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Excitation functions for evaporation residues in the reactions 197Au(6He, xn)203-xnTl, where x = 2 - 7, and
Pb(6He, 2n)210Po, as well as for neutron transfer reactions for the production of 196Au and 198Au in the interaction of
6
He with 197Au were measured. 6He beam was obtained from the accelerator complex for radioactive beams DRIBs
(JINR). The energy of the incident beam was about 10 MeV/A and the intensity reached 2 ⋅ 107 pps. The stacked foil
technique was used directly in the beam extracted from the cyclotron or in the focal plane of the magnetic spectrometer
MSP-144. The identification of the reaction products was done by their radioactive γ- or α-decay. Unusually large cross
section was observed below the Coulomb barrier for the production of 198Au in the interaction of 6He with 197Au.
Possible mechanisms of formation and decay of transfer reaction products are discussed. An increase in the cross
section was observed for the fusion reaction with the evaporation of two neutrons compared to statistical model
calculations. The analysis of the data in the framework of the statistical model for the decay of excited nuclei, which
took into account the sequential fusion of 6He has shown good agreement between the experimental and the calculated
values of the cross sections for the case of sub-Coulomb-barrier fusion in the 206Pb + 6He reaction.
206

1. Introduction
The investigations of the interaction of 6He with
other nuclei make it possible to obtain information
on the structure of this exotic nucleus. In spite of the
almost 10-years history of these and other studies
with a variety of exotic nuclei, there is still
controversy in the interpretation of the data
obtained. Of interest from experimental and
theoretical point of view continue to be reactions
induced by neutron halo nuclei. Especially much
attention is paid to 6He-induced reactions leading to
the formation of compound nuclei, which then can
decay by the evaporation of neutrons or fission. The
first experimental paper [1] on the subject was
dedicated to the study of fission of the compound
nucleus 215At, formed in the bombardment of a 209Bi
target with 6Не ions. A significant enhancement was
observed in the cross section, especially in the subCoulomb barrier energy region, compared to what
was expected according to the statistical model.
Such an enhancement was earlier predicted in a
series of theoretical papers [2, 3]. In particular, an
increase of the probability of penetrating (tunneling)
through the potential barrier due to its extended
neutron distribution, compared to that in ordinary
nuclei close to the line of stability, was predicted for
11
Li. Such distributions, as has been shown in ref. [4]
may bring forth a coupling of the collective degrees
of freedom and, respectively, an increase of the
reaction cross section, especially in the sub-barrier
region.
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The extended distribution of nuclear matter is
characteristic for light neutron-rich nuclei, in which
the presence of valence neutrons can lead to the
formation of a neutron halo. 6Не and 11Li are among
the nuclei with such a structure. Different reaction
mechanisms can manifest themselves in the
interaction. Among them are the exchanges of one or
several nucleons between the target and projectile,
inelastic scattering, etc. Additionally, the weak
binding of the halo neutrons leads to an increase in
the probability of the breakup of the nuclei. This
may be accompanied by the consequent capture of
the residual core by the target nucleus or by the
transfer of nucleons without any further interaction
between the nuclei – this exit channel can be
referred to as stripping. The variety of possible
processes makes it difficult to analyze the
experimental data and requires the consideration of
all possible reaction channels.
Soon after the first experimental paper on the
fusion-fission reaction induced by 6Не [1], a series
of experiments was undertaken, whose aim was to
determine the probability of fusion of 6Не with other
nuclei close to the Coulomb barrier. For instance, in
[5] investigated the same reaction, 209Bi + 6Не, as
was used in [1]. The excitation function for the
decay of the compound nucleus by emission of three
neutrons was measured and the comparison with the
statistical model for the formation and decay of the
compound nucleus confirmed that an enhancement
of sub-barrier fusion of 6Не nuclei takes place. The
next measurement of the excitation function for the
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fission channel in the 6Не + 238U reaction [6] also
allowed drawing the conclusion that the probability
of fusion-fission, when using a 6Не beam at
Coulomb barrier energies, is strongly enhanced.
However, a later experiment of the same group
involving the measurement of the fission fragments
in coincidence with α-particles, produced after the
breakup of 6Не, has shown that sub-barrier fusionfission for this reaction can easily be explained in
terms of the fission of the uranium target after the
transfer of one or two neutrons. This circumstance
led to a new paper [7] of the same authors [6], in
which they insisted that no enhancement of the
fusion of 6Не was present in the mentioned reaction.
There are a few more papers reporting on fusion
reactions with 6Не [8, 9]. However, these
measurements require the inclusion of more
information on the different exit channels and higher
statistics in order to be considerably more reliable.
The existence of such controversial data is
evidence of the difficulties, which have to be
overcome in experiments with radioactive ion
beams. One such problem, in the first place, is the
low intensity of the secondary beams. This makes
measurements in the region of the Coulomb barrier
extremely time consuming, if high statistics is to be
obtained. Secondly, in order to study the excitation
functions in a broad energy range (5 - 70 MeV/A), it
is necessary to decrease the beam energy using
degraders, which in turn deteriorates the beam
energy dispersion. Finally, at the relatively low
beam intensity, it is desirable to use detector arrays
of high efficiency, located at forward angles with
respect to the beam direction.
It is necessary to note that such conditions can be
provided only at facilities based on the ISOLmethod. Such facilities in addition to DRIBs are
SPIRAL1 in France and the accelerator at Louvainla-Neuve (Belgium).

