
ISSN 1063-7788, Physics of Atomic Nuclei, 2016, Vol. 79, No. 4, pp. 534–542. c© Pleiades Publishing, Ltd., 2016.
Original Russian Text c© N.K. Skobelev, 2016, published in Yadernaya Fizika, 2016, Vol. 79, No. 4, pp. 347–355.

NUCLEI
Experiment

Effect of Nuclear-Reaction Mechanisms on the Population of Excited
Nuclear States and Isomeric Ratios

N. K. Skobelev*

Joint Institute for Nuclear Research, ul. Joliot-Curie 6, Dubna, Moscow oblast, 141980 Russia
Received November 25, 2015

Abstract—Experimental data on the cross sections for channels of fusion and transfer reactions induced
by beams of radioactive halo nuclei and clustered and stable loosely bound nuclei were analyzed, and the
results of this analysis were summarized. The interplay of the excitation of single-particle states in reaction-
product nuclei and direct reaction channels was established for transfer reactions. Respective experiments
were performed in stable (6Li) and radioactive (6Не) beams of the DRIBs accelerator complex at the Flerov
Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, and in deuteron and 3Не beams of
the U-120M cyclotron at the Nuclear Physics Institute, Academy Sciences of Czech Republic (Řež and
Prague, Czech Republic). Data on subbarrier and near-barrier fusion reactions involving clustered and
loosely bound light nuclei (6Li and 3He) can be described quite reliably within simple evaporation models
with allowance for different reaction Q-values and couple channels. In reactions involving halo nuclei,
their structure manifests itself most strongly in the region of energies below the Coulomb barrier. Neutron
transfer occurs with a high probability in the interactions of all loosely bound nuclei with light and heavy
stable nuclei at positive Q-values. The cross sections for such reactions and the respective isomeric ratios
differ drastically for nucleon stripping and nucleon pickup mechanisms. This is due to the difference in the
population probabilities for excited single-particle states.
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1. INTRODUCTION

Interest in the mechanisms of nuclear fusion and
nucleon transfer at low energies has grown con-
siderably in recent years in view of the problem of
synthesis of superheavy transuranium elements and
other nuclei in the vicinity of the nuclear stability
boundary. In contrast to what was thought earlier,
it turned out the mechanisms of nuclear reactions
near the Coulomb barrier have not been understood
conclusively. Meanwhile, these investigations are
of paramount importance for astrophysics, since, in
considering the problem of nucleosynthesis, it is nec-
essary to know fusion cross sections in order to get
a clearer idea of the scenario via which there arise
chains of nuclei. Any new information about the
effect of subbarrier processes on the interaction of
nuclei can change radically our ideas of a successive
chain of formation of new nuclei in nucleosynthesis.
Investigation of reaction mechanisms for halo nuclei
and loosely bound nuclei is of great interest both
for theorists and for experimentalists. In turn, the
cross sections measured for nuclear reactions are of
importance for testing models used to describe the
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excitation and deexcitation of nuclear states in newly
arising systems.

Reactions involving extremely light nuclei like
those of deuteronium and helium have received the
most adequate study. These and other extremely light
nuclei are used in reactions as bombarding particles.
At the same time, they are detected as products of
various reactions not less frequently.

It is well known that the deuteron binding energy
is 2.2246 MeV [1]. Despite its low binding energy,
the deuteron is a stable nucleus. On the other hand,
the binding energy of the triton (3Н), which is a
radioactive hydrogen isotope, is 8.48 MeV, while its
binding energy per nucleon, Ebind/A, is as small as
about 2.83 MeV [1, 2]. However, the separation
energy for one neutron in this nucleus is 6.26 MeV.
The Coulomb barrier BCoul for the 3H+197Au reac-
tion is 10.88 MeV, while the energy deposition Q
in the production of a 200Hg compound nucleus is
13.31 MeV; for the reaction 3H +197 Au →198 Au +
dQ, Q = 0.255 MeV.

