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One of the most complicated problems of experimental nuclear physics is the synthesis of exotic nuclei
near the boundaries of stability. These nuclei, as a rule, are 10 or more neutrons away from stable nuclei,
have a short lifetime (less than 1 ms) and low binding energy. All this determines special requirements
to the choice of reactions for the synthesis of such nuclei and the method of their transportation and
registration. Mainly, for the synthesis of exotic nuclei, reactions of fragmentation of the bombarding
heavy ion, direct reactions of the types (p,d), (d,p), (d,n), (d,3He), etc., as well as reactions of
fission and deep inelastic transfer are used.
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Introduction

As will be seen from the following, it is now possible to obtain information on
nuclei with a large excess of neutrons (N/Z/A) only by studying light nuclei.
Only in the region of the lightest nuclei we can reach the boundary of neutron
stability and observe nuclei that decay by emitting neutrons. Interest in neutron-
rich nuclei with is caused by many factors, but primarily by the fact that the
position of the boundary of neutron stability, and even its existence, is, in essence,
an open question. Despite numerous calculations of the masses of nuclei, they
are all not sufficiently reliable when moving away from the stability valley. The
question of the possibility of the existence of nuclei in which the neutron excess is
much larger than the predicted one has been repeatedly discussed in the literature,
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and in the limiting case, the existence of nuclei consisting of neutrons alone is
not excluded. If the possibility of the existence of nuclei with an anomalously
large neutron excess (we will call them neutron nuclei) was demonstrated, it
would be a qualitative change in our present ideas about the nucleus. This would
have an undoubted influence on other sciences, for example, astrophysics [1].
Extrapolation of the properties of nuclei near the line of f-stability, as a rule, does
not provide information on what can be expected for nuclei far from the stability
region. Therefore, direct experiments for studying the structure of light nuclei
at the boundary of nucleon stability are of great importance for understanding
the properties of such nuclei and predicting the properties of heavier nuclei.
The new possibilities for these experiments appeared with obtaining sufficiently
intense (up to 108 s =) beams of radioactive nuclei. One of the most complicated
problems of experimental nuclear physics is the synthesis of exotic nuclei near the
boundaries of stability. These nuclei, as a rule, are 10 or more neutrons away from
stable nuclei, have a short lifetime (less than 1 ms) and low binding energy. All
this determines special requirements to the choice of reactions for the synthesis
of such nuclei and the method of their transportation and registration. Mainly,
for the synthesis of exotic nuclei, reactions of fragmentation of the bombarding
heavy ion, direct reactions of the types (p,d), (d,p), (d,n), (d, 3 He) etc., as well
as reactions of fission and deep inelastic transfer are used [1].

Fission reactions

Spontaneous fission of nuclei is accompanied by the emission of light charged par-
ticles formed at the moment of scission of the heavy nucleus into two fragments.
There is a high probability that these light charged particles are neutron-rich.
During the spontaneous fission of 2°2 Cf, neutron-rich isotopes of hydrogen,
helium, lithium, beryllium, and even heavier elements were observed [2]. The
search for such exotic nuclei as ® He and 7 H was also carried out in fragments
of spontaneous fission of 252 Cf [3]. However, in these experiments there were
no events that could be attributed to the '° He nucleus. The upper limit for the
probability of fission with the emission of '° He with respect to the emission of
8He was Y (1°He)/ Y (8 He) <4 x 10 3. At the same time, in [3] the authors
believe that several events corresponding to the '°He nucleus were observed.
Experiment [4] yielded the ratio Y ( "H)/Y(®H)<10~* for "H.

The fission by thermal neutrons was used to synthesize exotic neutron-rich
nuclei with A =60-160 [5]. Experiments on the study of fission induced by %’ Ca
and %8 Ca ions [6] showed that a strong neutron excess of the bombarding ion
can lead to the synthesis of nuclei located farther from the line of B -stability. It
was also shown that fission induced by protons [7] and especially by heavier ions
[8] leads to an increase of the probability of triple fission with the emission of
light particles and nuclei. This is a consequence of a higher excitation energy
and a higher angular momentum of the fissioning nucleus. However, the high
excitation energy transferred to the fragments forces them to evaporate neutrons
and thereby reduces the probability of formation of neutron-rich nuclei.
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Reactions of fragmentation of target nucleus

The reactions of fragmentation of a target nucleus are efficient for the synthesis of
neutron-rich nuclei if as a bombarding particle protons with energy from several
GeV and higher and targets with Z > 80 are used. The position of the maximum
of the isotope distribution of products depends on the mass of the target. With
an increase in the N/Z ratio for the target, the N/Z value for the products of
the fragmentation reaction also increases.

