the high-resolution magnetic analyzer MAVR with
beams of **Ca (280 MeV) and *Fe (320 and 400 MeV) on "'Ta and U targets at an angle of 0°. A strong depend-
ence of the double differential cross sections for production of alpha particles on the atomic number of the target
nucleus was observed, which indicates that fast alpha particles are mainly emitted from the target nucleus; this con-
clusion was also confirmed by calculations within the time-dependent Schrédinger equation approach. An analysis
of the obtained experimental data was carried out within the model of moving sources modified to consider the kin-

ematic limits for two-body and three-body exit channels.
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I. INTRODUCTION

The interaction of two heavy atomic nuclei may be
accompanied by emission of alpha particles. The cross
section of alpha particle production may be very large
and even comparable to the total reaction cross section
[1-3]. The study of energy spectra of alpha particles at
different angles showed that there is a significant in-
crease in the yield of high-energy alpha particles com-
pared to that expected from calculations within the statist-
ical model of compound nucleus decay [4]. It was shown
that fast particles are emitted at the early stage of the re-
action, before the statistical equilibrium is reached [5].
Thus, two components are observed in the energy spectra
of alpha particles formed in reactions with heavy ions.
The first component is associated with evaporation
particles from excited reaction products; the properties of
these particles are described by the statistical model (e.g.,
[6]). The second component is associated with pre-equi-
librium particles [7, 8]; it contains a high-energy part and
has a forward-peaked angular distribution [5, 9, 10].
Therefore, important information about the mechanisms
of formation of fast charged particles can be obtained
from measurements of their energy spectra at forward
angles.

The analysis of experimental data showed that after
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emission of a fast particle in the beam direction at the
stage of a direct process, there is a high probability of
formation of a compound nucleus or a di-nuclear system
which, after the exchange of mass, energy, and angular
momentum, decays, forming products typical of deep in-
elastic collisions of heavy ions [4]. Thus, the process of
emission of fast alpha particles in reactions with heavy
ions is extremely interesting from the perspective of pro-
ducing cold heavy and superheavy nuclei because emis-
sion of fast alpha particles may lead to a decrease in the
excitation energy of the formed compound nucleus and
therefore a greater probability of its survival [11].

The “8Ca nucleus has been widely used for the syn-
thesis of superheavy nuclei (e.g., [12]). However, further
advancement into the region of superheavy nuclei re-
quires the use of heavier projectile nuclei because target
nuclei heavier than Cf will not be experimentally avail-
able in the conceivable future. In this respect, the iso-
topes of Fe are considered as one of the alternatives (e.g.,
[13]). In addition, lower energies of separation of an al-
pha particle from colliding nuclei may favor alpha
particle emission. The energies of separation of an alpha
particle for some nuclei taken from [14] are given in
Table 1.

Many empirical and semimicroscopic models have
been developed to describe the emission of light charged
particles in heavy-ion collisions, e.g., the Fermi mo-
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Table 1.
some nuclei taken from [14].

Energies of separation of an alpha particle E, for

Nucleus (spin and parity) Eep /MeV

48Ca (0%) 13.98
S6Fe (0+) 7.61

18173 (7/2%) -1.52
208pp (0+) -0.517

209ph (9/2+) -2.25

2098 (9/27) -3.14
210B; (0+) -5.04
2387 (0+) —4.27

mentum distribution and Goldhaber model [15], surface
model of Friedman [16], model of moving sources [17,
18], and model of direct processes [19, 20]. A good re-
view of experimental results on the yield of light charged
particles in nucleus-nucleus collisions at low and interme-
diate energies and the main theoretical models used for
description of light particle formation is found in [4].

This study was conducted to obtain information about
the mechanism of emission of fast alpha particles in reac-
tions with ions of “*Ca and °Fe. In this study, the analys-
is of the obtained experimental data was carried out us-
ing the kinematic limits for two- and three-body exit
channels within the model of moving sources [17, 18].
Note that it was predicted that the kinematic limits for
three-body exit channels may, in principle, be greater
than those for two-body exit channels [4].

II. EXPERIMENT

The experiment was carried out using the beams of
48Ca (280 MeV) and *°Fe (320 and 400 MeV) on the
U400 cyclotron at the Flerov Laboratory of Nuclear Re-
actions (FLNR), Joint Institute for Nuclear Research
(JINR). The beam profile was formed using the magnetic
optics of the U400 cyclotron supplemented by a system
of diaphragms; the beam profile was monitored by two
profilometers. The size of the beam on the targets '8! Ta
(2 um thick) and ?*¥U (1 um thick) was 5x5 mm at an
intensity of 50 nA. Taking into account the beam spread
on the targets, the angular resolution of the registering de-
tectors was + 0.8°.

The high-resolution magnetic analyzer MAVR [21-23]
with a focal plane length of 150 cm was used in the vacu-
um mode to separate alpha particles and the beam nuclei
at an angle of 0° by position. The energy range of the re-
action products that could be registered by the analyzer
was Emax/Emin = 5.2 with an energy resolution of AE/E =
5% 107*. The analyzer had a good linear dependence of
dispersion and resolution over the entire length of the fo-
cal plane. The particle deflection angle in the analyzer
was 110.7°. The analyzing and detecting system made it

possible to measure the energy spectra of alpha particles
in the energy range of 30—-120 MeV. The use of the
MAVR analyzer for detecting alpha particles made it pos-
sible to carry out experiments with high-intensity beams
(up to 5x 102 s71) and to measure the energy spectra of
alpha particles up to the energies at which their yield was
10~4~107> of the maximum value.

The products of nuclear reactions and the beam nuc-
lei entered the magnet of the analyzer where they were
separated and identified in its focal plane by their charge,
mass number, energy loss, and total energy using a sys-
tem of three semiconductor silicon telescopes AE;, AE;,
and £ with detector thicknesses of 50, 700, and 3200 pm,
respectively (Fig. 1). The thicknesses of the detectors
were selected in such a way that identification of alpha
particles in the energy range of 30—-120 MeV was en-
sured. Almost all light nuclei heavier than alpha particles
were stopped in the AE, detector. The size of the tele-
scope determined the energy range of the registered al-
pha particles, AE, ~ 1.1-1.3 MeV. The position of the
products in the focal plane and the corresponding ion
charges were compared with the values obtained in the

Fig. 1.  (color online) (a) Three-dimensional model of the
high-resolution magnetic analyzer MAVR. (b) Scheme of the
experiment: (1) beam of projectile nuclei; (2) target; (3) MSP-
144 magnet; (4) focal plane detectors. Trajectories of Ca and
He ions are shown.
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lise++ program [24, 25].

To protect the detectors from the scattered beam ions,
a 80 um thick aluminum foil was installed in front of
each telescope. The foil thickness was selected in such a
way that the beam nuclei completely stopped in it. The
use of three telescopes made it possible to register alpha
particles of three energies simultaneously. Only alpha
particles with certain magnetic rigidities, determined by
the position of the telescopes in the focal plane of the
analyzer, entered each telescope. The intensity of the ion
beams on the targets was determined by an elastic scatter-
ing detector installed at an angle of 28° in the reaction
chamber.

The solid angle of the setup was AQ =5x 107 sr; it
was determined using an alpha source of a known intens-
ity installed at the target position. The small value of the
solid angle was due to the purpose of detecting fast alpha
particles that fly forward at zero angle with the highest
energy. The energy range of the registered alpha particles
was varied by changing the magnetic field of the analyzer.