The 3Не nucleus, which is an isobaric analog of
the triton, is a stable nucleus, and its binding energy
of about 7.718 MeV (Ebind/A ∼ 2.57 MeV) is lower
than the binding energy of the 3Н nucleus. In the
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3Не nucleus, the separation energy for one proton
is 5.493 MeV, while that for two protons is about
7.72 MeV. The Coulomb barrier height BCoul is higher
for the 3He+197Au reaction than for the 3H+197Au
reaction and is equal to 21.76 MeV in the former
case. For the 3He+197Au reaction leading to the
production of a 200Tl compound nucleus, the Q value
is 10.8 MeV, while, for the reaction 3He +197 Au →
198Au + 2p, Q = −1.206 MeV.

A low nucleon binding energy in these nuclei
should lead to an increase in the contribution of direct
reaction mechanisms, such as projectile breakup, and
the stripping and pickup mechanisms at bombarding-
particle energies in the vicinity of the Coulomb
barrier.

A number of nuclear reactions with other stable
and radioactive beams lead to the formation of the
products of similar nuclear reactions also having a
positive Q value. In reactions involving light bom-
barding particles (6Не, 8Не, and so on) that have
a halo structure and loosely bound clustered nuclei
(such as d, 6Li, and 7Li) that have positive Q and low
breakup thresholds, the yields of complete-fusion and
transfer-reaction products are sizable in the region
of subbarrier energies [3–7]. For the 6Li nucleus,
the threshold excitation energy for α + d cluster de-
cay is 1.475 MeV, while, for the 7Li nucleus, α + t
decay occurs at excitation energies above 2.47 MeV.
These energies are on the same order of magnitude as
the energy of two-neutron separation from the 6He
nucleus or the energy of 6Hе breakup to 4He + 2n
(0.975 MeV). In a number of cases, the cross sec-
tions for transfer reactions reach a maximum value
at an energy close to the Coulomb barrier for the
reaction [3, 4].

The objective of the present study was to explore
mechanisms of reactions that proceed upon exposing
various targets containing light or heavy nuclei (9Be,
45Sc, and 197Au) to beams of light loosely bound
nuclei. This is done by analyzing the excitation func-
tions for product nuclei formed in complete fusion
reactions and in reactions involving the transfer of
one or a few nucleons and clusters. Experimental
cross sections obtained for the production of fusion
reactions and few nucleon transfer reactions in beams
of radioactive halo nuclei and clustered loosely bound
stable nuclei are analyzed in this study along with iso-
meric ratios determined for a number of synthesized
nuclides. This analysis, which covers, in particular,
the mass region near closed shells, made it possible to
trace the relation between the resulting cross section
values and reaction mechanisms.

2. DESCRIPTION OF THE EXPERIMENT

The experiments under discussion were performed
in extracted deuteron beams of energy 11.7 MeV [6,
7] and 3Не beams of energy 24.5 MeV [8, 9] from
the U-120M cyclotron of the Nuclear Physics Insti-
tute (NPI), Academy of Sciences of Czech Republic
(Řež), and in 6Не and 6Li beams from the DRIBs
accelerator complex of the Joint Institute for Nuclear
Research (JINR, Russia) [3–5].

Target assemblies formed by scandium and gold
foils of different thickness (from 3 to 5 μm) were
installed on the path of th deuteron or 3Не beams
at the center of the reaction chamber. Aluminum
foils 5 to 50 μm thick were arranged in between the
targets in order to reduce the beam particle energy.
In a number of cases, irradiation runs for a single
assembly lasted for eight hours. All induced activity
measurements were performed by using calibrated
high-purity germanium (HPGe) detectors of HWHM
(half width at half magnitude) energy resolution of
1.8 keV at the photon energy of 1.3 MeV. Nuclei
produced in the reactions being considered were iden-
tified with allowance for the gamma-decay energy
and the lifetime of these nuclei by using nuclear data
compiled in [10]. Experiments devoted to studying
the elastic and inelastic scattering of these ions on
a 9Be target were also performed in 3Нe and 4Не
beams [11].