During the 1960-1970’s, the availability of high-energy proton accelerators
made it possible to use these reactions for the synthesis of new nuclei. For
example, at that time Ny 14 B, 7C, ¢, 9N, 21 O were synthesized for
the first time [9, 10]. Based on the systematics [11] of the cross sections for the
formation of neutron-rich nuclei in the reactions of fragmentation of the target
nucleus, it can be concluded that the probability for the formation of nuclei with
extreme values of neutrons excess is very high. In [12] estimates of the cross
sections for the formation of several nuclear systems are given: ~ 10730 cm?
for 81, ~ 1072 cm? for He, and ~ 1073 ¢cm? for B Li. Recently, another
method is discussed for obtaining exotic nuclei in quasi-fission reactions [13],
when two interacting heavy nuclei form a dinuclear system which, not reaching
an equilibrium configuration, separates into fragments directly from the saddle
point [14]. The quasi-fission reaction products have a wide variation of mass
and charge. It is possible that these reactions may prove to be efficient for the
synthesis of heavy nuclei. With the advent of intense heavy-ion beams, reactions
with accelerated heavy ions become the most efficient method of obtaining nuclei
at the boundaries of nucleon stability.

Reactions of fragmentation of bombarding ion

This type of reactions has been used for synthesizing and studying the properties
of exotic nuclei with the advent of the possibility of accelerating heavy ions up
to energies E> 40 MeV/A. Early experiments using 12c 14N, 160, and 2 Ne
beams at energies of 1-2 GeV /A have shown that relativistic collisions between
complex nuclei lead to the formation of nuclei far from the line of stability [15].
The first works on the synthesis of new nuclei were performed using 4° Ar and
48 Ca beams with an energy of ~200 MeV/A, and at that time about 15 new
exotic nuclei were synthesized from nitrogen to chlorine [16].

Fragmentation reactions have characteristics that lead to high efficiency of the
synthesis of new exotic nuclei. Firstly, it is possible to obtain reaction products
in a wide range of A and Z. Secondly, the velocities of reaction products
practically coincide with the velocity of the incident ion, which allows one to
use them without subsequent acceleration and to separate them from other
reaction products by means of the same magnetic optics as for the primary beam.
Thirdly, because of the large transport velocity, the reaction products have angular
distributions that are strongly directed forward, which substantially increases
the geometric efficiency of their collection. Finally, the N/Z ratio in reaction
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products is sensitive to the ratio of the number of neutrons and protons in the
bombarding ion. It was experimentally shown that the yield, for example, of
neutron-rich sodium isotopes in the reaction with “®Ca ions is much higher
than in the reaction with %% Ar ions [17]. Thus, for the synthesis of neutron-rich
nuclei in the reactions of fragmentation of the bombarding ion, it is preferable
to use beams of such nuclei as 3¢S, 48 Ca, 8 Fe, etc. The fact that the isotopic
distributions of reaction products strongly correlate with the N/Z ratio in the
bombarding ion is also confirmed by the calculations [18]. In work [19], new
isotopes 22731 F were synthesized using the % Ca beam. Using the °¢ Fe beam
(670 MeV /A), the heaviest boron isotope 1° B was observed [20]. This isotope
was obtained as a result of "stripping” of 37 nucleons (21 protons and 16 neutrons)
from the bombarding ion. In the joint experiments of Dubna and GANIL (France)
in the fragmentation reactions of 40 Ar, 48 Ca, and 8¢ Kr beams at intermediate
energies (E> 35 MeV/A), a large number of neutron-rich isotopes of carbon,
nitrogen, fluorine, neon, argon, titanium, vanadium, chromium, manganese, iron,
and cobalt was obtained [21].