The obtained identification matrices for light nuclei
measured at an angle of 0° in the reactions “*Ca + 8! Ta
and *¥Ca + 238U at a beam energy of 280 MeV are shown
in Fig. 2 for alpha particle energies E, = 66+0.5AFE,
[MeV] (a) and 79+0.5AE, [MeV](b). It can be ob-
served that alpha particles are clearly separated from oth-
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Fig. 2. (color online) Identification matrices for light nuclei

measured at an angle of 0° in the reactions ¥Ca + 81 Ta (a)
and ¥Ca + 28U (b) at a beam energy of 280 MeV for alpha
particle energies E, =66+0.5AE, [MeV] (a) and 79+0.5AE,
[MeV] (b).

er reaction products because most of them were stopped
in the AE, detector.

The double differential cross sections were determ-
ined as

d20’ _ N, alpha
dQdE, NtargetheamAQAEa/ ’

()

where Nyjpha is the number of alpha particles detected by
a semiconductor telescope in the focal plane, Nirger is the
number of nuclei in the target per unit area, and Nyean 1S
the number of nuclei of the beam that hit the target.

III. RESULTS OF MEASURING THE SPECTRA
OF ALPHA PARTICLES

Using the beams of ¥ Ca (280 MeV) and °Fe (320 and
400 MeV) on the'® Ta and 238U targets, the double dif-
ferential hyphen="true"/>cross sections for formation of
alpha particles were measured at an angle of 0° in a wide
energy range. The obtained inclusive energy spectra for
are shown in Fig. 3.

It should be mentioned that alpha particles with lower
energies were not registered owing to the large thick-
nesses of the detectors, whereas alpha particles with high-
er energies were not registered owing to the limitations
on magnetic rigidity of the MAVR analyzer. It can be ob-
served that the cross sections for emission of alpha
particles in the reactions on the 28U target are signific-
antly (by one or two orders of magnitude) greater than
those on the '8! Ta target. A similar picture was observed
in earlier experiments for the lighter projectile nucleus
22Ne [9]. A strong dependence of the yield of alpha
particles on the atomic number of the target nucleus is
observed in all the studied cases. The maximum yield of
alpha particles is found in the low-energy part of the
spectra; the yield falls by 4-5 orders of magnitude with
the increase of alpha particle energy for all the studied re-
actions.

IV. DISCUSSION

The strong dependence of the yield of alpha particles
on the atomic number of the target nucleus leads to the
conclusion that their emission is mainly a result of their
knockout from the target nucleus. The energy of separa-
tion of an alpha particle for the 23U nucleus is signific-
antly different from that for the '®! Ta nucleus (Table 1).
It can be observed that the separation energy of an alpha
particle decreases after filling of the nucleon shells of the
magic nucleus 2°Pb, which can be due to filling of the
higher-lying shells with lower nucleon separation energy:
the neutron shell 2gg/, and the proton shell 1hg,. Addi-
tional nucleon shells of the target nucleus 23U can also
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Fig. 3. (color online) Energy spectra of alpha particles meas-

ured at an angle of 0° in reactions on targets '8! Ta (circles)

and 28U (squares) for beams of (a) “Ca (280 MeV), (b) °Fe

(320 MeV), and (c) °Fe (400 MeV).

lead to a significantly different driving potential and
therefore a significantly different evolution of the result-
ing di-nuclear system compared to the case of the target
nucleus '8 Ta [26].

The fact that the maximum yield of alpha particles is
observed in the low-energy part of the spectra, where al-
pha particles do not carry away large energy from the
compound nucleus, means that here this process does not
lead to a significant decrease in the excitation energy of
the compound nucleus and greater probability of its sur-
vival. The yield decreases by several orders of mag-
nitude in the high-energy part of the spectra where the en-
ergies of alpha particles are limited by the so-called kin-
ematic limits due to the laws of conservation of energy
and momentum.

V. MODIFIED MODEL OF MOVING SOURCES
AND KINEMATIC LIMITS

The energy distribution of the model of moving sources-
was used to approximate the spectra of alpha particles
and to describe their shape. The model of moving sources
[4, 17, 18] is an empirical model based on several as-
sumptions, which we modified to consider the physical
processes in nucleus-nucleus collisions. We took into ac-
count the kinematic limits for emission of alpha particles
and real physical sources of alpha particle emission.

A. Moving sources

(i) It is assumed that alpha particles are emitted iso-
tropically from several (or one) sources with intensities
N; moving in the direction of the beam of projectile nuc-
lei with velocities v;. We associate each source with a
certain exit channel or a group of exit channels of a reac-
tion. For the channels with emission of an alpha particle
from a compound nucleus or a di-nuclear system, there
are physical constraints on the source velocities: they
must be equal to or close to the velocity of the center of
mass in the laboratory system, v; ~ v, . For the channels
with breakup of the projectile nucleus and emission of an
alpha particle from it in grazing collisions of the nuclei,
the velocities of the sources must be equal to or close to
the velocity of the projectile nucleus in the laboratory
system, v; = Vigp.

(i1) It is assumed that the kinetic energies of alpha
particles for each source have a distribution that de-
creases smoothly with increasing energy. If an alpha
cluster is formed in one of the nuclei during their fusion,
the energy of the alpha cluster can sharply increase. The
probability of this diminishes with increasing excitation
energy, so that the energy distribution of alpha clusters is
to some extent similar to the Boltzmann exponent with
some effective temperature 7;. In general, such an ap-
proximation of the statistical weights of various excited
states of alpha clusters is not related to the establishment
of statistical equilibrium in the formed compound nucle-
us or di-nuclear system. Therefore, we consider 7; as the
formal parameter, which may not have the meaning of the
Boltzmann temperature.

(iii) It is assumed that the kinetic energy of an alpha
particle emitted from a stationary source is Ec+mv(21/ 2;
the potential energy Ec at the point of emission is called
the Coulomb energy of the alpha particle. The value of
Ec is close to the height of the Coulomb barrier for the
pairs alpha particle + target nucleus and alpha particle +
compound nucleus.

(iv) When approximating the shape of the energy
spectrum of alpha particles in the model of moving
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sources, we take into account the kinematic limits by in-
troducing step functions of the form

(Eo) = |1 - erf( B Lo 2
&i( a)—z[ —er (6—,)}’ (2)

where i is the source number, and erf(x) is the error func-
tion with the parameters §; and Ej;. Taking into account
the experimental uncertainty, 6; = 0.5 MeV; Ey; is ap-
proximately equal to kinematic limits of two- and three-
body exit channels, Ey; El(frf).

Under the above assumptions, the formula for the
double differential cross section of alpha particles emit-
ted at an angle of 0° has the following form [4, 17, 18]:

d2o
dQdE,

=f(Eq) = ) Nigi(Ea) VEa — Eci
Ey—Eci+Ei-2VE{(E,— Ec;)

T;

6=0

X exp

3)

where E; = mavi2 / 2. The spectrum of one source with dis-
tribution

f(Ea/) :ngl(Ea/) VEU/ —Ecy

_Es—Eci +E; _ZVEI(EQ_ECl)] @)

X exp T
1

is a convenient phenomenological curve with an expo-
nential decrease with increasing energy and a maximum
at the point

1
Enmax = Ec1 + 5 (VE + VE, +2T1)2. 5)

B. Kinematic limits of two- and three-body exit channels

The laws of conservation of energy and momentum
limit the maximum energy of alpha particles that can be
emitted in a two-body exit channel with formation of a
heavy nucleus or in a three-body exit channel with forma-

tion of two nuclei. In the first case, the value of the kin-
ematic limit E1(12n)1 for the energy of the alpha particle in
the laboratory system is uniquely determined by the fol-
lowing quantities: the reaction energy Q (see, for ex-
ample, [14]), the energy of the projectile nucleus in the
laboratory system Epp (Ecn. inthe center of mass sys-
tem), the masses of the projectile and target nuclei
mjandm;, and the mass of the alpha particle m,:

E(2)=(A+\/B_2)2, As \/mlmaElab,

lim my; +mp

Ma ) (6)

By = (Ecm. + Q)(l -
mip +mp

The values of the kinematic limits for the two-body exit

channels of the studied reactions are listed in Table 2 and

shown by short arrows in the figures in Sec. VI.