All this we took into account when preparing the
experiments described below. The launching of the
accelerator complex for radioactive beams DRIBs
[10] at FLNR (JINR) in the end of 2004 made it
possible to produce 6Не beams with an intensity of
up to 5 ⋅ 106 pps in a wide range of energies (3 - 10 MeV/A), the energy resolution being not worse
than 1 %. The results of the first experiment aimed
to study the interaction of 6Не with 197Au and 206Pb
have been already published in [11].
In the present paper we report on new
measurements of the excitation functions of product
nuclei from the reactions 197Au(6He,xn)203-xnTl,
where x = 2 - 7, and 206Pb(6He, 2n)210Po as well as
for the transfer reactions on a 197Au target with the
formation of the 196Au and 198Au isotopes, with a
beam dose about a factor of 10 higher and, in
addition, at energies considerably lower than the
Coulomb barrier of the reactions.
2. Experimental Method
In the experiments, a beam of accelerated 6Не
ions with an energy of up to about 10 MeV/A was
used. It was provided by the DRIBs complex at
FLNR, JINR [10]. This complex is a tandem
including the FLNR cyclotrons U400M and U400
(Fig. 1). The 6Не nuclei were produced in a thick
beryllium or carbon target bombarded with a 7Li
beam accelerated to 35 MeV/A (its intensity being
1 - 1.5 eµA) at the U400M accelerator and diffused
into the ECR-source chamber from a porous carbon
catcher (heated up to 1600 °C). After ionization of
the 6Не atoms in the ion source, the single-charged
6
Не ions were transported to the second accelerator
U400, where they were further accelerated to an
energy of about 10 MeV/A with intensity up to
1 - 2 ⋅ 107 pps.