In Japan (RIKEN) using a > Ti beam energy of 80 MeV /A, two new neutron-
rich isotopes 3! Ne and % Mg were synthesized [22], and in the joint Dubna-
RIKEN experiment with a *® Ca beam at an energy of 70 MeV/A for the first
time new isotopes 3 Mg and 494! A1 [23] were observed. Finally, in the % Ca
fragmentation reaction on the accelerator of the University of Michigan, the last
stable magnesium isotope, ¥’ Mg, was obtained [24]. All these experiments con-
vincingly showed that the use of beams of neutron-rich nuclei makes it possible
to obtain new isotopes in the reactions of fragmentation of the bombarding ion
with yields several orders of magnitude higher than the corresponding yields in
other reactions. Such characteristics of reactions of fragmentation of bombarding
ions, as a narrow forward-directed angular distribution of products with a mo-
mentum close to the beam momentum, are efficiently used in producing beams
of radioactive nuclei. Thus, it is possible to "collect" the resulting products and
form from them secondary beams of radioactive nuclei. This new direction in
nuclear physics, which has been intensively developing recently, made it possible
to obtain unique information on the structure of exotic nuclei by measuring such
experimental quantities as reaction cross sections, momentum distributions, and
correlations between the products of the breakup of the investigated nuclei. With
the use of beams of radioactive nuclei, important discoveries have been made,
such as the existence of a neutron halo in ! Li [25], the observation of '°He in
the reaction with the ! Li beam [26], etc. Thus, large prospects in the study of
exotic nuclei open due to the use of secondary beams of radioactive nuclei [27].

Let us briefly describe the main characteristics of the fragmentation reactions
and the possibility of using them for the synthesis of nuclei near the shells
N =20 and N =28. Usually, fragmentation reactions yield nuclei with Z and
A smaller than the Z and A of the bombarding heavy ion. Meanwhile, as
shown in [18], statistical methods of calculations can be used to describe the
fragmentation reactions. A proof of the statistical nature of fragmentation is the
effect of "'memory" of the beam: for more neutron-rich or neutron-deficient beams,
fragments "remember" the excess of neutrons or protons of the beam. Therefore,
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for the synthesis of neutron-rich light nuclei near the shells N =20 and N =28,
the beams of rare neutron-rich isotopes such as %S (N =20) or ** Ca (N =28) are
the most optimal.

Let us give the main expressions for estimating the yields of secondary
particles obtained in the fragmentation reaction. The main factors influencing the
yield of the nuclei are the choice of the primary beam, the influence of its energy
on the yield, and the choice of the optimal thickness of the target taking into
account the characteristics of the fragment separator used. For fragmentation
reactions, the correct choice of the optimal thickness of the target is necessary.
Specific losses of the ion (A,Z) during the passage through the target are
expressed by the formula

AZ?
AE = 5 (1)
The uncertainty in the momentum distribution of the fragment after the
passage through the target can be determined from two boundary conditions:
the reaction occurred at the beginning (i) of the target and the reaction occurred

at the end (f) of the target, respectively:

Sy (A8
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where t is the thickness of the target, and Z; s are the charges of the fragments
at different locations in the target.

It is assumed that the velocity of the fragment is close to the velocity of the
bombarding particle. The maximum yield of secondary products for the optimal
thickness t of the target is achieved if the losses in the transmission due to the
broadening of the momentum distribution are greater than the increase in the
yield of the products due to the thickness of the target.

The yield Y; of fragments is proportional to the thickness of the target as well
as angular and momentum variance of the beam. Taking into account the above
dependence, we obtain the following formula for the yield of fragments:

) ~t-(ZF - 23)/ B, (2)

Y, ~ topt/(UQ O - U'%) ~ Elz . E?5 . E?5 ) E105 — Ei7/2/ (3)
p

We see that the intensity of the secondary beam depends on the energy of the
primary beam as E7/2. As shown in [28], this formula is applicable for primary
beam energy values up to 100 MeV/A. At large values of energy, the yield of
fragments decreases because the variance of the momentum distribution becomes
much smaller than the momentum capture of the fragment separators used.
When choosing A and Z of the primary beam, it must be borne in mind that
the number of fragments should be proportional to Z. Taking into account the
energy losses AE/E ~ AZ? / (EE) ~ Z?, we can finally obtain the dependence
of the yield of fragments on the beam charge ~1/ Z3. Thus, it is obvious that in
order to obtain the maximum yield of fragments, the primary beam must be as
light as possible.

For an approximate estimation of the cross section, one can use the simplified
expression
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o = exp(—0.1763Zpeam), (4)

At present, the LISE program is used to calculate the yields of nuclei at the
boundaries of nucleon stability [18], which in most cases gives a satisfactory
description of the experimental results. Despite the fact that this estimate of the
intensity of the secondary beam is rather rough, it allows us to conclude that
the energy of the primary beam is not the main factor for increasing the yield
of neutron-rich isotopes of light nuclei. This conclusion is applicable only for
obtaining nuclei by fragmentation.

