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Abstract. Excitation functions for evaporation residues in the reactions *°*”Au(°He, 2n)?**~*Tl, x = 2-7,
and 206Pb(6He, 2n)210P07 as well as for neutron transfer reactions for the production of *Au and '°4Au
in the interaction of °He with **”Au were measured. The ®He beam was obtained from the accelerator
complex for radioactive beams DRIBs (JINR). The maximum energy of the beam was about 10 AMeV
and the intensity reached 2 x 107 pps. The stacked-foil activation technique was used directly in the beam
extracted from the cyclotron or in the focal plane of the magnetic spectrometer MSP-144. The identifi-
cation of the reaction products was done by their radioactive - or a-decay. The fusion reaction with the
evaporation of two neutrons was characterized by an increase in the cross-section 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 °He has shown good agreement between
the experimental and the calculated values of the cross-sections in the case of sub-Coulomb-barrier fusion
in the 2°°Pb + %He reaction. An unusually large cross-section was observed below the Coulomb barrier for
the production of 18 Au in the interaction of °He with *°” Au. Possible mechanisms of formation and decay
of transfer reaction products are discussed.

PACS. 25.60.-t Reactions induced by unstable nuclei — 25.60.Pj Fusion reactions — 25.60.Je Transfer

reactions

1 Introduction

It has been found long ago that the fusion of stable nuclei
at energies close to the Coulomb barrier strongly depends
on the coupling with other reaction channels, in parti-
cular with direct reactions [1,2]. In the case of some light
neutron-rich nuclei an extended distribution of nuclear
matter is observed and the presence of valence neutrons
can lead to the formation of a neutron halo, characterized
by small separation energy of the constituent nucleons.
6He is such an example. The reactions with halo nuclei
have aroused much interest and continue to be a chal-
lenge both to experiment and theory. In particular, much
effort has been devoted to studying near-barrier fusion of
light weakly bound nuclei. What concerns the interaction
of the neutron-rich halo nucleus ®*He with stable targets,
one can expect increased fusion cross-section due to the
reduction of the reaction Coulomb barrier because of the
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larger radius. On the other hand, the weak binding of
the halo neutrons leads to a higher breakup probability of
the nuclei which, in turn, reduces the fusion cross-section.
Consequent capture of the residual nucleus (the core) by
the target nucleus or transfer of nucleons without any fur-
ther interaction between the nuclei can take place. The
exchange of one or several nucleons between the target
and projectile, inelastic scattering, etc. are also probable.
However, if the couplings between fusion and transfer re-
actions with positive QQ-value are taken into account, it is
expected that the fusion involving ®He will be enhanced [3]
similarly to the cases observed for stable beams [1,2,4]. In
any case, the variety of processes makes it difficult to ana-
lyze the experimental data and requires the consideration
of all possible reaction channels.

Fusion and breakup reactions with halo nuclei have
been studied by different groups. A detailed picture of the
situation both from experimental and theoretical point of
view can be found in the recently published reviews [5,6].
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In an early experiment [7] with the radioactive ®He beam
the reaction 2°°Bi + SHe was used to measure the energy
dependence of the cross-section for the 4n evaporation
channel and for fission of the compound nucleus 2'At.
It was claimed that an enhancement was observed at re-
latively low energies compared to similar results from “He-
induced reactions and to theoretical expectations based
on the one-dimensional barrier penetration model. Such
an enhancement as a consequence of the increase of the
probability of penetrating (tunneling) through the poten-
tial barrier due to the extended neutron distribution, com-
pared to that in ordinary nuclei close to the line of stabil-
ity, was predicted for halo nuclei in a series of theoretical
papers; nevertheless, a satisfactory conclusion on the is-
sue could not be made as the reduction of the probability
for fusion at energies below the barrier was also antici-
pated [5,6].