Fig. 1. Schematic layout of the complex DRIBs for producing the radioactive 6He beam.
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The 6Не+2 beam was extracted from the U400
cyclotron by a thin aluminum stripping foil. The
optimization and transport of the 6Не+2-ion beam
made it possible, without applying any additional
collimation, to have a 7 × 7 mm beam spot on the
physical targets.
For the beam diagnostics of the low-energy 6Не
ions, scintillation detectors were placed [12] in the
beam-transport line, whereas immediately in front of
the physical setup the parameters of the beam
(intensity and size) were measured with a specially
designed multi-wire proportional chamber [13]. The
energy of the beam was measured with the MSP-144
magnetic spectrometer [14] or with a semiconductor
detector placed at 0° relative to the beam direction.
The experiments were aimed at studying the
interaction of 6Не with the target nuclei 197Au and
206
Pb. The excitation functions of the fusion
reactions with the consequent evaporation of 2 to 7
neutrons from the compound nuclei and of transfer
reactions were measured.
The measurement of the yields of the fusion
reaction evaporation residues and of the transfer
reactions was performed by the activation method.
The details of experiment are presented in ref. [11].
Here we shall mention them only briefly. Two stacks
of foils were placed in the reaction chamber of the
magnetic spectrometer MSP-144 one after the other:
first – a stack consisting of one 50-µm and twelve
13-µm thick gold foils, and further downstream – a
second stack of six 206Pb targets, 600 - 700 µg/cm2
each. In order to tune the 6Не beam and to measure
its intensity and spatial distribution, the multi-wire
proportional chamber for beam diagnostics was
placed in front of the stacks. After passing through
the two stacks, the beam entered the magnetic
spectrometer MSP-144, which gave a precise
measurement of the residual energy of the beam.
The 6Не energy and the energy loss in each layer of
the stacks were calculated with the LISE code [15]
and the calculated residual energy was compared to
the value measured by the magnetic spectrometer. In
this way, in spite of the rather large energy
dispersion of the beam after the last target in the
stack (±2 MeV), the absolute value of the energy at
each target was determined with good accuracy
(better than 1 MeV).
Now was irradiated only one stack of fifteen
197
Au (seven 13-µm, four 5-µm and four 4-µm)
targets. Different absorbers were used to decrease
the initial energy of the beam down to 43.3 MeV.
The energy incident on each successive target was
determined separately by multiple measurements
using a semiconductor monitor detector placed at 0°
relative to the beam. The measured FWHM and the
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energy loss in each target were used to define the
uncertainty in the energy values for each cross
section point. The energy values refer to the middle
of the targets.
Then, the initial energy was lowered to 25.5 MeV
by means of two foils: a gold one, which served also
as a target for the excitation function on 197Au, and
an Al one. A stack of seven thin 206Pb targets was
used. After it, two 5-µm 197Au targets were placed in
order to measure the transfer reactions deeply below
(E ≤ 10 MeV) the Coulomb barrier of the reaction (E
≈ 20.9 MeV). Before than the stack was finally
assembled and irradiated, the energy of the beam
entering each successive target was measured by the
monitor detector at 0°. During the irradiation, the
monitor was kept in the beam to control its stability.
In next run, the stringent requirements,
concerning the stability of the beam and the
necessity to reduce as much a s possible the energy
spread of the beam falling on the 197Au targets at
very low energies, were met by placing the stack of
gold foils at the focal plane of the magnetic
spectrometer MSP-144 [14]. The layout of the
experimental setup is shown in Fig. 2.

Fig. 2. Schematic layout of the activation experiments
using the MSP-144 magnetic spectrometer.