Thus, in order to obtain neutron-rich isotopes, it is better to use a primary
beam of neutron-rich nuclei with the atomic number closest to the product being
synthesized.

Reactions with heavy ions accompanied by emission
of fast particles

These reactions in the late 1970s and 1980s attracted the attention of physicists by
the unusual mechanism of formation of fast particles.

As early as 1961, two components in the distribution of particles, formed in
reactions with heavy ions, were observed in [29]. One of them was evaporation
« -particles, the second component was a high-energy one, with strongly-forward
angular distribution and with a maximum yield at energy corresponding to the
velocity of the bombarding ion.
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Figure 1. The energy spectra of hydrogen and helium isotopes measured in the reaction 232 Th+ 22 Ne (178 MeV) at the
angle of 0 ° . The arrow at B. denotes the exit Coulomb barrier. The arrows on the Ej;, axis denote kinematic limits
for different particles [30].
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Further experiments showed that in reactions with ions heavier than 12C the
emission of heavier charged particles occurs with a noticeable cross section [30].
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Figure 2. Energy spectra of helium isotopes measured in the reaction 232 Th+ 1 B (89 MeV) at the angle of 20 °. The
inset shows the expected shape of the energy spectrum of the 1° He nucleus [31].

The phenomenological model, based on the assumption that part of the
incident ion is transferred to the target nucleus, and the rest flies forward,
reproduces the isotope formation sections with Z =1-4 quite well. At the same
time, other characteristics of the process could not be explained within the
framework of the same model [32]. From Figure 2 it can be seen that the energy
spectra of different particles exponentially decrease with increasing energy of the
particles until the moment when this energy is only several MeV different from
the maximum possible value allowed by the energy and momentum conservation
laws in the case of a two-body reaction mechanism [30].

When the energy of the particles is equal to the energy at the kinematic limit,
the two nuclei formed in the exit channel are in the ground states. The difference
observed between the experimental and calculated values of the limit energy
is determined by the angular momentum of the residual heavy nucleus, which
depends on the energy of the bombarding ion and on the type of the emitted
particle. For example, in the case of the emission of beryllium nuclei, their
energy reaches a kinematic limit with a relatively large cross section (~10 =%
cm? /(MeV x sr)). Based on the observed effect, it can be assumed that reactions
with the emission of fast particles can be used for the synthesis of exotic nuclei.
In these reactions, an attempt was made to synthesize such exotic nuclei as '° He,
14Be and others.
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Charge-exchange reactions

In charge-exchange reactions, one or several protons are replaced by one or
several neutrons. The simplest reactions of this type are (p,n) or (n,p). In this
case, although the charge of the nucleus changes, its mass number is conserved.

Reactions of double charge exchange induced by 7-mesons (71—, 7t" ) occupy
a special place in the search for exotic nuclei, such as 4n, SH, °H, “H, ?He
[33]. In the reaction "' B(z—, ©+ )1 Li, the mass of ! Li was determined with
great accuracy and an excited level was observed at the energy E*=(1.2£0.1)
MeV, which was interpreted as the observation of a soft dipole resonance in
this nucleus [34]. Measurement of the mass of the ? He nucleus in the reaction
with 77-mesons [35] made it possible to conclude that the ¥ He nucleus may
prove to be more stable than predicted by different models, and thus this was
a stimulating factor for its further search. When heavy ions are used, charge-
exchange reactions also take place with a large cross section. The first studies
using double charge exchange with heavy ions [36] showed that the cross section
of the reaction increases with the energy of the bombarding ion and that the
angular distributions are forward directed. In addition, it was shown in [37] that
nuclei in the ground states are formed in the charge-exchange reactions. Figure 3
shows the systematics of the known cross sections for single and double charge-
exchange reactions leading to the formation of final nuclei in the ground states.
It can be concluded that these cross sections correlate with the Q-value of the
reaction. The experimental points up to the reaction Q-values of about -20 MeV
were obtained at beam energies up to 10-15 MeV /A, the results for more negative
Q -values were obtained at beam energies about 25-35 MeV /A. Apparently, the
cross section of the charge-exchange reaction depends also on the energy of the
bombarding ion, beside the reaction Q-value. Such a conclusion was made in
[36], in which the question of the influence of the energy of the bombarding ion
on the mechanism of the charge-exchange reaction was studied: is there a direct
charge exchange or a sequential exchange of proton(s) for neutron(s).