Several subsequent experiments aimed to determine
the probability of fusion of ®He with other nuclei close to
the Coulomb barrier have not been able to resolve this con-
flicting situation. Here are some examples. In [8], the exci-
tation function for the decay of the compound nucleus by
emission of three neutrons was measured using (as in [7])
the reaction 2°°Bi + ®He. The comparison with the statis-
tical model for the formation and decay of the compound
nucleus confirmed that an enhancement of the sub-barrier
fusion of ®He nuclei takes place. It was argued in [8] that
the observed enhancement might result from coupling to
positive Q)-value neutron transfer channels, that leads to
a reduction in the fusion barrier. Suppression of fusion
due to projectile breakup was not observed. The follow-
ing measurement of the excitation function for the fis-
sion channel in the SHe + 233U reaction [9] also allowed to
conclude that the probability of fusion-fission with a ®He
beam at Coulomb barrier energies was strongly enhanced.
However, an experiment of the same group involving the
measurement of the fission fragments in coincidence with
a-particles, produced after the breakup of ®He, showed
that the sub-barrier fusion-fission for this reaction could
be explained in terms of the fission of the uranium target
after the transfer of one or two neutrons. This circum-
stance led to a new paper [10] with the statement that no
enhancement of the fusion of ®He was present in the men-
tioned reaction. There are a few more papers reporting on
SHe-induced reactions, e.g. [11-14]. In [11], fusion excita-
tion functions as well as angular distributions for the other
open channels —elastic scattering, transfer and breakup—
were measured at near-Coulomb-barrier energies and com-
pared for the two reactions He + %4Zn and *He + %4Zn.
It was concluded that the transfer and breakup reaction
mechanisms are predominant, whereas no enhancement of
the fusion cross-section of ®He was observed relative to
that for “He. Instead of using inclusive a-particle mea-
surements as in [11,13], in [12] inclusive in-beam ~-ray
detection and coincidences between the heavy reaction
products (identified by their characteristic y-rays) and the
projectile-like charged particles have been applied for the
6He 4 6365Cu reactions. In this experiment also, direct
evidence was found for large transfer cross-sections com-
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pared to those obtained with a *He beam and to expec-
tations from statistical model analysis; however, here the
lowest used He incident energy was 10 MeV higher than
the reaction Coulomb barrier. Also recently, a neutron-
a-particle coincidence experiment, aimed to separate the
different reaction mechanisms responsible for a-particle
emission, has shown a relatively strong contribution of
one-neutron transfer in the 2°YBi + SHe reaction [14]. This
is in line with discussions in [13] of the increased two-
neutron transfer observed in the same reaction.

However, conclusions from measurements of this type
require the inclusion of more information on the different
exit channels and higher statistics in order to be consid-
erably more reliable. In spite of the increasing number of
studies with different exotic nuclei, there is still contro-
versy in the interpretation of the data obtained and the
discussion about the effect of the halo structure on the
reaction mechanism is still open.

The existence of such controversial data is the evi-
dence of the difficulties which have to be overcome in ex-
periments with radioactive ion beams. In the first place
—this is the low intensity of the secondary beams. Hence,
measurements in the region of the Coulomb barrier are
extremely time consuming, if high statistics is to be ob-
tained. Secondly, in order to study the excitation functions
in a broad energy range (5-70 MeV), it is often necessary
to decrease the beam energy using degraders, which in
turn causes deterioration of the beam energy dispersion.
Finally, at a relatively low beam intensity, it is desirable
to use high-efficiency experimental techniques.

It seems that such conditions can be at present pro-
vided only at facilities based on the ISOL method. Such
facilities, in addition to DRIBs, are SPIRALI in France
and the accelerator at Louvain-la-Neuve (Belgium).

All this was taken into account when preparing the ex-
periments described below. The launching of the Dubna
accelerator complex for radioactive beams DRIBs [15] at
FLNR (JINR) made it possible to produce ®°He beams
with an intensity of up to 2 x 107 pps. The maximum ex-
tracted energy was about 10 MeV /A, the energy resolu-
tion being not worse than 1-1.5%. The results of the first
experiment studying the interaction of SHe with the tar-
get nuclei °”Au and 2°°Pb have been already published
in [16].

In the present paper we report on new measurements
which were aimed at studying the interaction of *He with
197 Ay and 2%Pb. The excitation functions of the fusion
reactions with the consequent evaporation of 2 to 7 neu-
trons from the compound nuclei and of transfer reactions
on 7Au with the formation of 8Au, 6Au and 94Au
were measured. A beam dose about a factor of 10 higher
than in [16] was used, and the energy range was extended
to energies significantly lower than the Coulomb barrier
of the reactions.

2 Experimental method

In the experiments a beam of accelerated SHe ions with an
energy of up to about 10 MeV /A was used. It was provided
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Table 1. Summary of °He bombarding conditions related to
the stacks: initial *He beam energy (Fini), energy incident on
first target (Fitar), energy spread AE (FWHM) and beam
intensity (I). **: present work.