The beams of 6He and 6Li were obtained at the
DRIBs accelerator complex for radioactive beams
(Laboratory of Nuclear Reactions at JINR), which
is a tandem of the U-400M and U-400 accelerators
(ISOL method). The maximum energy of 6He ions
was about 10 MeV per nucleon, while the intensity
of 6He within the U-400 cyclotron reached values at
a level of 2 × 108 particles per second. The proce-
dure used in irradiating assemblies of gold foils and
scandium with an extracted beam of 6Не nuclei was
described in [3, 4, 6].

3. RESULTS

The elastic and quasielastic scattering of 3,4Не
nuclei was studied in the reactions 9Be(3He, 3He)9Be
and 9Be(α,α)9Be at the energies of E3Не = 24.5 MeV
(NPI) and at the energy E4Не of about 40 MeV
(University of Jyväskylä, Finland) [11]. The transfer
reactions 9Be(3He, α)8Be and 9Be(3He, 5He)7Be
and the charge-exchange reaction 9Be(3He, t)9B
were studied in addition to these channels. For all
of the reactions studied in those experiments, the
experimental cross sections and angular distributions
were analyzed by employing the distorted-wave Born
approximation (DWBA) and the coupled channel
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approach. In all transfer reactions, the population of
excited states was observed in addition to the popula-
tion of the ground states, the respective population
probabilities being different. The investigations in
question revealed that, in the interaction of these
light nuclei, a peculiar structure of the 9Be target
nucleus manifests itself clearly in the form of virtual
cluster configurations—specifically, in the form of
the α + α + n three-body and α+5Не, t+6Li, and
8Be + n two-body systems.

In the reactions induced by d, 3Не, and 6Не in-
teractions with scandium and gold nuclei, we will be
interested primarily in the treatment of the resulting
experimental reaction cross sections from the point
of view of peripheral interactions; therefore, a detailed
data analysis that is associated with the reactions of
the complete fusion of interacting nuclei and which
was performed earlier in [3, 12] is skipped here. Only
basic conclusions deduced from this analysis are for-
mulated immediately below.

Subbarrier and near barrier fusion reactions in-
volving stable cluster and loosely bound light nuclei
are described quite reliably on the basis of evapora-
tion models with allowance for channel coupling (for
cluster nuclei like 6Li) and on the basis of relatively
simple evaporation models (for 3He and for other light
bombarding particles). Data on cross sections for
fusion reactions made it possible to conclude that the
halo structure of 6Не manifests itself most strongly
in the region of energies below the Coulomb barrier,
so that it is necessary to take into account both the
structural features of the nucleus involved and cou-
pling to other reaction channels in order to explain an
increase in the fusion cross section. At energies of
6Не particles above the reaction barrier, the character
of interaction in fusion reactions shows but a slight
qualitative difference from that in reactions involving
other light particles. In the subbarrier energy region,
direct reaction mechanisms are dominant in reactions
involving 6Не and other loosely bound nuclei; for
the majority of these mechanisms, including fusion
mechanisms, the Q-value is positive.

We will now consider features of nucleon transfer
and cluster transfer reactions involving light projectile
nuclei and various target nuclei. Figures 1 and 2 show
excitation functions for the production of scandium
isotopes in the neutron transfer reactions induced by
bombarding 45Sc with deuterons and 3Не and 6He
nuclei [6–9]. Large values of the cross sections for
the production of scandium isotopes are associated
with high values of Q for all of the reactions under
investigation (see table). It can be seen from the
corresponding figures that the largest cross section
values are observed at energies below the Coulomb
barrier.