—
o
T

[ —
o O
o

—
o
[==

Cross section, b
—
o
=

—_
o
—

—
<
(8]

0 10 20 30 40 50 60
~Q, MeV

Figure 3. The systematics of the known cross sections for single (SCX) and double (DCX) charge-exchange reactions
obtained with beams of heavy ions leading to the formation of final nuclei in the ground states depending on the
reaction Q -value.
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The mechanism of such a reaction depends not only on the energy, but also
on what levels are populated, that is, the structure of interacting nuclei also has
a significant influence. In work [38], on the example of reactions (12C, 2N),
(12¢C, 12B), (13C, 1BN), (13¢C, 13B), high selectivity of charge-exchange reactions
was shown. Choosing a suitable combination of a target and a bombarding ion,
one can achieve the population of different final states with a greater or lower
cross-section value.

For example, in the reaction (2 C, 12 N) the population of states with AS =1
dominates, i.e., with an unnatural parity, whereas in the reaction (13 C, 13 N),
where AS =1, non-spin-flip transitions dominate, while in the reaction (13 C, 13 B)
both types of level population take place, however, the transitions with AS =1 are
more probable (Figure 4).
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Figure 4. The spectra of 12 N and '3 N showing the different probabilities of population of the 12 B levels in the
reactions 2 C(12C, 2N)2Band > C(13 C, 3 N) 12 B on the target 0 * spin as a result of the transitions 0 * — 1+
and 1/2 ~F —1/2~ in the bombarding nucleus. It is seen that in the reaction 12.¢c(12 ¢, 12N) 12 B, unnatural parity

states are more strongly manifested than those of their multiplet counterparts [38].

Due to the fact that the cross sections of the charge-exchange reactions with
heavy ions turned out to be relatively large and these reactions are optimal for
the population of individual levels, it was concluded that they can be used for
the synthesis of nuclei near the nucleon stability boundary. For example, in the
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reactions ?Be(13C, ¥ 0)?He and ?Be(*C, *0O)?He, the ?He nucleus was
studied [39]. The obtained cross section for the production of 9He in the ground
state was /=40 nb/sr. In [40], the 13 Be nucleus was studied in the reaction (14 C,
140) on the *C target, and * C(1! B, ! Li) reaction was used to study the ! Li
nucleus. In the double charge-exchange reaction 10 Be( 4c 14 0) 10 He, the mass
of the '©He nucleus was determined with high accuracy and two excited levels
were discovered [41]. The cross section for the production of 10 He in this reaction
was 140 nb/sr.

Thus, charge-exchange reactions with heavy ions are a good tool in the study
of exotic nuclei. It is worth noting once again that the mechanism of these
reactions under certain conditions can be considered as a special case of the
mechanism of transfer reactions which will be discussed below.

Features of transfer reactions for spectroscopy of light
exotic nuclei

By such reactions we mean reactions of the type A(a,b)B, in which protons
and/or neutrons are exchanged between the target nucleus and the bombarding
ion, which leads to the formation of nuclei b and B in the exit channel. Such
transfer can proceed via several stages (sequential transfer).

A detailed review of information on light exotic nuclei in such reactions is
presented in [42]. The use of these reactions shows the efficiency of this method
for the study of exotic nuclei. When three-five nucleons were transferred, it
became possible to reach the neutron stability boundary for nuclei with mass
number A <16 and to discover unbound nuclei beyond this boundary in the
form of resonances. For example, the nuclei 7-10He, 1011 10-14Be 14-16p
were studied using transfer reactions with beams of 121314 145N and 0
at the accelerator complex of heavy ions in Berlin [43], and the ! Li and '*Be
nuclei were studied with the ' B beam at the U400 accelerator, FLNR (Dubna),
and the accelerator in NSCL (Michigan). It should be mentioned that the cross
sections for the reactions of few-nucleon transfer leading to ground states of
final exotic nuclei may be very small. The range of cross sections extends from
several nanobarns to microbarns. It is very difficult to make an estimation of the
cross sections for nuclear fusion reactions in the region of the nucleon stability
boundary. However, based on the literature data, it can be assumed that the
yield of the studied nuclei depends on many factors, such as the number of
transferred nucleons, the reaction Q -value, the structure of the nuclei involved
in the reaction, the detection angle, the bombarding heavy ion energy. It was also
shown that the cross sections of the transfer reactions are relatively large only if
certain conditions are met [44]. These conditions are related to the conservation
of momentum and angular momentum in the initial and final nuclei and are
determined by the following expressions:

Ak:ko—/\l/Rl—)\z/Rzﬁo, (5)
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AL = Ay — A1+ 1/2k0(R1 — Rz) + QeffR/(hV) ~ 0, (6)

where Qs is calculated as

Qeff = Q— (22} — ZiZ))e* /R, (7)

Here Z{; are the atomic numbers of the nuclei in the final and initial states;
Ry, are radii of the two nuclei, R=R;+Ry, ko=m v/ is the momentum of the
transferred nucleon; A;, A, are the projections of the orbital angular momentum
Iy and I, of the transferred nucleon in the initial and final states; v is the relative
velocity of two interacting nuclei in the transfer region. The value of Q.¢s equals
the reaction Q-value if the transferred particle is not charged. It was shown
that in the reactions with light nuclei charge correction can be neglected and
Qerr =~ Q.

The third condition requires the sums /; + A and I, + A, to be even numbers.
Deviations from these conditions lead to a decrease in the cross section for the
reactions of nucleon transfer to particular final states. The mechanism of the
reactions of one-, two-, three-, etc. nucleon transfer was considered in detail
in [45]. The systematics of the cross sections for the formation of nuclei in the
ground states in the reactions of transfer of a different number of nucleons as a
function of the reaction Q -value was obtained in [46].

Figure 5. The mechanism of transfer in the double charge-exchange reaction ° Be( 4 C, * O) ° He.

Let us try to give concrete examples of the reactions that proceed with the
pickup of protons and the stripping of neutrons. Figure 5 schematically shows
the mechanism of this transfer in the reaction ? Be(1*C, 1# O)? He: two neutrons
are transferred to the target from by bombarding ion (the first stage) and two
protons are transferred in the opposite direction (second stage) or vice versa.

As a result, the following processes take place for the reaction Be(*C,
140)° He:

1st stage 2nd stage

(2n2p) : Be(*C, 12C) U Be(12C, 4 0)?He

(2p2n) : ?Be(*C, 1°0) "He(1°0, *0)° He,
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or for the reaction °Be(®C, 130)? He:

1st stage 2nd stage

(2n2p) : ?Be(3C, 11C) UBe(''C, ¥ 0O)? He

(2p2n) : ?Be(¥C, 0) "He('° 0O, 130) He.

In addition to the two-step processes, one can take into account the contribu-

tion from three- and four-step processes by considering the transfer of individual
nucleons, which, for example, proceed via the following stages:

9 Be( 13 C, 12 C) 10 Be( 12 C, 11 C) 11 Be( 11 C, 13 O) 9 He or

9Be(13C, “UN)SLi(1* N, 150)7 He(15 0, 30)? He.

In this case, as shown in Figure 6, beside two-stage amplitudes, there are six
three- and six four-stage amplitudes.

Figure 6. Multistage contributions for transitions in the target nucleus leading to the ° He nucleus. The contributions to
the effective spectroscopic amplitudes A;{/ and A;f,f of the first stage are surrounded by a line.

However, the contribution of these processes is a small fraction of the total
cross section. We can assume that the measured spectroscopic amplitudes for
neutron and proton pairs actually include the contributions of higher-order am-
plitudes, such as those for transfer of individual nucleons and inelastic scattering.
Consequently, the product of spectroscopic amplitudes obtained in the experi-
ment is an effective spectroscopic amplitude AS{/f = A;{/f A8 o AS{/f P11 (similarly
for Agj;f ).

Two-stage calculations are usually carried out with the FRESCO code [47]
within the coupled-channel model using the same A¢/f values for the second
stage as those used for the first stage. As for the reaction 9 Be( Bc U @) 1 Be,
the reaction cross sections corresponding to the first stage were determined
experimentally.

Thus, the method using effective spectroscopic amplitudes measured for
individual transfer stages works successfully in the case of 2n2p- and 2p2n-
exchange. Therefore, based on the measured cross sections for the reactions of
transfer of one and two nucleons, it is possible to predict the cross sections for the
transfer reactions of three and four nucleons with a sensitivity of several nb/sr,
which is used in estimating the possibilities of such experiments.
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Deep inelastic transfer reactions, quasi-fission

In the late 1960’s the use of transfer reactions with heavy ions g 1N, 180,
22Ne, and *’ Ar made it possible to synthesize about 30 new isotopes of carbon,
nitrogen, oxygen, fluorine, neon, magnesium, aluminum, silicon, phosphorus,
sulfur and chlorine [48]. Much later, the same mechanism using beams of 40 Ar
and °° Fe was used to obtain even more neutron-rich isotopes of elements with
7 =14-26 [49, 50].