In the case of a three-body exit channel with various
combinations of formed nuclei and the potential energy
U; of their interaction with each other at the moment of
separation (when their relative velocity is zero), the kin-
ematic limit E1(13n)1 for the energy of the alpha particle in
the laboratory system also depends on Uy:

B = (a+ VB

By =(Ecm.+O- Uf)(l -

Ma ) 7

mip +mp

The value of Uy is usually chosen as the height of the
Coulomb barrier for formed nuclei with mass numbers
Ay of the lighter nucleus and Ay of the heavier nucleus.
For spherical formed nuclei, Vg = Vy(Rp) (see, for ex-
ample, [14]), where Vi(r) is the potential energy of inter-
action of the spherical formed nuclei, and Rp is the posi-
tion of the Coulomb barrier. Below, we use the
Akytiz—Winther form [27, 28] as V¢(r). For a more accur-
ate description of the experimental data, we may vary the
value of Ur in some range to take into account the effect
of tunneling through the Coulomb barrier (for an alpha
particle) and through the fission barrier (for a compound

Table 2. Kinematic limits El(lzn)1 for the energy of an alpha particle emitted at an angle of 0° in two-body exit channels of the studied

reactions.
Reaction Exit channel O/MeV Ein/MeV Ecm./MeV E l(lzr:l /MeV
S6Fe + 181Ta 23K 1 4He ~164.3 400 305.5 170.2
S6Fe + 181 23BK + 4He ~164.3 320 244.4 100.0
48 (g + 181 T, 25py 1+ 4He ~119.4 280 213 1214
48Cq+ 238y 282Dg + 4He —149.7 280 224.7 97.5
S6Fe + 238 2901y + 4He -200.8 400 3238 144.9
S6Fe + 238U 2901y 4 4He -200.8 320 259.1 72.1
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nucleus), as well possible deformation of the formed nuc-
lei [29].

For the lighter nucleus with mass number A < Ay in
the three-body exit channel, the values of E1(13n)1 corres-
pond to the points in the plane (Efn)l ,AL). Let us denote
the right boundary of the region containing all such points
as El(fnlmax (AL); we will use its properties for analysis of
energy spectra of alpha particles.

The derivation of the kinematic limits for alpha
particle emission at an angle of 0° in the two- and three-
body exit channels is described in Appendix A.

VI. ANALYSIS OF THE SPECTRA OF ALPHA
PARTICLES

A. °Fe + !81Ta reaction

The values of the maximum kinematic limit E1(13131 max
for the energy of an alpha particle emitted at an angle of
0° in three-body exit channels depending on the mass
number of the lighter nucleus A for the reaction °Fe +
181Ta at energies of 400 and 320 MeV are listed in
Table 3 and shown in Figs. 4(a) and 5(a), respectively.
The measured spectra of alpha particles are shown in
Figs. 4(b) and 5(b), respectively. The short arrows indic-
ate the kinematic limits of the two-body exit channel
23Bk + *He, EL) =170.2 MeV and EC) =100.0 MeV,
respectively. The numbered arrows in Figs. 4(b) and 5(b)
correspond to the values of EY in the numbered

lim,max
points or frames in Figs. 4(a) and 5(a). An interesting fact
is that the maximum values of alpha particle energies are
Table 3. Maximum kinematic limits E1<i3r31,max (Ay) for the en-
ergy of an alpha particle emitted at an angle of 0° in three-
body exit channels of the >°Fe + 18! Ta reaction at an energy of
320 MeV. The modified values of U; for the right edge of the
experimental spectrum are given in braces; otherwise,
Us=Vg.

Exit channel and 0 Uy El(i?,'max
designations in Fig. 5(b) /MeV /MeV /MeV
4He+29Am+4He | 3 -156.1 233 83.2

4He+ 22°Am+ 4He | —-156.1 {3.7} 105.0
“He+ 2 Am+*He | 1 -156.1 {0} 109.1
1B 42220 4 4} ~144.4 54.0 61.7
160 + 217 A¢ + 4He -115.4 82.7 62.0
SOTi+ 183Re + “He | 4 -14.2 181.4 64.9
7070+ 163Ho + 4He | 4 24.5 217.9 67.3
846 + 149y + 4He 40.9 230.6 71.6
947r+ 1394+ 4He | 3 63.0 245.1 80.2
4cd+ 191+ 4He | 3 66.2 2522 75.8

approximately 110 MeV in both cases, i.e., they do not
change when the beam energy increases from 320 to 400
MeV.

In the case of the 3°Fe + 8! Ta reaction at an energy
of 400 MeV in Fig. 4(b), the whole spectrum lies to the
left of the two-body kinematic limit E](lzn)1 for the energy of
alpha particles (see Table 2) and to the left of the bound-
1Y Eio oy
and Table 3; we used Uy = Vg]. The spectrum decreases
smoothly with increasing energy; its shape can be ap-
proximated by simple functions in a phenomenological
approach. The result of approximation of the spectrum of
alpha particles using formula (3) for two sources is shown
in Fig. 6(a); the parameters of the sources are listed in
Table 4. Because the two- and three-body kinematic lim-
its are located far to the right of the spectrum, we used
gi(E,) = 1. Both sources have velocities equal to the velo-
city of the center of mass in the laboratory system; they
correspond to the formation of an alpha particle and two

(Ap) for three-body exit channels [see Fig. 4(a)
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Fig. 4.
for the energy of an alpha particle emitted at an angle of 0° in
three-body exit channels of the reaction *°Fe + 181 Ta at an en-
ergy of 400 MeV as a function of the mass number A, of the
lighter nucleus. (b) Experimental energy spectrum of alpha
particles. Arrows show some kinematic limits (see text and
Tables 2 and 3).

(color online) (a) Maximum kinematic limits E
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Fig. 5. (color online) (a) Maximum kinematic limits El(izrﬂmx

for the energy of an alpha particle emitted at an angle of 0° in
two- and three-body exit channels of the reaction °Fe + 81 Ta
at an energy of 320 MeV as a function of the mass number Ay,
of the lighter nucleus. (b) Experimental energy spectrum of al-
pha particles. Arrows show some kinematic limits (see text
and Tables 2 and 3).

nuclei during decay of the compound nucleus (or di-nuc-
lear system) or as a result of incomplete fusion of the col-
liding projectile and target nuclei.

In the case of the °Fe + '8! Ta reaction at an energy
of 320 MeV in Fig. 5(b), the decrease of the spectrum
with increasing energy is not smooth, in contrast to the
spectrum in Fig. 4(b). This may be due to the disappear-
ance of the contributions of many three-body exit chan-

nels when passing through the values of El(i3n)1,max (Ar). The
dashed arrow and the dash-dotted arrow 1 in Fig. 5(b) in-
dicate the maximum kinematic limits of the three-body
exit channel *He + 2> Am + “He for the modified values
of Ur =3.7 MeV and 0, respectively; arrows 3 and 4 cor-
respond to the values of El(fn)l’max (Ap) in frames 3 and 4 in
Fig. 5(a). The frames in Fig. 3 and below include points
with close maximum three-body kinematic limits; for
them, the boundary of the region containing all such
points is arranged vertically. In Fig. 5(a), solid triangles

are for Us = V; the empty triangle is for *He + 2> Am +
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Fig. 6. (color online) Experimental energy spectrum of al-
pha particles emitted at an angle of 0° in the reaction *Fe +
181 Ta approximated within the model of moving sources with
the parameters given in Table 4 at collision energies of 400
MeV [(a): source 1 (dashed curve), source 2 (dashed-dotted
curve), the total spectrum from all sources (solid curve)] and
320 MeV [(b): source 1 (dashed curve), source 2 (dashed-dot-
ted curve), source 3 (dotted curve), source 4 (dashed-dot-dot-
ted curve), the total spectrum from all sources (solid curve)].
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4He with the modified value of U; =0; the circle and the
short arrow 2 in Fig. 5(b) show the kinematic limit
E) =100 MeV for the two-body exit channel 2Bk +
4He. It can be observed that the boundary El(frl)l,max (AL
passes through the central part of the spectrum. Fast al-
pha particles with energies of 80—110 MeV are emitted in
the three-body channel with formation of two alpha
particles and the heavy nucleus 2 Am with a relatively
low excitation energy.