Q-values in reactions induced by various charged particles

Reaction Q, MeV Threshold, MeV
9Be(3He, p)11B 10.323
9Be(3He, 2p)10Be −0.95 1.208
9Be(3He, t)9B −1086.63 1450.23
9Be(3He, α)8Be 18.913
9Be(3He, α)α 19.049
9Be(3He, 5He)7Be −0.721 0.962
9B(3He, αn)7Be 0.14
9Be(3He, 6Li)6Li −1.894 2.528
45Sc(d, p)46Sc 6.536
45Sc(d, t)44Sc −5.069 5.296
45Sc(3He, p)47Ti 11.507
45Sc(3He, t)45Ti −2.08 2.22
45Sc(3He, 2p)46Sc 1.043
45Sc(3He, α)44Sc 9.25
45Sc(α, 3He)46Sc −11.816 12.869
45Sc(α, 5He)44Sc −12.062 13.135
45Sc(α, αn)44Sc −11.33 12.335
45Sc(6He, αn)46Sc 7.785
45Sc(6He, 5He)46Sc 7.05
197Au(d, p)198Au 4.287
197Au(d, t)196Au −1.815 1.833
197Au(3He, 2p)198Au 4.287
197Au(3He, α)196Au −1.815 1.833
197Au(α,3He)198Au −14.065 14.351
197Au(α,5He)196Au −8.807 8.986
197Au(α, αn)196Au −8.072 8.236
197Au(6He, 5He)198Au 4.802
197Au(6He, αn)198Au 5.537
197Au(6He, 7He)196Au −8.482 8.741
197Au(6He, α3n)196Au −9.048 9.324

In Fig. 1, the cross sections for 46Sc production
in the reactions involving deuterons and 6He nuclei
are given versus the ratio of the particle energy to the
energy of the Coulomb barrier, (Ec.m./Bc.m.). This
figure clearly shows that the maxima of the cross
sections for the two reactions in question lie near
the Coulomb barrier, this being indicative of their
peripheral character.
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Fig. 1. Cross sections for the reactions (closed circles)
45Sc(d, p)46Sc and (open triangles) 45Sc(6He, X)46Sc
versus the ratio of the energy of projectile particles (d and
6He) to the energy of the reaction Coulomb barrier in the
c.m. frame.

Figure 2 shows the cross sections for the produc-
tion of the isotopes 43Sc, 44g+mSc, and 46Sc in reac-
tions induced by 3Не nuclei versus their energy. The
isotopes 44Sc and 46Sc are produced in one-nucleon-
transfer reactions [stripping mechanism (46Sc) and
pickup mechanism (44Sc)]. Owing to a positive value
of Q, the cross sections for these reactions are com-
paratively large at 3He energies below the Coulomb
barrier. In the case of neutron transfer to the 45Sc tar-
get nucleus from 3He, the excitation function for 46Sc
exhibits a behavior characteristic of one-neutron-
transfer reactions in the case of the interaction of
stable nuclei and does not feel the Coulomb barrier [8,
9], as is observed in reactions involving deuterons
or 6He nuclei. The behavior of the excitation func-
tion for the reaction leading to 44Sc production is
somewhat unexpected. Despite a large positive value
of Q (+9.254 MeV), a distinct maximum of the ex-
citation function near the reaction Coulomb barrier
is observed for the respective (3He, α) reaction—
that is, this reaction is governed predominantly by a
peripheral interaction. It is also shown in [13] that
the (3He, α) reaction on 45Sc proceeds through the
interaction of a neutron from the target nucleus with
3He (pickup mechanism) and leads to the excitation
of a broad spectrum of excited states of 44Sc.

Figure 3 shows the excitation function for the
charge-exchange reaction 45Sc(3He, t)45Ti and the
results obtained by calculating it with the aid of the
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Fig. 2. Excitation functions for products of the 45Sc+3He
reaction. The displayed points stand for experimen-
tal cross sections for the reactions (circles) 45Sc(3He,
α)44Sc (reaction 1), (triangles) 45Sc(3He, αn)43Sc (re-
action 2), and (boxes) 45Sc(3He, 2p)46Sc (reaction 3).
The curves represent the cross sections calculated on the
basis of the ALICE-MP code for (dashed curve) reaction
1, (dash-dotted curve) reaction 2, and (solid curve) reac-
tion 3. The arrow indicates the Coulomb barrier energy
BCoul.
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Fig. 3. Excitation function for the products of the reaction
45Sc(3He, t)45Ti. The curves correspond to calculations
based on the (dashed curve) PACE-4 and (solid curve)
ALICE-MP codes. The displayed points (45Ti) stand for
the experimental reaction cross sections.

PACE-4 and ALICE-MP codes based on an equilib-
rium statistical treatment of the fusion of interacting
nuclei and the deexcitation of a compound nucleus [8,
9]. The calculated curves deviate significantly from
their experimental counterparts, and this is indicative
of a more intricate reaction mechanism.
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The experimental excitations functions for the pro-
duction of 196Au and xAu in the 197Au+6He and
Pt+6Li reactions were analyzed earlier. The respec-
tive results were presented in [3, 7, 12].