The first information that in the interaction of two complex nuclei a massive
transfer of nucleons can occur, accompanied by a significant loss of kinetic energy,
was obtained in Dubna in the late 1960’s [51].

Further experimental and theoretical studies in this direction revealed certain
regularities in the formation of reaction products of deep inelastic transfer, on the
basis of which it was concluded that they can be a good method for the synthesis
of new nuclei, including neutron-rich isotopes of light elements. It is very
important to know how the cross section for the formation of isotopes changes as
the distance from the line of B -stability increases. In [52], a method was proposed
for describing the dependence of the cross section for the production of isotopes
on the number of neutrons by means of the so-called Qg systematics. According
to this systematics, the isotope formation cross sections lie on a straight line
whose slope is the same for all the isotopes of one element formed in the given
reaction (Figure 7).
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Figure 7. Qg -systematics of the cross sections for the formation of products of the transfer reactions in the interaction
of 232 Th with ¢ O (137 MeV) [51, 52].

Therefore, Qq, systematics can be used to extrapolate the cross sections for
the formation of unknown isotopes. However, this is done with an accuracy
determined by the accuracy of the mass values calculated using various mass
formulas, since the value of Qg is equal to the difference in the mass of the
nuclei in the initial and exit channels, i.e., Qg¢¢ =( My + M2 )-( M3 + My). Given the
statistical nature of the deep inelastic transfer reactions and making corrections
for the pairing of protons and neutrons, the cross section for the formation of
isotopes can be determined as follows [52]:
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o = exp [(Qgg + AEc + AEot — d(p) — 3(n))/T], 8)

where A E; and A E,y are the changes in the Coulomb and the rotational energy
of the system; 6 (p) and ¢ (n) are pairing corrections; T is the temperature of
the dinuclear system. This dependence is successfully used to describe the
experimental regularities in the probabilities of isotope formation in the reactions
of deep inelastic transfer.

However, when it comes to nuclei near the neutron stability boundary, the
situation changes. For example, the cross sections for the formation of ¥ Li
and ¥ Be nuclei turned out to be much smaller than those predicted by the
Qgq -systematics, and for the 1°He nucleus only the upper boundary of its
formation was obtained, two orders of magnitude lower than expected [53].
Perhaps, such deviations from the Q. -systematics are due to the fact that all
the aforementioned nuclei are very weakly bound.

Thus, the use of the deep inelastic transfer reactions can be very efficient for
the synthesis of nuclei at the nucleon stability boundary. It was shown in [21]
that the use of beams of neutron-rich nuclei, such as *® Ca, °° Fe, etc., may prove
to be almost the only method for synthesis of nuclei in the region 40 < N < 70
near the borders of nucleon stability. Recently, the possibilities of deep inelastic
transfer reactions with beams of krypton, xenon and uranium (U+U) [55] for the
synthesis of heavy and superheavy nuclei are discussed. In [54], the U+U reaction
was studied at a beam energy of 7.38 MeV/A. Mass distributions of reaction
(quasi-fission) products were obtained, from which it follows that products much
heavier than uranium are formed with a relatively high probability (Figure 8). In
addition, there is a certain structure in the mass distribution (bump in the region
of mass 208), which, according to the authors, indicates that the shell effects are
still present in such interactions. Consequently, this can be one of the methods
for synthesis of nuclei near the shell numbers including superheavy nuclei with
the number of neutrons 182.
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Search for neutron-rich nuclei in pion absorption re-
actions

Interesting results on the synthesis of new isotopes of the lightest elements (hy-
drogen, helium, lithium, beryllium) were obtained in the stopped pion absorption
reactions [33].

The possibility of efficient utilization of the 77~ -meson absorption by nuclei
for the formation of neutron-rich nuclear states is based on the features of this
reaction: a decrease in the charge of the resulting nuclear system and a huge (on
the scale of nuclear excitations) energy release.

The absorption of a pion by nuclei is a multi-nucleon process. The large
energy release (m,c?) leads to the formation of several fast nuclear particles,
mainly neutrons, protons, deuterons, tritons and helium isotopes 34 He, as well
as a residue nucleus. The dominant mechanism is absorption on an intranuclear
proton-neutron pair with quantum numbers of the deuteron (J,=1%, I=0,
I1p =0). The theoretical description of this process, as well as absorption on a pair
of nucleons with other quantum numbers, is developed quite well [33].