The kinematic limit E1(12n)1 =100 MeV for the two-body
exit channel 2>’ Bk + “He lies within the measured range
of alpha particle energies; therefore, the presence of al-
pha particles with energies from 100 to 110 MeV in the
measured spectrum cannot be explained as the con-
sequence of the two-body exit channel. A possible reas-
on may be the three-body channel *He + 2> Am + “He
with formation of a fast alpha particle and a slow alpha
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Table 4.
ate the energy spectrum of alpha particles emitted at an angle
of 0°. For %Fe (400 MeV) + 181 Ta, we used g;(E,) = 1.

Parameters of moving sources used to approxim-

Source number  E;/MeV  Eci/MeV  T;/MeV  Eg;/MeV ~ Ni

56Fe (400 MeV) + 181 Ta
1 1.6 40 43 - 0.28

2 1.6 38 2.0 - 0.6

S0Fe (320 MeV) + 181 Ta

1 1.12 30 7.3 112 0.09
2 1.12 30 12.0 100 0.012
3 1.12 30 8.3 80 0.4
4 1.12 30 5.0 64 3.9

48Ca (280 MeV) + 181 Ta

1 1.025 39 8.2 108 0.28
2 1.025 39 7.5 95 0.6
3 1.025 39 4.7 79 18

48Ca (280 MeV) + 38U
1 0.66 43 4.1 104 1200

2 25.9 34 1.0 104 17

S6Fe (400 MeV) + 238U
1 1.04 40 4.95 115 120

2 28 36 1.0 115 3

S6Fe (320 MeV) + 238U
1 0.83 40 45 102 90

2 23.0 36 1.1 102 2

particle at the energy value of Uy , which is much lower
than the height of the Coulomb barrier for the pair {heavy
nucleus + alpha particle}. In the case of alpha decay of
heavy atomic nuclei in the tunneling mode, the energy of
alpha particles (from 4 to 9 MeV) is much lower than the
height of the Coulomb barrier (from 20 to 30 MeV; see,
for example, [14]). Alpha decay (or cluster decay) during
fusion of nuclei may be called stimulated; it can occur in
a time 7 shorter than alpha decay half-life. Due to the un-
certainty principle, the energy spread of alpha particles in
such a process can be of the order of AE, ~ 7i/r. Taking
into account the value of the energy of alpha decay Ege.
for the compound nucleus in the ground state, we can es-
timate Ur as 0 < Ug < Egec. When Uy = Ege., the equality
El(i)] max = El(lzn)1 is true. When Uy < Egec, the maximum kin-
ematic limit of three-body channels is hi§her than the kin-
ematic limit of the two-body channel, El(irr)1,max > El(]?] Asa
result, if Ur =0 MeV, the maximum possible energy of
an alpha particle emitted at an angle of 0° for the spec-
trum in Fig. 5(a) indeed turns out to be close to the max-
imum measured alpha particle energy, 110 MeV. The ex-
perimental yield of alpha particles near the kinematic lim-
it E¥ =100 MeV for the two-body exit channel 233Bk +

lim

“He is approximately an order of magnitude higher than
the yield near the kinematic limit for the same channel
with emission of one of the alpha particles in the tunnel-
ing mode. Therefore, near the high-energy edge of the al-
pha particle spectrum, the probability of emission of a
second alpha particle from the 3Bk compound nucleus
in the tunneling mode can be estimated as a value of the
order of 0.1.

The result of application of the model of moving
sources to the approximation of the spectrum of alpha
particles in the °Fe + '8! Ta reaction at an energy of 320
MeV is shown in Fig. 6(b); the parameters of the sources
are listed in Table 4. All sources have velocities equal to
the velocity of the center of mass in the laboratory sys-
tem; they correspond to the formation of an alpha particle
and two nuclei during breakup of a compound nucleus or
di-nuclear system in the course of incomplete fusion of
the colliding projectile and target nuclei. Source 1 corres-
ponds to emission of two alpha particles, one of which is
very slow. Source 2 corresponds to the two-body exit
channel ?**Bk + “He with possible emission of one more
slow alpha particle via alpha decay of the 233 Bk nucleus.
The weights of these sources are very small. Sources 3
and 4 can be associated with the groups of three-body
exit channels with the close values of the kinematic lim-
its. For source 3, these are three-body exit channels with
formation of two heavy nuclei of comparable masses,
Ap >90; for source 4, the mass of a lighter nucleus is
A < 60. Different effective temperatures of the sources
correspond to different energy distributions of pre-equi-
librium fast alpha particles in the compound nucleus or
di-nuclear system before their emission.

B. “¥Ca+ !31Ta reaction

The values of the maximum kinematic limit E](i?’rzlymax
for the energy of an alpha particle emitted at an angle of
0° in three-body exit channels depending on the mass
number of the lighter nucleus Ay for the ¥Ca + '8! Ta re-
action at an energy of 280 MeV are listed in in
Table 5 and shown in Fig. 7(a). The solid triangles rep-
resent the quantity Uy equal to the height of the Coulomb
barrier for the spherical formed nuclei, Ur=Vg; the
empty triangle denotes the channel He + 2*' Ac + “He
with the modified value of Uy = 4.5 MeV.

The energy spectrum of alpha particles measured at
an angle of 0° in the “8Ca + '®1Ta reaction at an energy
of 280 MeV is shown in Fig. 7)(b). The whole spectrum
lies to the left of the two-body kinematic limit
El(12n)1 =121.4 MeV (the short arrow) for the energy of al-
pha particles. It can be observed that the boundary
El(fn)l’max (AL) passes through the high-energy part of the
spectrum in the interval 40—107 MeV, which is approx-
imately the same as in Fig. 5(b). The dashed arrow indic-
ates the kinematic limit for the exit channel “He + 2! Ac
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Maximum kinematic limits E1(’3) )
im,max

Table 5. (Ay) for the en-
ergy of an alpha particle emitted at an angle of 0° in three-
body exit channels of the ¥*Ca + 131 Ta reaction at an energy
of 280 MeV. The modified value of U for the right edge of
the experimental spectrum is given in braces; otherwise,
Us=Vg.

Exit channel and 0 Ut El(fn)],max
designations in Fig. 7(b) /MeV /MeV /MeV
3H+ 222Th + 4He -127.2 11.0 100.9
4He+ 21Ac+4He | 1 -112.0 21.9 105.6
“He + 21 Ac+ 4He | ~112.0 {4.5} 124.5
6Li+ 219Ra + 4He -118.6 32.0 87.4
TLi+ 218Ra + 4He -116.7 31.6 89.9
32G8i+ 198+ 4He | 3 -36.5 121.3 79.5
365 4 189Re + 4He | 3 -26.5 134.4 76.1
62Fe + 163Th + 4He | 3 28.4 184.7 81.1
88Ky + 137Cs+4He | 2 71.2 213.9 96.0
97r+1298h +4He | 2 75.0 220.1 93.4

+ 4He with the modified value of U; = 4.5 MeV; arrows
1-3 correspond to the values of El(i;’max in point 1 and
frames 2 and 3 in Fig. 7(a). The decrease of the spectrum
with increasing energy is not smooth, which may be due
to the disappearance of the contributions of many three-
body channels when passing through the values of
E1(13131 max- 1t can be observed that fast alpha particles with
energies from 95 to 107 MeV are emitted in the three-
body channel with the formation of two alpha particles
and the heavy nucleus 22! Ac of a relatively low excita-
tion energy. The energy spectrum measured in the experi-
ment falls by four orders of magnitude with respect to the
maximum value and disappears near the maximum kin-
ematic limits for the three-body exit channels *He +
221 Ac + “He and *H + 222Th + “He with Us = V. In the
energy range from 105 MeV to the kinematic limit
El(lzrzl =121.4 MeV for the two-body exit channel, alpha
particles were not registered. The reason for this may be
the low probability of the two- and three-body exit chan-
nels with emission of one of the alpha particles in the tun-
neling mode.