In this case, the energy of the beam stringent on
the stack was E ± δE, where δE was determined by
the extension of the target along the focal plane
(18 mm), which corresponded to a value of
±250 keV. The 197Au stack contained 7 foils each
6.6 µm thick. The initial energy of the 6He beam was
reduced to 23.3 MeV. The energy and its spatial
distribution were measured by varying the magnetic
field in the magnetic spectrometer: two independent
detection arrays were used – the MSP focal plane
detector and two PIN detectors placed at two
different positions on the focal plane. After this, the
197
Au stack was placed at the position of the
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3. Results and Analysis
On the basis of the measured yields of the
isotopes, formed after the evaporation from the
compound nucleus 203Tl of 2 to 7 neutrons, taking
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into account the 6Не beam intensity and the target
thickness, we could determine the cross sections for
the formation of the different isotopes and their
dependence on the bombarding energy (the
excitation functions). The same procedure was
applied for 210Ро, which was formed in the
206
Рb(6He,2n)210Ро reaction.
The excitation functions measured for the
reaction channels 6Не + 197Au → 203-xTl, where x =
= 2 - 7 are shown in Fig. 3. The analysis of the
obtained data was performed using the code
“ALICE-MP” [19]. The values of the parameters
used were taken from analyses of experimental data
on the cross sections of evaporation reaction
channels induced by heavy ions in the range of
medium and heavy nuclei [20]. The solid curves in
Fig. 3 represent the results of the calculations in the
framework of the statistical model of decay of
compound nuclei.
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maximum beam intensity. The beam dose on the
stack was measured by a scintillation counter behind
it. On both sides, other counters were placed for
additional control of the beam quality. The longterm high stability (about 10−5) of the magnetic field
of the spectrometer allowed defining the final energy
spread for each calculated cross section point mainly
by the energy loss in each target.
After the irradiation the γ-activity induced in the
gold foils was measured off-line using four energy
and efficiency calibrated HPGe detectors (the
efficiency was about 4 - 5 % for Eγ = 662 keV) of
high-energy resolution (1.2 keV for the γ-transition
at 1332 keV). For the analysis of the γ-spectra, the
program DEIMOS- 32 [16] was used. Peaks in the γspectra could be identified as belonging to the Tl
isotopes, which are the decay products of the
compound nucleus 203Tl after the evaporation of 2 7 neutrons.
In addition to the Tl isotopes, the production of
the isotopes 194Au, 196Au and 198Au could be
identified in the spectra measured for the gold
targets by means of the γ-transitions following their
decay.
The cross sections for the formation of the
reaction products were calculated taking into
account the relevant beam dose and time factors, the
target thickness, the decay characteristics of the
identified isotopes [17] by the formula [18, 19]. The
statistical errors for the cross section values have
been obtained as mean square of the errors of the
extracted peak area, the subtracted background, as
well as the detector’s efficiency errors. The energy
dispersion at each cross section point represents the
mean square of the measured energy spread and the
energy loss of the 6Не beam in each foil, whereas the
each energy value relates to the middle of the
respective target.
The 206Pb stack was measured using an αspectrometer and the excitation function for the
formation of the compound nucleus 212Ро and its
decay by emission of two neutrons, 206Рb(6Не,
2n)210Ро, was obtained in the beam-energy range
10 - 25.5 MeV (the Coulomb barrier for the given
reaction is 21.5 MeV). The 210Ро isotope was
identified by the α-particle energy (Еα = 5.3 MeV)
and its half-life (Т1/2 = 138 d). The energy resolution
of the α-spectrometer amounted to about 50 keV,
and the total efficiency of registration of the
α-particles was about 50 %.
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Fig. 3. Experimental excitation functions for the 197Au +
+ 6Не → 203-xnTl reaction, where x = 2 - 7. The symbols
denote: − – 2n, ∆ – 3n, ! – 4n, 6 – 5n, Λ – 6n, ξ – 7n
evaporation channels; the curves – calculations with the
“ALICE-MP” code [19, 20] using the following
parameters for the interaction potential: r0 = 1.29 fm,
V = -67 MeV and d = 0.4 fm [20]. Bс is the Coulomb
barrier reaction.

It can be seen that the experimental and calculated
cross sections at the maxima are in agreement what
concerns the evaporation of 3 - 7 neutrons. Except
that at somewhat higher energies, a retarded decrease
in the cross section is present. Such high-energy
“tails” have been formerly observed in α-particle
induced reactions and have been explained as due to
pre-equilibrium emission [21].
Direct analogy in the behavior of the excitation
functions of reactions with 6He and 4He can be
demonstrated, if we compare the excitation functions
of the two reactions 197Au(6He, xn) and 197Au(4He,
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xn) [22], as a function of excitation energy. Such a
comparison is made in Fig. 4 for the evaporation
channels with x = 2, 3 and 4. As shown in the figure,
at energies above the maximum of their excitation

functions, the experimental cross sections for the
case of the incident 6He fall off faster than in the
case of 4He.

σ, mb
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Fig. 4. Cross sections for different evaporation residues, obtained in the 197Au(6He, хn) reaction (! - present work),
compared with results from 197Au(4He, хn) [22 and references therein].