A distinctive property of the method using the stopped pion absorption
reaction is the absence of uncertainties associated with the energy resolution
and the angular divergence of the beam. The initial momentum of the system
is strictly zero. The uncertainty in the energy of the initial state is only due to
the difference in the binding energy of the ground (most bound) 1s state and 2p
state, from which more than half of the pions are absorbed for the nuclei under
study. For ?Be and !! B, this difference is 0.042 and 0.066 MeV, respectively [56].

For reaction channels in which one or two charged particles are registered,
the residual nucleus will have an excess of neutrons. Table 1 shows the nuclear
systems that can be investigated in two- and three-particle channels of the 7~ -
meson absorption reaction by ? Be nuclei.

Table 1.
The residual nuclei formed upon the absorption of 71~ -mesons by the  Be
nuclei.

Registered particle Inclusive measurements

He "He He *H °H
p H °H °H n n
d °H °H ‘H n n
t °H ‘H °H n n
*He n n n
He n n n

Table 1 demonstrates the advantage of using the stopped pion absorption
reaction in the study of neutron-rich nuclei. Within one experiment, it is possible
to obtain information on a wide range of neutron-rich nuclei, including the well-
studied isotopes of helium and lithium, the poorly-studied superheavy hydrogen
isotopes and multineutrons, the question of whose existence remains open.

However, in addition to the advantages listed above, the proposed method
also has some drawbacks. First of all, it should be noted that there are no reliable
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theoretical models describing the investigated reactions. Because of this, the
physical background in the measurements, due to the many-particle reaction
channels, has to be described by means of distributions over phase volumes.
In the case of narrow states, this approximation does not limit the quality of
the results on determining the parameters of the obtained states. It is also very
difficult to study the decay products of the investigated state in the stopped pion
absorption reaction. This is due to the fairly low energies of the particles formed.
Because of these two reasons, in this method it is very difficult to determine the
quantum numbers of the investigated state.

In this rather brief description of the possibilities for obtaining exotic nuclei,
we do not pretend to the completeness of the representation of various nuclear
reactions and methods for studying nuclei at the boundaries of nucleon stability.
We have outlined only the main reactions and methods, which, in our opinion, are
successfully used at the present time and provide a solid result. Meanwhile, since
the synthesis of new nuclei is a fundamental problem of many fields, not only of
nuclear physics, but also of elementary particle physics, naturally, a wide variety
of beams are used to solve this problem - from gamma quanta and pions to
heavy ions of high energy. For example, in Los Alamos (LAMPF), an experiment
was carried out based on the method of missing masses with 71" -meson beams
[57], in which new information was obtained on superheavy hydrogen isotopes,
isotopes of helium ° He, 7 He, ® He, lithium ' Li, ' Li, 12 Li, and beryllium !3Be
[33]. In GSI (Darmstadt), a new method was used to synthesize nuclei in the
tission reaction of uranium nuclei excited by a giant resonance in the interaction
of these nuclei accelerated up to 300 MeV/A with lead nuclei [57]. In these
experiments, among many other new nuclei, a doubly magic nucleus 78 Ni was
discovered, which has long been tried to obtain in different experiments.

The use of beams of radioactive nuclei is an efficient method of synthesizing
new nuclei and studying their properties.

Experimental studies using beams of radioactive nuclei are a new, intensively
developing direction in the physics of exotic nuclei. Research in this direction is
broadening, which is due to the appearance of new powerful accelerators of heavy
ions of medium and intermediate energies in many countries of the world. These
are the accelerator complex UNILAC-SIS-ESR and the new accelerated complex
FAIR in Darmstadt (Germany), the accelerator complex GANIL-SPIRAL1 and the
constructed new complex for acceleration of radioactive beams SPIRAL2 in Caen
(France), the heavy-ion accelerator complex RIKEN (Japan), the superconducting
cyclotron in Michigan (USA), the cyclotron heavy-ion complex with a storage
ring in Lanzhou (China), the superconducting cyclotron in Catania (Italy), the
cyclotron heavy-ion complex DRIBs at the G.N. Flerov Laboratory of Nuclear
Reactions of JINR (Dubna, Russia). A new generation of accelerators providing
the possibility of obtaining high-intensity (up to 10'* s ~!) beams of charged
particles from protons and helium nuclei to uranium ions, gave rise to a new
stage of nuclear research using beams of radioactive nuclei.
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