The result of application of the model of moving
sources to the approximation of the spectrum of alpha
particles in the ¥Ca + '8! Ta reaction at an energy of 280
MeV is shown in Fig. 7(c). Due to the fact that the
boundary Efn)l max (AL) for three-body channels and the

kinematic limit El(lzrgl are located more to the right than in
Fig. 5(a), only three sources were used to approximate the
shape of the spectrum; their parameters are listed in
Table 4. The velocities of all sources are equal to the ve-
locity of the compound nucleus or di-nuclear system.
Source 1 corresponds to the three-body channel “He +

120 — T T . .
=
2 100} @) |
=2
S 80f .
=]
2 60} 3 -
5 31
= 40} < !
=] '4:
% 20 r < < T
= .
ol - SL b T I
40 60 80 100 120
Kinematic limit El(ifimx MeV)
20l e ® |
! Teo _
g ®
210"} e ]
g 3
3 - (=) m
=2 1071 ]
B | 3 2 1 .
= !
t t l- l u l :l v
% 10°} ©) 1
>
5 L i
=
2 10t 1
3 - u
<107 z '
© | ---- source 1 i i
£ === source 2 i
10»4 o soulrce3 . v .
40 60 80 100 120
Alpha particle energy £, (MeV)
Fig. 7. (color online) (a) Maximum kinematic limits El(fn)l’max

for the energy of an alpha particle emitted at an angle of 0° in
three-body exit channels of the reaction “*Ca + 81 Ta at an en-
ergy of 280 MeV as a function of the mass number Ay of the
lighter nucleus. (b) Experimental energy spectrum of alpha
particles. Arrows show some kinematic limits (see text and
Tables 2 and 5). (¢) Spectrum approximation within the mod-
el of moving sources with the parameters given in Table 4:
source 1 (dashed curve), source 2 (dashed-dotted curve),
source 3 (dotted curve), and the total spectrum from all
sources (solid curve).

221 Ac + “He with formation of the heaviest nucleus; the
value of Uy is equal to the height of the Coulomb barrier
for the formed nuclei 22! Ac + “He, U; = V. Sources 2
and 3 in Fig. 7(c) correspond to three-body reaction chan-

nels with close values of E1(13n)1 nax - FOT source 2, these are
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three-body channels with formation of two heavy nuclei
of comparable masses, 90 < A3 < 100; for source 3, the
mass of the lighter nucleus is 50 < A3 < 70.

C. “8Ca+ 28U reaction

The values of the maximum kinematic limit El(?rzlmdx
for the energy of an alpha particle emitted at an angle of
0° in three-body exit channels depending on the mass
number of the lighter nucleus Ay for the reaction “*Ca +
238U at an energy of 280 MeV are listed in Table 6 and
shown in Fig. 8(a). The solid triangles represent the
quantity Ur equal to the height of the Coulomb barrier for
the spherical formed nuclei, Us = Vg; the squares denote
the modified value of Us = V;(Rg +d) with d = 1.3 fm, for
AL > 130; the empty triangle represents the channel “He
+ 278Hs + *He with the modified value of Us = 3.9 MeV.

The shape of the boundary El(13n)1 max (AL) 1n Fig. 8(a) signi-
ficantly differs from the shape of the boundary for the
#8Ca + '81Ta reaction in Fig. 7(a). It is this difference that
can lead to a significant excess of the yield of alpha
particles in reactions on the 2*®U target compared to that
on the ' Ta target [Fig. 3(a)] and a smooth decrease of
the alpha particle spectrum with increasing energy, which
is noticeably different from the nonsmooth decrease for
the 8Ca + '8! Ta reaction.

The energy spectrum of alpha particles measured at
an angle of 0° in the *8Ca + 238U reaction at an energy of
280 MeV is shown in Fig. 8(b). The short arrow indic-
Table 6. Maximum kinematic limits E1(13n)1,max (Ap) for the en-
ergy of an alpha particle emitted at an angle of 0° in three-
body exit channels of the “Ca + 238U reaction at an energy of
280 MeV. The modified values of Uy for the right edge of the
experimental spectrum are given in braces; otherwise,
Us=Vp.

Exit channel and 0 Us El(i3n)1,max
designations in Fig. 8(b) /MeV /MeV /MeV
4He + 278Hs + 4He -141.6 254 78.9
4He+ ?8Hs+ *He | 1 -141.6 {3.9} 102.1
8Li+ 24Bh+*He | 6 -154.0 36.5 53.1
4084+ 22py+4He | 6 312 160.1 52.2
62Cr+220Rn +4He | 5 309 2153 59.8
767n + 206Hg + 4He | 3 83.9 248.6 81.4
1007, 4 182yh 4+ 4He | 4 116.9 287.5 75.0
130Q + 152Nd + 4He 150.9 306.4 91.4
130gn + 152Nd + 4He | 2 150.9 {295.8} 102.7
134Te + 148Ce + 4He 153.6 308.0 92.5
134Te + 148Ce + 4He | 2 153.6 {296.7} 104.6
141Cg + 141Cs + 4He 149.6 308.8 87.2
141Cg + 141Cs + 4He 149.6 {297.1} 99.8

ates the kinematic limit El(fr;l =975 MeV for the two-
body exit channel 28?Ds + “He; arrows 1-6 correspond to

the values of El(fn)l’max in point 1 and frames 2 —6 in
Fig. 8(a); the maximum kinematic limits of the three-
body channel with a slow tunneling alpha particle are
shown with dashed arrow 1 for the modified value of
Ur=3.9 MeV and a dash-dotted arrow for U;=0. The
maximum alpha particle energy 102 MeV exceeds the

kinematic limit El(lzr; =97.5 MeV for the two-body exit
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Fig. 8.
for the energy of an alpha particle emitted at an angle of 0° in
three-body exit channels of the reaction 4 Ca + 238U at an en-
ergy of 280 MeV as a function of the mass number A; of the
lighter nucleus. (b) Experimental energy spectrum of alpha
particles. Arrows show some kinematic limits (see text and
Tables 2 and 6). (¢) Spectrum approximation within the mod-
el of moving sources with the parameters given in Table 4:
source 1 (dashed curve), source 2 (dashed-dotted curve), and
the total spectrum from all sources (solid curve).

(color online) (a) Maximum kinematic limits E
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channel 282Ds + “He. This can be explained by the contri-
bution of three-body channels of two different types. The
first type is the channels with emission of a slow alpha
particle in the tunneling mode when the quantity Uy can
be noticeably lower than the height of the Coulomb barri-
er. The second type is the channels with formation of two
nuclei of similar masses in addition to a fast alpha
particle. In this case, the value of Uy is approximately 10
MeV lower than the height of the Coulomb barrier for
spherical nuclei (see Table 6). This can be a barrier for
deformed nuclei or for nuclei formed in a-accompanied
ternary fission (see, e.g., [29-32]). A significant contribu-
tion of several channels of the second type may explain
the significant increase, approximately by an order of
magnitude, in the yield of fast alpha particles compared
to that from the reaction on the '8! Ta target [Fig. 3(a)].
Thus, the part of the spectrum of alpha particles with en-
ergies from 84 to 102 MeV may be explained as a result
of their emission in three-body channels with formation
of two nuclei of similar masses. The yield for the three-
body channels of the first type (two alpha particles and a
heavy nucleus) apparently remains approximately the
same as in the case of the ' Ta target due to an insigni-
ficant increase in the atomic number of the target nucleus
and compound nucleus.