From the comparison of these spectra, a
conclusion can be drawn that in the process of
formation of a compound nucleus, the α-particle core
in 6He behaves as a free 4He nucleus. This could be
expected due to the weak binding of the valence
neutrons with the α-particle. Obviously, in the 3nevaporation channel one neutron is emitted from the
α-particle core, while the other two are “provided” by
the valence neutrons of 6He. Because of this, it can be
assumed that the 3n-channel in the case of the 6Heinduced reaction is an analog of the 1n-channel in the
reaction with the 4He beam. In the 4n-channel, the
pre-equilibrium neutrons can be 1 or 2.
Contrary to the excitation functions for x = 3 - 7,
the cross sections for the 2n-exit channel (the
nucleus 201Tl is formed) are significantly higher than
the values, calculated using the one-dimensional
barrier between the interacting nuclei [19]. This may
be connected with the fact that the reaction with total
absorption of 6He by the 197Au target nucleus has a
large positive Q-value, equal to +12.2 MeV. Thus,
the position of the maximum of the excitation
function for the evaporation of two neutrons is
deeply below the barrier. Therefore, the noticeable
difference between the calculated and experimental
cross sections must be the result of sub-barrier
enhancement.
We have observed quite a similar situation in the
case of the interaction of 6He with 206Pb. The
difference between the two reactions lies in the fact
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that in the 6He + 206Pb case, the Q-value is equal to
+4.2 MeV. This, in turn, makes the 2n-channel less
“sub-barrier”, and, consequently, leads to somewhat
larger cross section values.
The difference between experiment and
calculations is particularly well seen in Fig. 5, where
the excitation function for the 206Pb(6He, 2n)210Po
reaction is shown.
The cross section for this reaction at the
maximum, according to the statistical model
calculations (the dashed line), should be small,
because the maximum is situated at energies below
the Coulomb barrier. However, as can be seen from
the presented data, even at energies 7 MeV below
the Coulomb barrier for the 206Pb + 6He reaction, the
cross section for formation of 210Po, i.e. for the
evaporation from the compound nucleus of two
neutrons, is rather large and amounts to 10 mb.
Thus, due to the observation of the reaction with the
evaporation of two neutrons we could draw the
conclusion that a considerable enhancement of the
cross section for the fusion of 6He with the 197Au and
206
Pb nuclei exists at energies close to the barrier. In
the same figure, the results of the calculations for the
two-step fusion process are also presented [23]. In
this model, it is assumed that a consecutive transfer
of neutrons from the 6He nucleus to the target
nucleus takes place. At this, the excitation energy of
the nuclear system increases by Ecm + Qgg, a value
which is quite higher than the Coulomb barrier and
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leads to the tunneling, at the latest stage, of the particle through the barrier. The agreement between
the experimental reaction cross sections for the
206
Pb(6He, 2n)210Po reaction with the calculated ones
can be considered as evidence that the sequential
fusion process for weakly bound nuclei seems to be
the main process, which influences the fusion
probability of 6He with 206Pb and leads to the
10

increase in the reaction cross section at energies far
below the barrier.
The measured excitation functions for the
formation of the gold isotopes 194Au, 196Au and
198
Au in their ground states in the 6He+197Au
reaction are shown in Fig. 6. We tried to explain the
behavior of the cross sections from the point of view
of kinematics and reaction dynamics.
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Fig. 5. Excitation
function
measured
for
the
206
Pb(6He, 2n)210Po reaction. Dashed line – calculations
within the framework of the statistical model, solid line –
calculations using the two-step fusion model [23], taking
into account the beam energy spread. Вс is the Coulomb
barrier.

Fig. 6. Experimental excitation functions for the formation
of the isotopes 8 - 194Au, ! - 196Au and − - 198Au in the
197
Au + 6Не reaction.