The experimental cross sections obtained for the
reactions induced by d, 3Не, 6Li, and 6Не interac-
tions with scandium, platinum, and gold nuclei were
treated in [12], where peripheral interaction channels
were considered, as the result of the direct strip-
ping and pickup mechanisms. In particular, nucleon
transfer both to a target and to a projectile nucleus is
observed with a high probability at a positive reaction
Q value.

The cross sections for neutron or cluster transfer
reactions reach a maximum value at an energy close
to the reaction Coulomb barrier if at least one of the
reaction products is a nucleus whose binding energy
is large. The energy spectra for the observed products
of such reactions indicate that, in the exit channel,
such a reaction admits a description within the two-
body problem. The population of the ground state and
excited single-particle states in the residual nucleus
upon nucleon transfer is observed in this case.

As a rule, the cross sections for reactions involving
nucleon stripping, pickup, and charge exchange differ
strongly from one another (see Figs. 2 and 3). This is
because the probabilities for a nucleon transition from
a nucleus to its collision partner and the population of
the ground state and excited single-particle states are
different both in reactions on loosely bound nuclei [13,
14] and in the interaction of stable nuclei [15] in view
of the fact that nucleon transitions occur predomi-
nantly to such states of interacting nuclei that are
close in energy and spin. In the interaction of nuclei
that leads to the formation of reaction products at a
positive value of Qgg (for the ground state), states
of energy close or equal to Qgg are selected among
all neighboring states and are populated, which may
destroy the original population of outer orbits of the
projectile nucleus as it moves in the field of a heavy
target nucleus [16]. As a rule, this circumstance leads
to an enhanced probability for the transfer of neutral
particle (neutron) from the projectile nucleus [17].

In the case of charged-particle transfer, the change
in the energy should be corrected not only for the
difference of the Qgg values but also for the change
in the Coulomb interaction energy [17, 18]. As a
result, an effective change in the energy occurs; that
is, Qeff = Qgg − Qopt, where the second term Qopt
stems from the change in the Coulomb energy. The
change in the energy upon charged-particle transfer
is related to the quantity

Qopt = Ei

(
Zf zf

Zi zi
− 1

)

where Ei the c.m. projectile energy and Zi and zi (Zf

and zf ) are the charge numbers of, respectively, the
target and projectile nuclei (charge numbers of final-
state nuclei) [18].

For reactions involving light projectile nuclei and
light target nuclei, in which case the charges Zi and zi

are close, Qopt will change slightly (from 0 to 1 MeV
[18]) near the reaction barrier. This should lead to a
predominant population of the ground state and the
excited states closely lying to it in the final nucleus.
As the energy of bombarding particles increases, the
probability for the population of higher lying states in
the acceptor nucleus grows [15].

The change in the energy Qopt becomes sizable
in transfer reactions governed by the mechanism of
stripping of a proton (or other particles) from light
projectiles to heavy target nuclei [18, 19]. For exam-
ple, Qopt may reach a value in excess of 6 MeV upon
proton or deuteron stripping from a 6Li light projectile
nucleus to a 209Bi heavy target nucleus in the region
of energies near the Coulomb barrier.

In transfer reactions proceeding via the mecha-
nism of nucleon pickup from a target nucleus by a
light projectile nucleus, there arises a vacancy (hole)
in that shell of the residual nucleus where a nucleon
was before the transfer event. The filling of vacancies
can lead to the rearrangement of nucleons in the
shell and to the excitation of higher lying states [13,
20]. In the one-nucleon-transfer reactions proceed-
ing through the pickup mechanism, one can observe,
as a rule, smaller values of cross sections with respect
to their analogs for the stripping mechanism.