The result of application of the model of moving
sources to approximation of the spectrum of alpha
particles in the “¥Ca + 23U reaction at an energy of 280
MeV is shown in Fig. 8(c). To describe the shape of the
spectrum, two sources were used; their parameters are
given in Table 4. The velocity of the first source is equal
to the velocity of the compound nucleus (stable or under-
going fission); this source corresponds to emission of al-
pha particles during fusion of the colliding nuclei or dur-
ing fission of the compound nucleus. The second source
is approximately two orders of magnitude weaker and has
a formal nature, since it corresponds to alpha particles
resulting from a large number of three-body channels
with kinematic limits in a wide energy range.

D. 5%Fe + 238 reaction

The values of the maximum kinematic limit El(?rzlmdx
for the energy of an alpha particle emitted at an angle of
0° in three-body exit channels depending on the mass
number of the lighter nucleus Ay for the reaction °Fe +
238U at energies 400 MeV and 320 MeV are listed in
Table 7 and shown in Figs. 9(a) and 10(a), respectively.
The measured spectra of alpha particles are shown in
Figs. 9(b) and 10(b), respectively. The short arrows indic-
ate the kinematic limits of the two-body exit channel
0Ly + *He, E? = 144.9 MeV and E\) =72.1 MeV, re-
spectively. It can be observed that there are no correla-
tions between the shape, the right edge of the spectrum,
and the values of these kinematic limits, which may in-
dicate an insignificant contribution of this channel to the

(Ap) for the en-
ergy of an alpha particle emitted at an angle of 0° in three-
body exit channels of the 3Fe + 233U reaction. The modified
values of Uy for the right edge of the experimental spectrum

Table 7. Maximum kinematic limits E

lim,max

are given in braces; otherwise, Uy = Vg.

Exit channel and 0 Ut E{i;max
designations in Figs. 9(b), 10(b) /MeV /MeV /MeV
S6Fe (400 MeV) + 238U
4He + 286F] + 4He | 1 —-189.8 26.7 127.9
4He + 286 F] + 4He -189.8 {4} 152.4
4He + 2°F1 + *He -189.8 {0} 156.7
6Li+ 284Nh+ “He | 3 -196.3 39.2 107.2
388+ 252Fm + 4He | 3 —65.7 170.4 106.5
S8Cr+ 22 + 4He | 2 15 230.7 114.0
7670+ 24Rn + 4He | 1 50.9 266.3 129.1
9671 + 1940g + 4He 102.2 311.8 135.3
1265 + 164Dy + 4He 136.3 336.1 145.9
S6Fe (320 MeV) + 238U
4He + 286F] + 4He -189.8 26.7 54.6
4He + 256F] + 4He | 1 -189.8 {4} 79.8
4He + 286 F] + 4 He -189.8 {0} 84.2
6Li+ 284Nh + 4He -196.3 39.19 32.9
38Q + 252Fm + 4He —65.7 170.4 32.1
S8Cr+ 232U + 4He 1.5 230.7 40.1
76 7n + 214Rn + 4He 50.9 266.3 55.9
9671 + 1940g + 4He 102.2 311.8 62.3
126G + 164Dy + 4He 136.3 336.1 73.2
1265y + 164Dy + 4He | 2 136.3 {312.3} 99.2
132Te + 158Gd + 4He 140.2 338.7 74.6
1327¢ + 18Gd + 4He | 2 140.2 {314.9} 100.6
144 e + 146 Ce + 4He 140.3 3423 70.8
144 Ce + 146Ce + 4He 140.3 {319.4} 95.9

yield of alpha particles. The numbered arrows in Figs.
9(b) and 10(b) correspond to the values of E* in the

lim,max

numbered points or frames in Figs. 9(a) and 10(a).
In the case of the 3°Fe + 238U reaction at an energy of
400 MeV in Fig. 9(b), the maximum kinematic limits of
three-body channels with a slow tunneling alpha particle
are shown by a dashed arrow for the modified value of
Us=4 MeV and a dash-dotted arrow for U;=0. In

Fig. 9(a), the values for Uy = Vg are shown by solid tri-
angles; the empty triangle is El(fr:] may for the channel
4He + 28°F] + “He with the modified value of U; =4
MeV. The maximum energy of alpha particles in this re-
action, 115 MeV, is significantly lower than the kinemat-

ic limit E1(12131 =144.9 MeV of the two-body exit channel
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for the energy of an alpha particle emitted at an angle of 0° in
three-body exit channels of the reaction %Fe + 233U at an en-
ergy of 400 MeV as a function of the mass number A, of the
lighter nucleus. (b) Experimental energy spectrum of alpha
particles. Arrows show some kinematic limits (see text and
Tables 2, 7). (c) Spectrum approximation within the model of
moving sources with the parameters given in Table 4: source 1
(dashed curve), source 2 (dashed-dotted curve), and the total
spectrum from all sources (solid curve).

20y + “4He and the maximum kinematic limit
El(]?] max = 1967 MeV of the three-body channel with

emission of a slow alpha particle in the tunneling mode
with the modified value of Uy = 0. The slightly
nonsmooth behavior of the spectrum near the energies of
103 and 113 MeV, the maximum kinematic limits for the
channels with formation of light nuclei of mass numbers
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Fig. 10. (color online) (a) Maximum kinematic limits
E® for the energy of an alpha particle emitted at an angle

lim,max

of 0° in three-body exit channels of the reaction Fe + 233U
at an energy of 320 MeV as a function of the mass number A,
of the lighter nucleus. (b) Experimental energy spectrum of al-
pha particles. Arrows show some kinematic limits (see text
and Tables 2 and 7). (c) Spectrum approximation within the
model of moving sources with the parameters given in Table 6:
source 1 (dashed curve), source 2 (dashed-dotted curve), and
the total spectrum from all sources (solid curve).

in the ranges of 10—40 and 50-70, respectively, together
with a fast alpha particle and a heavy nucleus, can be ex-
plained by the significant probability of such channels.

In the case of the *°Fe + 233U reaction at an energy of
320 MeV in Fig. 10(b), the maximum kinematic limits of
three-body channels with a slow tunneling alpha particle
are shown by dashed arrow 1 for the modified value of
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Ur =4 MeV and the dash-dotted arrow for Ur = 0. In Fig.
10(a), the values for Ur = Vg are shown by solid triangles,
and the modified values of U; = Vy(Rg +d) with d =2 fm
are represented by squares, for Ay > 100; the empty tri-
angle is El(izl max_for the channel 4He + 28FI + “He with
the modified value of Us =4 MeV. It can be observed
that the values of El(fn)hmax (AL) are almost evenly distrib-
uted in the range from 30 to 100 MeV [Fig. 10(a)], as in
the case of the ¥*Ca + 23U reaction. The maximum en-
ergy of alpha particles, 100 MeV, significantly exceeds
the kinematic limit E1(12n)1 =72.1 MeV of the two-body exit
channel >Lv + “He and the maximum kinematic limit
El(i?],max =84.2 MeV of the three-body channel with emis-
sion of a slow alpha particle in the tunneling mode in ad-
dition to a fast one with the modified value of U; = 0.