Before that the following remark should be made.
The contribution of transfer of charged particles and
complete fusion to the formation of these isotopes is
negligibly small. As shown by calculations within
the statistical model, this probability amounts to less
than 0.01 for the used energy range. As a result,
mainly neutron transfer contributes to the formation
of the gold isotopes.
Thus, the simplest ways in which target-like
isotopes might be formed in the given reaction are:
the isotopes 196Au and 194Au result after the removal
of one and three neutrons from 197Au, respectively,
whereas 198Au is formed after the pick-up by 197Au
of one neutron from 6He. The isotope 199Au was not
observed, but we shall nevertheless make some
remarks on it in connection with the formation of the
lighter isotopes.
The isotope 199Au. The production of 199Au
involves a large reaction Q-value (Qgg =
= +13.12 MeV), which means that there is
kinematical mismatch, leading to low cross section.
In fact, in our experiments, only an upper limit for
the formation of the 199Au isotope was determined.
This gives evidence for the low probability of
populating the ground state of this nucleus when 6He

interacts with 197Au. Indeed, the transfer of two
neutrons in this case takes place to particle-unbound
states in 199Au, which means that it immediately
emits one (transition to 198Au) or more neutrons
(transition to lighter Au isotopes).
The isotope 198Au. As can be seen in Fig. 6, close
to the barrier, the probability of producing the 198Au
isotope is rather large (σ ~ 1.2 b). At first
consideration, this may be taken as direct evidence
of large pure 1n-transfer cross section. That would
mean that the isotope 198Au is formed by 1n- transfer
to the 197Au target, followed by γ-transitions to its
ground state. In fact, the reaction Q-value for the
process of “6He 1n-stripping” (or pick-up of one
neutron by the 197Au target nucleus) is Qgg =
= 4.65 MeV, while the separation energy of one
neutron from 198Au is 6.51 MeV; therefore, there is
some probability for radiation transition to the
ground state.
Another way of producing 198Au is also possible,
viz. in the transfer of two neutrons to the 197Au target
nucleus and de-excitation of the recoiling target-like
nucleus 199Au through the emission of one neutron.
As mentioned above, the production of 199Au
involves a value Qgg = 13.12 MeV and, since B1n =
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The isotope 196Au. The cross section for pick-up
from 197Au smoothly decreases in the direction of the
Coulomb barrier and then at a value of about 10 mb
gets saturated, and after that falls down again until the
value of the 1n-transfer reaction threshold of
∼8.5 MeV is reached. This behaviour can be
explained by different mechanisms of formation of
the 196Au isotope (-1n channel). At energies well
above the Coulomb barrier, it seems that
predominantly knock-out of a neutron from the target
occurs. At energies close to and below the Coulomb
barrier, several contributions to the formation of 196Au
are possible. One is due to the evaporation of one
neutron after an inelastic process on 197Au (excited
197
Au* nuclei are produced). Additionally, the recoil
nucleus 198Au, produced in the 1n-transfer channel,
can be excited to E* ≈ 18 - 32 MeV so that it can
decay to 196Au by the emission of two neutrons. These
processes can explain, at least partially, the flat shape
of the excitation function, observed in the region
Elab ≈ 12 - 28 MeV.
The isotopes 194Au and 195Au. The isotope 195Au
has characteristics that are not convenient for its