The cross sections for the 3,6He+197Au reactions
involving neutron transfer both to a target nucleus
and to a projectile nucleus were recently calculated
with allowance for nucleon transitions to various lev-
els predicted by the shell model by applying the sta-
tionary strong coupled channel method and by cal-
culating the coupling matrix for two-center neutron
channels. The results of solving the time-dependent
Schrödinger equation [21, 22] were used to determine
the strong coupled channel constant. These esti-
mates of cross sections for transfer reactions agree
fairly well with the corresponding experimental values
and do not contradict the above statements that vari-
ous excited states are populated in the target nucleus
upon neutron transfer from a light projectile nucleus
(3Не or 6Не) to a heavy target nucleus.

4. ISOMERIC RATIOS

The difference in the population probability for ex-
cited states in fusion and transfer reactions naturally
affects the decay of isomeric states of nuclei. The
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cross sections for the production of mercury, thal-
lium, and gold nuclei in the ground and isomeric
states were measured in [3–9]. In particular, this
concerns the isomers of the isotopes 195mHg and
197mHg(7/2−), 198mTl and 196mTl(7+), and 196mAu
and 198mAu(12−) obtained in the reactions induced
by beams of loosely bound 3He, 6He, 6Li, and other
stable nuclei. For the same nuclides of mercury, thal-
lium, and gold, the isomeric ratios were determined
in [19, 23].

The behavior of the excitation functions and iso-
meric ratios for the products of fusion reactions fol-
lowed by neutron evaporation can be explained within
models of nuclear reactions proceeding through a
compound nucleus. As a rule, reactions proceeding
through a compound nucleus are characterized by
higher isomeric ratios [19, 24] that change in re-
sponse to changes in the projectile energy and sort
(owing to a change in the introduced orbital angular
momentum and excitation energy) [24].

In reactions involving the emission of charged par-
ticles, isomeric ratios have different values for differ-
ent reaction types, but, as a rule, they are lower than
the isomeric ratios in fusion reactions accompanied
by neutron emission because a higher excitation en-
ergy is necessary for the emission of charged particles
and because a charged particle can take away a higher
orbital angular momentum.

Isomeric ratios for direct reactions proceeding
through the mechanism of neutron transfer to a target
nucleus or to a projectile particle (stripping or pickup
mechanism) usually have lower values [19]. The same
conclusion on isomeric ratios for nuclei produced in
direct reactions in beams of alpha particles was drawn
in [25].

In the case of neutron transfer from a light pro-
jectile nucleus to a light or heavy target nucleus,
the ground state and the closest low-lying states are
populated. As was indicated above, the probability for
the population of higher lying states increases with
projectile energy [14, 15]. In the subbarrier region and
in the vicinity of the Coulomb barrier, the isomeric
ratio grows in this case with projectile energy.

In reactions where a light projectile picks up a
neutron from a heavy target nucleus, this neutron
leaves a vacancy (hole) in the heavy target nucleus.
Excited particle–hole and isomeric states may be
populated owing to nucleon rearrangement in filling
this vacancy. Although the cross section for nucleon
capture from the target nucleus grows with projectile
energy, the population probability for the same excited
particle–hole and ground states in the residual nu-
cleus is likely to increase. Therefore, the isomeric ra-
tios for nuclei produced in such reactions are virtually
independent of the projectile energy [13, 19].
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Fig. 4. Isomeric ratios versus the energy of 6He for nu-
clei produced in the 197Au+6He reaction: (closed cir-
cles) 198Tl, (closed boxes) 198Au, and (closed triangles)
196Au.

Investigation of nuclear reactions in beams of
ions accelerated to an energy close to the reaction
Coulomb barrier shows that the behavior of the cross
sections for fusion and transfer reactions depends
greatly on the reaction Qgg value (see table). At
positive values of Qgg for reactions involving loosely
bound and halo nuclei, the compound nucleus ac-
quires a higher excitation energy even in the sub-
barrier region of energies. However, a positive value
of Q in fusion reactions has virtually no effect on
values of isomeric ratios and their behavior (isomeric
ratios grow in the subbarrier energy region, thereupon
reaching a plateau or decreasing in some cases). It
was indicated in [25] that, for nuclei produced in fu-
sion and transfer reactions induced by bombardment
with alpha particles, isomeric ratios decrease as the
difference in spins between the isomeric and ground
states increases. Our group did not observe this trend
for isomeric ratios in the reactions involving loosely
bound nuclei (see Figs. 4 and 5).