Run | Eini AE Eitar AE I Ref.
No. | [MeV] | [MeV] [MeV] [MeV] | [pps]
1. 60.3 | +£0.4 |60.3 (Au) | +04 | 5-10° | [16]
21.8 (Pb)
60.9 | 4+0.4 | 43.3 (Au) | +0.6 | 2-10° | =
61.2 | +0.8 | 255 (Pb) | +1.1 | ~107 | #x
10.3 (Au) | +2.3
4. 61.9 | £0.7 | 23.3 (Au) | £0.25 | 5-10° | =

by the DRIBs complex at FLNR, JINR [15]. This complex
is a tandem including the FLNR cyclotrons U400M and
U400. The %He nuclei were produced in a thick beryllium
or carbon target bombarded with a “Li beam accelerated
to 35 MeV /A (its intensity being ~ 1.5 euA) 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 He atoms in the ion source, the
single-charged SHe ions were transported to the second ac-
celerator U400, where they were further accelerated to an
energy of about 10 MeV /A with intensity up to 2x 107 pps.
The %Het? beam was extracted from the U400 cyclotron
by a thin aluminum stripping foil. For beam diagnostics
and tuning of the low-energy %He ions, scintillation detec-
tors were placed [17] along the beam transport line. The
optimization and transport of the *Het2-ion beam made it
possible, without applying any additional collimation, to
have a (7 x 7) mm? beam spot on the physical targets. The
beam profile and intensity were measured with a specially
designed multi-wire proportional diagnostic chamber [18]
situated immediately in front of the physical setup.

A total of four runs were carried out (see table 1). The
energy of the extracted ®He beam after passing through
the diagnostic chamber is given in the second column.
It was measured with the MSP-144 magnetic spectrom-
eter [19] or with a semiconductor detector placed at 0°
relative to the beam direction. The energies of the beam
incident on the first gold or lead target in the stack (col-
umn 4) and their energy spread (column 5) were directly
measured. The energies on the following targets were de-
termined either by measurements inserting them one after
the other into the stack, or by interpolation after measur-
ing the energy incoming and exiting the stack. In the lat-
ter case, the error in determining these “average” values
is due to the error in the target thickness and in the stop-
ping power since different programmes give slightly differ-
ent stopping power values. In any case, the energy values
corresponding to each cross-section point in the measured
excitation functions refer to the middle of the targets.

In all runs, the measurement of the yields of the fusion
reaction evaporation residues and of the transfer reactions
was performed by the stacked-foil activation technique.
This method has the considerable advantage, particularly
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Fig. 1. Schematic layout of the activation experiments using
the ®He beam (Run 1): 1, multi-wire proportional chamber;
2, stack of gold foils and 3, stack of thin ?°°Pb targets, as
described in the text.

important for experiments with secondary beams, of al-
lowing to obtain simultaneously in a single irradiation the
cross-sections of a large amount of exit-channel products.

The details of Run 1 are presented in ref. [16]. Here we
shall mention them only briefly. Two stacks of foils were
placed in the reaction chamber of the magnetic spectrome-
ter MSP-144 one after the other: first —a stack consisting
of one 50 ym and twelve 13.5 ym thick gold foils, and fur-
ther downstream —a second stack of six 2°6Pb targets,
600-700 ug/cm? each on ~ 1.5 um Mylar backing, with
20 pm thick Al beam energy degraders in between the tar-
gets (fig. 1).

After passing through the two stacks, the beam en-
tered the magnetic spectrometer MSP-144, which gave a
precise measurement of the residual energy of the beam.
The YHe energy and the energy loss in each layer of the
stacks were calculated with the LISE code [20] and the
calculated residual energy was compared to the value mea-
sured by the magnetic spectrometer. In this way, in spite
of the rather large energy spread of the beam after the
last target (FWHM =~ +3MeV), the absolute value of the
energy at the center of each target was determined with
good accuracy (better than 1 MeV).

In Run 2 only a stack of fifteen 197 Au (seven 13.5 ym,
four 5 um and four 4 ym) targets was irradiated. In order
to reduce (compared to Run 1) the energy and angular
straggling, and hence the energy spread at lower incident
energies, different energy absorbers were employed to de-
crease the initial energy of the beam down to 43.3 MeV. In
this run, the energy incident on each successive target (or
the energy exiting the previous one) was determined sep-
arately (using the semiconductor monitor detector at 0°)
step-by-step by inserting the targets into the stack one af-
ter another. The beam energy at each cross-section point
was taken as the average of entrance and exit energies. The
measured FWHM for each target was used to define the
spread in the energy values for each cross-section point.

In Run 3, the initial energy of the extracted 5He beam
was lowered to 25.5 MeV by means of two foils: a gold one,
which simultaneously served as a target for the excitation
function on 7Au, and an Al one. A stack of seven thin
206PY targets on Havar backings (also playing the role of
energy degraders) was used. After it, two 5 um 197 Au tar-
gets were placed in order to measure the transfer reactions
deeply below (E < 10 MeV) the Coulomb barrier of the re-
action (B, = 20.9MeV). As in Run 2, before the stack was
finally assembled and irradiated, the energy of the beam
incident on each successive target was measured by the
monitor detector at 0°. In this case, since the energy loss
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Fig. 2. (Colour online) Schematic layout of the activation ex-
periments using the MSP-144 magnetic spectrometer. The in-
set presents the energy measurement at the focal plane.

in the Pb layers was very small, the measured value was
used for the excitation function. During the irradiation,
the monitor, with a calibrated mesh attenuator installed
in front of it, was kept in the beam to control its stability.