detection. It has a very long (~186 days) half-life
and its most intensive γ-rays is in the region of
energies, where we observed significant background.
The isotope 194Au was observed at the highest in our
case beam energies (~50 - 60 MeV) and as is shown
in Fig. 6, its formation cross section amounts to
~30 mb, but quickly decreases at lower energies and
at 48.5 MeV we got an upper limit of 8.4 mb.
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= 7.58 MeV, the channel of 1n-evaporation is open
to produce 198Au.
Obviously, the contribution of these two paths to
198
Au may vary at different incident energies.
At the same time, the probability of 3n-transfer to
197
Au with subsequent evaporation of two neutrons
is small. This follows from the low possibility to
pick up one neutron from 4He [22].
As it is known, 197Au has a large cross section for
pick-up of thermal neutrons. In order to study the
effect of background neutrons on the results, we
placed a thick Au foil next to our stack. The
γ-spectra measurements of this target showed that in
our case the contribution of background-neutroncapture to produce 198Au was insignificant.
As shown in Fig. 6, the cross section for the
transfer of one neutron to 197Au falls down to about
1 mb at ∼7 MeV. The rather fast drop of the cross
section for the formation of 198Au in the sub-barrier
region can be considered also as due to the turning
point of the entrance channel getting further when
going away from the barrier and to the exponential
dependence of the transfer form factor on the turning
point radius.
The observed effect in our experimental data on
198
Au can be compared to the situation with the
deuteron- stripping. Indeed, such an effect is well
known for (d, p) reactions, for which a significant
increase of the cross section, connected with the
polarization of the weakly bound deuteron, is
observed below the barrier (the so called
Oppenheimer-Phillips resonance [24]). In our case,
this effect may be stronger because of the smaller
neutron binding energy in 6He compared to that for
the deuteron and the larger repulsive forces of the
α-particle compared to the proton. Additionally, it
has been speculated in [25] that the observed
enhanced 6He total reaction cross section is due to
the quite probable dipole excitation. This excitation
occurs because the two halo neutrons are well
separated from the charged core and the centers of
charge and mass of the 6He nucleus do not coincide.
For energies close to the Coulomb barrier dipole
excitation can predominate as a result of the longrange Coulomb forces, which in turn leads to
deformation and breakup of 6Не [26]. In both cases,
neutrons can be transferred to the target nucleus.
Also, the large formation cross section for 198Au
could be the result of the interaction of a quasi-free
neutron in 6He with the 197Au target.
Meanwhile it seems, the increased formation
probability of reaction products at energies close to
the barrier, which imitate the transfer of one neutron
to the target nucleus, can be used to explain the
formerly observed in [6, 7] enhanced probability of
sub-barrier fission in the 238U + 6Не reaction.
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Fig. 7. Experimental cross sections for complete fusion
( ), for formation of 196Au (Μ) and 198Au (−) in the
reaction 6Не + 197Au (present experiment), and for
complete fusion (Χ) in the 4Не + 197Au reaction [22] as a
function of the difference between the center of mass
energy and the Coulomb barrier (Есм - Вс). The curves are
drawn to guide the eye.