In order to calculate isomeric ratios for products of
incomplete-fusion and nucleon-transfer reactions, it
is necessary to estimate the orbital angular momen-
tum introduced by an exchanged particle or cluster
and the energy transfer from it. It can be expected
that low-lying single-particle levels in a newly formed
nucleus are populated in the case of the transfer of
particles that have a low energy or a low orbital an-
gular momentum. This will reduce substantially the
number of steps of deexcitation of this nucleus and
diminish the population of isomeric states.

Let us now consider the population of isomeric
states in nuclei formed in one and few nucleon transfer
reactions. In [23], the excitation functions and the
isomeric ratio (σm/σg) are presented for the isotope
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Fig. 5. Isomeric ratios versus the 3He energy for nuclides
produced in the 197Au+3He reaction: (closed circles)
197Hg, (closed diamonds) 198Tl (present study), (closed
boxes) 196Au [26], and (closed triangles) 198Au [26].

196Au produced in the interaction of 6He with the
197Au target nucleus (see Fig. 4). Over the whole
measured range of energies, the isomeric ratio has a
value of about 10−1, which changes only slightly in
response to an increase in energy. Collisions between
6He and gold nuclei are accompanied by a sizable
energy transfer leading to the excitation of nucleons in
outer orbits and to the breaking of neutron pairs that
is followed by the transfer or emission of one of the
neutrons. For nuclei in the vicinity of closed shells,
this results in the formation and population of excited
particle–hole states, including isomeric states. As
the energy of bombarding particles grows, the pop-
ulation probability for excited states increases, but
the isomeric ratios undergo virtually no change. This
approach to the formation and population of particle–
hole states is considered within the shell and exciton
models.

The cross sections for reactions leading to the
production of 196Au nuclei in the ground and isomeric
states were also measured in 3He beams [26]. As
the energy of the 3He beam changes (see Fig. 5),
the isomeric ratios obtained in those measurements
behave in just the same way as in reactions induced
by 6Не beams. The absolute values of the isomeric
ratios for 196Au have the largest values in reactions
involving 6Не.

The production of the isotope 198Au in the ground
and isomeric states was studied earlier in the reaction
of neutron transfer to a 197Au nucleus in the inter-
action with deuterons and alpha particles [27, 28],
in which case the growth of the isomeric ratio with
increasing energy was observed, but their values were
found to be relatively low (10−3–10−2).

The excitation functions for the production of the
isotope 198Au (in the ground and isomeric states) in
the 6He+197Au reaction are presented in [23] along
with respective isomeric ratios. A possible explana-
tion for low values of the isomeric ratios (see Fig. 4)
is that the neutron transferred from a light projectile
nucleus to a heavy gold target nucleus populates in
it low-lying states similar in structure to respective
projectile states [19], and this cannot help affecting
the population of high-spin (12−) isomeric states in
the 198mAu nucleus formed. As the energy of pro-
jectile nuclei grows, the probability for the popula-
tion of higher excited and isomeric states naturally
increases, and so do the isomeric ratios.

The population of isomeric states of 198Au was
also studied in other transfer reactions involving halo
nuclei. Neutron transfer to a 197Au target nucleus
from a 8He projectile nucleus was also observed with
a high probability [29]. In this reaction, the isomeric
ratios for 198Au also grows in the subbarrier region up
to a value of about 10−2.

It was shown in [4, 5] that, at energies close to the
reaction Coulomb barrier, the probability for deuteron
transfer from the 6Li nucleus to the platinum target
nucleus is high, and the isomeric ratio for the 198Au
nucleus formed reaches a somewhat greater value of
about 10−1 [30].

The cross sections for 197Hg production in the
ground and isomeric states were measured in the
reaction 197Au(3He t)197Hg, and the respective iso-
meric ratio was determined (see Fig. 5) and found to
have a relatively high value of about 0.1 remaining
virtually invariable upon the change in the 3Не en-
ergy [12]. Relatively large values of the cross sections
for the (3Не, t) reactions both on scandium [8, 9]
and on gold nuclei are noteworthy. This result can
be qualitatively explained by the fact that, at these
values of Q, the reaction in question proves to be in
the region of charge-exchange resonances, with the
result that the population of highly excited states in
the target nucleus occurs.