The part of the spectrum of alpha particles with ener-
gies from 84 to 100 MeV can be explained as the result of
three-body channels with formation of two nuclei of sim-
ilar masses. In this case, the quantity Uy can be approx-
imately 20 MeV lower than the height of the Coulomb
barrier for spherical nuclei (see Table 7). As in the case
of the ¥Ca + 233U reaction, this can be the height of the
barrier for deformed nuclei or for nuclei formed in a-ac-
companied ternary fission. Some kink in the spectrum
near the energy of 80 MeV, the maximum kinematic lim-
it for formation of a heavy nucleus in the exit channel
“He + 289F1 + “He with emission of a slow alpha particle
at an energy of 4 MeV in addition to a fast one, may in-
dicate a small contribution of this channel compared to
the channels with formation of nuclei of similar masses.

The approximation of the spectrum of alpha particles
in the reaction °Fe + 23U as the sum of distributions
from moving sources would be of a formal nature (as in
the case of the reaction “¥Ca + 238U) because the yield of
alpha particles may result from a large number of three-
body channels with kinematic limits in a wide energy
range. The results of the approximation are shown in
Figs. 9(c) and 10(c), respectively.

E. Summary of the results of analysis of alpha
particle spectra

The results of the analysis of alpha particle spectra
may be summarized as follows.

(1) The energy spectrum of alpha particles falls by 4-5
orders of magnitude with the increase in their energy for
all the studied reactions, which cover a wide collision en-
ergy range (280, 320, and 400 MeV). This may indicate
that the mechanism of emission of alpha particles with
energies close to the maximum energy may be associated
with an object whose velocity changes insignificantly
when the bombarding energy changes from 280 to 400
MeV. It can be a compound nucleus or di-nuclear system
moving at the velocity of the center of mass.

(i1)) The maximum energy of fast alpha particles can
to some extent (by 5—10 MeV) exceed the kinematic lim-
it of the two-body exit channel. This may be explained by
the emission of a fast alpha particle during the process of
fusion of nuclei along with the emission of a slow alpha
particle in the tunneling mode (with lower energy than in
the alpha decay of the heavy nucleus in the two-body exit
channel).

(iii) In reactions with the target nucleus '8! Ta, which
is lighter than the magic nucleus 2% Pb, three-body chan-
nels with emission of two alpha particles (a fast one and a
slow one) and the two-body channel contribute to the
high-energy part of the alpha particle spectrum. In this
case, a cold heavy nucleus is formed. In reactions with
the target nucleus 23U, which is heavier than 2°Pb, the
main contribution to the high-energy part of the alpha-
particle spectrum is from three-body channels with emis-
sion of an alpha particle and formation of two nuclei of
similar masses. This explains the increase in the total
yield of alpha particles by one or two orders of mag-
nitude in comparison with the reactions on the 3! Ta tar-
get. We may expect that alpha particle spectra for other
target nuclei heavier than 2% Pb will be similar to that for
238 U.

(iv) The presence of regions with nonsmooth de-
crease in the energy spectra of alpha particles indicates
the presence of three-body exit channels of reactions. The
yield of alpha particles is described well by the modified
phenomenological model of moving sources, which in-
cludes kinematic limits for two- and three-body reaction
channels.

VII. MICROSCOPIC DESCRIPTION OF EMIS-
SION OF ALPHA PARTICLES WITHIN THE
TIME-DEPENDENT SCHRODINGER
EQUATION APPROACH

The above analysis of the spectra of the fast alpha
particles showed that they may be emitted during fusion
of the colliding nuclei with formation of the compound
nucleus and simultaneous emission of another alpha
particle of significantly lower energy.

Let us consider qualitatively the mechanism of this
process within the model [22, 33], which assumes forma-
tion of alpha particles in the surface region of nuclei, i.e.,
it is assumed that the potential energy V(r) of interaction
of an alpha particle cluster with a core of mass A has a
minimum in the vicinity of a nuclear surface. The poten-
tial V(r) can be selected in the form of the sum of the
Coulomb field of a uniformly charged sphere of radius
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Rc = 1.3A!2 fm and two functions of the Woods—Saxon
type:

Vo

-R
1+exp(r V)

ay
U,
— (8)

-R
1+exp(r U)
ay

The parameters Vy, Ry, and ay of the attractive part
of potential (8) are

V(r) =Vc(r,Rc) -

Vo(r) = 16ﬂyav% MeV, y=0.95, )
Ry = Ry + Reore (10)
R, =1.20x4Y3-0.09 = 1.815 fm, (11)
Reore = (1.20A¢hr = 0.09) fim, (12)
ay' = 1.17[1+0.53(A;"7 + AL )| fm ™" (13)

The repulsive part of potential (8) prevents penetra-
tion of alpha particle clusters into the nucleus interior,
densely filled with nucleons. For this part, we used the
values of the parameters Uy =30 MeV and ay =0.5 fm.
The radius Ry was a variable parameter determined by
assigning the sign-reversed ground state energy of the al-
pha particle cluster to the experimental energy of separa-
tion of an alpha particle from the nucleus taken from [14].
Calculations for a wide set of nuclei with mass numbers
ranging from 20 to 240 showed that

Ry ~ 1.1AY3 fm (14)

is a reasonable representation of the radius Ry [22].

The experimental charge density of the 8! Ta nucleus
[34], potential energy (8) of the alpha particle cluster in
181Ta, and radial part of its wave function ¢(r) for the
ground state 1s are shown in Fig. 11(a), (b), and (c), re-
spectively. Once it has been formed, the alpha particle
cluster is localized predominantly in the surface layer of
the nucleus. The radial parts of the wave functions of the
outer neutron state 1i;3/, and the outer proton state 14112
are also shown in Fig. 11(c). They are similar to the radi-
al part of the wave function of the alpha particle cluster,
and this ensures satisfaction of the Pauli exclusion prin-
ciple, according to which the cluster nucleons must cor-

0.08 (@) 1
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(@]
2
~
-10 . . f f f t t
0.10 P © .
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P it ””P(”_”n/z)
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0.00 4 NS, s
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Fig. 11.  (color online) (a) The experimental charge density

of the 8! Ta nucleus [34]. (b) Potential energy (8) of the alpha
particle cluster in '8! Ta and its ground state ls (horizontal
segment). (¢) The radial parts of the wave functions for the al-
pha particle cluster ground state 1s (solid curve), outer proton
state 1k, (dash-dotted curve), and outer neutron state 1ij3/,
(dashed curve).

respond to shell model orbitals outside of the core (e.g.,
[35, 36]).

Evolution of the wave function W(7¢) of the alpha
particle (alpha cluster) during the collision of nuclei was
determined by numerical solution of the time-dependent
Schrodinger equation [22, 37]

2
2‘1’(7, 1= {— L A+ Vi (P-A@)+ Va2 (F- ?g(t))} Y(7 1),
ot 2my,

(15)

where V|(r),V,(r) are the potentials of interaction of the
alpha particle with nuclei (or cores) 1 and 2; 7 (¢) is the
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trajectory of the center of mass of nucleus 1; A(¢) is the
trajectory of the center of mass of the system {core + al-
pha particle}; and m, is the alpha particle mass.

At low collision impact parameters and energies
above the Coulomb barrier, the surfaces of nuclei may
touch and their volumes overlap, which leads to redistri-
bution of nucleons. To describe this process, the simplest
model was used, in which part of nucleons of the lighter
projectile nucleus was transferred to the heavier target
nucleus; this part corresponded to the fraction of the
volume of the projectile nucleus that entered inside the
volume of the target nucleus. The equations of motion of
the centers of mass of the nuclei included this redistribu-

tion of the masses of the nuclei.