The cross sections for the different reaction
channels (fusion and transfer) of 6He are presented
in Fig. 7, as a function of the difference Еcm - Вс.
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PECULIARITIES IN THE INTERACTION OF 6He

The excitation function for the fusion of 4He with
Au is also shown for comparison. One can see the
increase in the cross section for the 6Не + 197Au
fusion reaction in the sub-barrier region compared to
the case of 4He, and also the rather strong increase of
the formation cross section of 198Au.

in agreement with the model of “sequential fusion”
[23]. The reactions of transfer of one neutron from
6
Не to the 197Au target nucleus at deep sub-barrier
energies (Bcm - Ecm < 15 MeV) take place with
relatively high probability. This may be connected
with the interaction of quasi-free neutrons.

4. Conclusions
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In the present paper, we have presented results on
the measurements of the excitation functions for
fusion and transfer products in 6He induced reactions
on 197Au and 206Pb in a wide energy range including
deep sub-barrier energies. The experiments were
performed at the accelerator complex DRIBs in
Dubna, the 6Не beam intensity reaching 2 ⋅ 107 pps
at 10 MeV/A.
The following conclusions can be drawn. The data
on fusion reactions, followed by the evaporation of
two neutrons (206Pb + 6He and 197Au + 6He) at
energies close to the Coulomb barrier differ from
predictions within the framework of the statistical
model for compound nuclei decay. For these exit
channels a strong enhancement is observed and this is
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ДЕЯКІ ОСОБЛИВОСТІ ВЗАЄМОДІЇ 6He З ЯДРАМИ 197Au ТА 206Pb
ПРИ ЕНЕРГІЇ, БЛИЗЬКІЙ ДО КУЛОНІВСЬКОГО БАР’ЄРА
Ю. Е. Пеніонжкевич, Р. А. Астабатян, Н. А. Дємьохіна, Р. Калпакчиєва, А. А. Кулько,
С.П . Лобастов, С. М. Лук’янов, Е. Р. Маркарян, В. А. Маслов, Ю. А. Музичка, Ю. Ц. Оганесян,
Д. Н. Рассадов, Н. К. Скобелев, Ю. Г. Соболєв, Т. Жолдибаєв
Експериментально виміряно функції збудження для реакцій злиття з наступним випаровуванням нейтронів
Au(6He, xn)203-xnTl, де x = 2 - 7, та 206Pb(6He, 2n)210Po, а також для каналів передачі на 197Au з утворенням
ізотопів 196Au та 198Au. Мішені з 197Au та 206Pb опромінювались радіоактивним пучком 6He на прискорювальному комплексі радіоактивних пучків DRIBs ОІЯД. Інтенсивність пучка 6Не становила 2 ⋅ 107 с-1, максимальна енергія біля 10 МеВ/А. Стоси мішеней опромінювались на прямому пучку або на пучку після аналізу в
магнітному спектрометрі МСП-144. Ідентифікація продуктів проводилась за характеристиками їх γ- або
α-розпаду. Спостерігався незвичайно великий переріз утворення ізотопу 198Au при енергіях нижчих
кулонівського бар’єра. Розглянуто можливі механізми утворення та розпаду продуктів реакцій передачі
нуклонів. Спостережено значне збільшення перерізу каналу реакції злиття з випаровуванням двох нейтронів у
підбар’єрній області енергій порівняно з розрахунками за статистичною моделлю. Проведений аналіз експериментальних даних у рамках статистичної моделі розпаду збуджених ядер з урахуванням послідовного злиття
ядра 6Не показав хороше узгодження експериментальних та розрахованих значень перерізу для підбар’єрного
злиття ядер у реакції 206Pb + 6He.
197

НЕКОТОРЫЕ ОСОБЕННОСТИ ВЗАИМОДЕЙСТВИЯ 6HE С ЯДРАМИ
ПРИ ЭНЕРГИИ ВБЛИЗИ КУЛОНОВСКОГО БАРЬЕРА

197

AU И

206

PB

Ю. Э. Пенионжкевич, Р. А. Астабатян, Н. А. Демехина, Р. Калпакчиева, А. А. Кулько,
С. П. Лобастов, С. М. Лукьянов, Э.Р. Маркарян, В. А.Маслов, Ю. А. Музычка, Ю. Ц. Оганесян,
Д. Н. Рассадов, Н. К. Скобелев, Ю. Г. Соболев, Т. Жолдыбаев
Экспериментально измерены функции возбуждения для реакций слияния с последующим испарением
нейтронов 197Au(6He, xn)203-xnTl, где x = 2 - 7, и 206Pb(6He, 2n)210Po, а также для каналов передачи на 197Au с
образованием изотопов 196Au и 198Au. Мишени из 197Au и 206Pb облучались радиоактивным пучком 6He на
ускорительном комплексе радиоактивных пучков DRIBs ОИЯИ. Интенсивность пучка 6Не составляла 2 ⋅ 107 с-1,
максимальная энергия около 10 МэВ/А. Стопки мишеней облучались на прямом пучке или на пучке после
анализа в магнитном спектрометре МСП-144. Идентификация продуктов проводилась по характеристикам их γили α-распада. Наблюдалось необычно высокое сечение образования изотопа 198Au при энергиях ниже
кулоновского барьера. Рассмотрены возможные механизмы образования и распада продуктов реакций передачи
нуклонов. Имеет место значительное увеличение сечения канала реакции слияния с испарением двух нейтронов
в подбарьерной области энергий по сравнению с расчетами по статистической модели. Проведенный анализ
экспериментальных данных в рамках статистической модели распада возбужденных ядер с учетом последовательного слияния ядра 6Не показал хорошее согласие экспериментальных и расчетных значений сечения для
подбарьерного слияния ядер в реакции 206Pb + 6He.
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