5. CONCLUSIONS

The cross sections for the production of mer-
cury, thallium, and gold nuclides in the ground and
isomeric [195mHg and 197mHg(7/2−), 198mTl and
196mTl(7+), and 196mAu and 198mAu(12−)] states
formed in reactions induced by beams of loosely
bound and clustered nuclei of 3He, 6He, and 6Li were
measured, and the isomeric ratios were calculated
for these nuclides. This made it possible to get a
clearer idea of the relationship between the resulting
isomeric-ratio values, on one hand, and different
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reaction mechanisms and respective distinctions
between the populations of excited states, on the
other hand.

The behavior of the excitation functions and iso-
meric ratios for the products of fusion reactions fol-
lowed by neutron evaporation can be explained within
the compound-nucleus model. Reactions proceeding
through a compound nucleus are characterized, as
a rule, by higher isomeric ratios, which change with
projectile energy and sort.

A comparison of experimental values obtained for
the cross-section ratios σm/σg in different reactions
shows that there is a large difference in the values and
in the behavior of the isomeric ratios between fusion
and direct reactions.

The isomeric ratios for direct reactions that pro-
ceed through nucleon transfer to a target nucleus or
to a projectile particle (stripping or pickup mecha-
nism) have lower values. In the case of the neutron-
stripping mechanism, the population of low-lying
states of the final nucleus occurs; as the energy
of bombarding particles grows, the probability for
the population of higher lying states increases. In
the subbarier region and in the region near the
Coulomb barrier, the isomeric ratio therefore grows
with projectile energy.

In reactions where a light projectile nucleus picks
up a neutron from a target nucleus, this neutron
leaves a vacancy (hole) on the level that it originally
occupied in the target nucleus. Excited particle–hole
and isomeric states may be populated in the residual
nucleus upon filling this vacancy. As a rule, the
pickup of one of the target nucleons therefore occurs
from high-lying energy levels, and this leads rather
small cross-section values. Although the growth of
the energy of bombarding acceptor particles leads to
an increase in the cross section for nucleon capture
from the target nucleus and in the probability for the
population of high-lying excited particle–hole states
in the residual nucleus, the isomeric ratio for such
reactions is virtually independent of the energy of
bombarding particles.

In the case of charge-exchange reactions in beams
of loosely bound nuclei, the isomeric ratios change
only slightly. It seems that, in these reactions pro-
ceeding at energies close to the Coulomb barrier (with
allowance for Q), the region of charge-exchange res-
onances is reached, so that highly excited states of the
target nucleus, including isomeric states, are popu-
lated.

ACKNOWLEDGMENTS

I am grateful to my colleagues with whom I per-
formed experiments devoted to measuring cross sec-
tions for the production of the nuclei studied here and

the isomeric ratios for them in the aforementioned
reactions induced by 3He, 6He, and 6Li beams ob-
tained at the accelerators of Nuclear Physics Institute
(ASCR, Řež, Czech Republic) and JINR (Dubna,
Russia).

REFERENCES
1. G. Audi and A. H. Wapstra, Nucl. Phys. A 595, 409

(1995).

2. G. Audi et al., Nucl. Phys. A 729, 337 (2003).

3. Yu. E. Penionzhkevich et al., Eur. Phys. J. A 31, 185
(2007).

4. Yu. E. Penionzhkevich et al., J. Phys. G 36, 025104
(2009).

5. N. K. Skobelev, N. A. Demekhina, R. Kalpakchieva,
et al., Phys. Part. Nucl. Lett. 6, 208 (2009).

6. N. K. Skobelev, A. A. Kulko, V. Kroha, et al., J. Phys.
G 38, 035106 (2011).

7. A. A. Kulko, N. K. Skobelev, V. Kroha, V. Bur-
jan, Z. Hons, A. V. Daniel, N. A. Demekhina,
R. Kalpakchieva, A. Kugler, J. Mrázek, Yu. E. Pe-
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