Equation (15) was numerically solved by the differ-
ence method [38] in the Cartesian coordinate system with
grid steps Ax=Ay=Az=0.2 fm and time step
At = 0.05ty, where 1 = m(,x(z)/ h=628x10"2 s, xo=1 fm.
The results of calculations of the probability density
|‘P(?, t)|2 for the alpha particle formed in the target nucle-
us showing its forward emission in the process of com-
plete fusion of *Fe (320 MeV) + '3 Ta are presented in
Fig. 12. The comparison of the figures showing the prob-
ability densities with the time interval 120A¢ = 61y ~ 4%
10722 s made it possible to determine the characteristic
time 7~ 10722 s for emission of alpha particles during

20F ' ' T
Ta

()]

(b)]

201

(d)]

30 20 -10 0 10

30 -20 -10 0

0

407 ©] ()
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40 . .t
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Fig. 12.  (color online) Evolution of the probability density of the alpha particle formed in the target nucleus in the process of com-

plete fusion of *Fe (320 MeV) + 81 Ta for collision impact parameter b = 0.2 fm (logarithmic scale); the course of time corresponds to
the panel locations (a)—(f); the radii of the circles are equal to the radii of spherical nuclei.

40 60
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complete fusion of the nuclei. According to the uncer-
tainty principle, the uncertainty of energies of alpha
particles in the shown process is of the order of several
MeV. The state of the alpha particle formed in the target
nucleus is perturbed during fusion of the nuclei and is a
superposition of states with different energies, both above
and below the stationary Coulomb barrier for the isolated
nucleus at rest. Fast alpha particles are emitted from the
states with energies above the barrier. Slow alpha
particles are emitted from the states with energies below
the barrier due to tunneling. The alpha particle can be
emitted forward in a certain range of angles and back-
ward, with lower probability. The results of calculations
of the alpha particle emission probability w in the pro-
cess of complete fusion of “¥Ca (280 MeV) + '8! Ta and
56Fe (320 and 400 MeV) + '8 Ta depending on the colli-
sion impact parameter b are shown in Fig. 13(a) and (b),
respectively. It can be concluded that forward emission at
zero angle occurs for the impact parameters in a certain
range close to that leading to complete fusion of the nuc-
lei; the emission probability w is approximately constant
throughout this range. The cross section of alpha particle
emission o, is proportional to the fusion cross section
Ofus -

1.0 T

(a)
0.8 —_—\—1 ]
0.61 T

2
0.4+ T
02 I 48Ca+181Ta i
— 280 MeV
0.0 '- = = '- ‘ ‘

b
08F 7o Tesl -
0.6} ]

2 : :
0.4t o : D
‘Fe+ " Ta ! i
0.2~~~ 320 MeV | L
------- 400 MeV : ;
0.0 e
0 1 2 3 4 5 6

b (fm)
Fig. 13. (color online) The results of calculations of the al-
pha particle emission probability w in the process of complete
fusion depending on the collision impact parameter b: (a)
“8Ca (280 MeV) + '$1Ta; (b) °Fe (320 and 400 MeV) +
181 Ta (dashed and dash-dotted curves, respectively).

o ® WO tus Porm (1 — Pyr) (16)

where Py, 18 the probability of alpha cluster formation,
and Py, isthe probability of alpha cluster breakup de-
pending on the shell structure of the target nucleus.

VIII. CONCLUSIONS

The energy spectra of fast alpha particles emitted at
an angle of 0° were measured in the reactions of the pro-
jectile nuclei “*Ca and °Fe with the target nuclei '8! Ta
and 238U at energies of 280, 320, and 400 MeV. A strong
dependence of the double differential cross sections for
production of alpha particles on the atomic number of the
target nucleus indicates that fast alpha particles are
mainly emitted from the target nucleus; this conclusion
was also confirmed by calculations within the time-de-
pendent Schrédinger equation approach.

Analysis of the spectra was performed within the
model of moving sources, which was modified to take in-
to account the kinematic limits for two- and three-body
exit channels. The nonsmooth behavior of alpha particle
spectra was explained as a consequence of different
groups of three-body exit channels with similar kinemat-
ic limits. Analysis of the spectra made it possible to es-
timate the relative contributions of these groups of exit
channels in the formation of the high-energy part of al-
pha particle spectra.

It was experimentally established that the maximum
energy of fast alpha particles can to some extent exceed
the kinematic limits of two-body exit channels. This fact
was explained by their formation in three-body exit chan-
nels with emission of another slow alpha particle in the
tunneling mode. Thus, the kinematic limits for three-body
exit channels may indeed be greater than those for two-
body exit channels.

The process of emission of fast alpha particles from
colliding nuclei is extremely interesting from the per-
spective of producing cold heavy and superheavy nuclei.
The use of reactions of the projectile nuclei “*Ca and
%Fe with '8! Ta and heavier target nuclei is promising for
conducting experiments on registering the formation of a
heavy compound nucleus with emission of fast and slow
alpha particles, which leads to a decrease in the excita-
tion energy of compound nuclei and a greater probability
of their survival. However, despite the larger yield of al-
pha particles in reactions with heavier target nuclei (e.g.,
2381), the probability of formation of high-energy alpha
particles (leading to formation of cold heavy and super-
heavy nuclei) remains approximately the same as in the
case of the target nucleus '8! Ta. Therefore, large amount
of experimental time and high experimental sensitivity
will still be required for production of cold heavy and su-
perheavy nuclei in the channels with emission of fast al-
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pha particles.

For this purpose, the magnetic analyzer MAVR is
planned to be upgraded. This will allow us to perform ex-
periments at a new methodological level, including the
possibilities of measuring energy spectra of light charged
particles with energies up to 70 MeV/nucleon and meas-
uring their angular distribution in a wide range of angles.
The new setup will allow simultaneous measurement of
fast charged particles along with heavy and superheavy
product nuclei.
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APPENDIX A: DERIVATION OF THE KINEMAT-
IC LIMITS FOR ALPHA PARTICLE EMISSION
AT AN ANGLE OF 0° IN THE TWO-BODY AND

THREE-BODY EXIT CHANNELS

Let us consider a collision of nuclei with masses m;
and m; in the center of mass system with initial energy
E.m. and energy E.n +Q in a two-body exit channel
with formation of an alpha particle and a nucleus with
mass M =mj;+my;—m, moving along the direction of
the initial motion of the projectile nucleus (along the Oz
axis) with velocities u, and uy;, respectively. From the
laws of conservation of energy and the projection of mo-
mentum,

1 1
Emwui + EMM%/I =Eem + 0, (A1)
Molly , + M“M,z =My, — M”M =0, (A2)

It follows that the velocity of the alpha particle in the cen-
ter of mass system is equal to

(A3)

The velocity of the center of mass in the laboratory sys-
tem is
mpvy

=1 Ad
my+mp ( )

where v; is the velocity of the projectile nucleus in the
laboratory system. When the alpha particle is emitted for-
ward, its velocity in the laboratory system is v, = uy +V,
and its kinetic energy is

1
Ejpy =5 (V + 1)’

2
(.

where

mgny
A= |——Ep,
V (my +mp)?
ny Ny
B, =|Ej; + 1- .
2 ( ldbml+an Q)( m1+m2)

Quantity (21) is the kinematic limit of the two-body
exit channel.

Let us consider a three-body exit channel with forma-
tion of an alpha particle and two nuclei moving at the mo-
ment of separation of the alpha particle with the same ve-
locities uy, in the center of mass system and with the po-
tential energy of their interaction with each other Uy.
After the nuclei fly apart in their center of mass system,
the kinetic energy of their relative motion is equal to Us.
Similar to formulas (17)—(22), the maximum energy of
the alpha particle is equal to

(A6)

3 2
Ej = (A+Bs) (A7)
where
B3=(Elab e +Q—Uf)><(1— Ma ) (A8)
my+mp mp +mp

Quantity (A7) is the kinematic limit of the three-body exit
channel. Results (A7) and (AS8) can also be obtained by
applying the laws of conservation of energy and mo-
mentum in the center of mass system to the motion of
nuclei at certain angles with respect to the direction of al-
pha particle emission (Oz axis).
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