In Run 4, the stringent requirements, concerning the
stability of the beam and the necessity to reduce as much
as possible the energy spread of the beam falling on the
197 Ay targets at very low energies, were met by placing
the stack of gold foils on the focal plane of the magnetic
spectrometer MSP-144 [19]. The layout of the experimen-
tal setup is shown in fig. 2. The initial energy of the SHe
beam was reduced to 23.3 MeV and its value and 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 new °7Au target stack, consisting
of 7 foils (each 6.6 ym thick), was placed at the position of
the maximum beam intensity. In this case, the energy of
the beam impinging on the stack was E' 4+ §E, where 0F
was determined by the extension (18 mm) of the target
along the focal plane, which corresponded to a value of
+250keV (shown in the inset of fig. 2). 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. The long-term high stability (about
1075) 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 y-activity induced in the in-
dividual gold foils was measured off-line using four energy
and efficiency-calibrated HPGe detectors (the efficiency
was about 4-5% for E, = 662keV) of high-energy reso-
lution (1.2keV for the 7-transition at 1332keV). For the
analysis of the y-spectra, the program DEIMOS 32 [21]
was used. Table 2 contains the decay data —energies,
half-lives and absolute yields of the most intensive ~-
transitions which have been used for the identification off-
line of the corresponding reaction products. Peaks in the
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Table 2. Characteristics of the decay products of the com-
pound nucleus 2°3T1 and of the '%*Au, 95Auy, %Ay, 1%8Au
and %9 Au isotopes [22].

Decay product ’ Half-life Ty 2 | E, keV | I% ’
201 72.91 h 167.4 10
200 26.1 h 367.9 87

579.3 | 13.8
1205.7 | 29.9
1997 7.42 h 247.3 9.3
1987 53 h 675.9 11
198m 1.87 h 587.2 52
282.8 28
1977 2.84 h 152.2 7.3
196 1.84 h 344.9 2
196m 1.41 h 505.2
695.6 41
194 Ay 38.02 h 293.5 10.4
328.4 61
195 Ay 186.09 d 98.8 10.9
1969 Ay 6.183 d 333 22.9
355.7 | 86.9
196m2 Ay 9.6 h 147.7 43
188.2 | 374
1989 Ay 2.696 d 411.8 | 95.5
198m Ay 2.3d 180.3 50
204.1 | 40.8
214.9 77
199 Ay 3.139 d 158.4 40
208.2 8.7

measured 7-ray spectra (see, for example, fig. 3) could
be identified as belonging to the Tl isotopes, which are
the decay products of the compound nucleus 2°3TI after
the evaporation of 2-7 neutrons. The production of the
isotopes '?*Au, 1%Au and '°®Au was also observed, in-
cluding at incident energies below 10 MeV, e.g. fig. 4.

The absolute cross-sections for the formation of the
reaction products were calculated taking into account the
relevant beam dose and time factors, the target thickness
and the decay characteristics of the identified isotopes us-
ing the formula from [23]:

S\ ez
O Ngel, (1—e)(1—e M)’

g

where S is the number of counts in the photopeak for the
time of y-spectrum measurement t3, A —the decay con-
stant of a given isotope, to —the time elapsed between the
end of irradiation and the start of the vy-activity measure-
ment, t; —the time of irradiation, d —the target thick-
ness in atoms/cm?, ¢ —the beam intensity in unit time,
I —the absolute intensity of the given 7-transition, and €
—the v-detector efficiency for the given 7-line.
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Fig. 3. Fragment of the y-spectrum, obtained from measure-
ment of the induced activity in the 13.5 um Au-foil irradiated
with the °He beam at ~ 43MeV (Run 2). The 7-transition
identification is shown next to the peaks. The formation of the
ground and isomeric states is denoted by g and m, respectively.
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Fig. 4. Fragment of the y-spectrum, obtained from measure-
ment of the induced activity in the 5 ym Au foil irradiated with
the ®He beam at ~ 7MeV (Run 3). The ~-transition identifi-
cation is shown next to the peaks.

The irradiation times in all four runs were much longer
(sometimes several days) than the half-lives of most of
the produced isotopes. For the correct calculation of the
cross-sections, especially what concerned the short-lived
nuclides, care was taken of their decay during the irradia-
tion by means of constant monitoring of the beam current
as a function of time. A spectrum of beam counting rate
versus time was obtained and stored to a computer file. A
relevant beam dose extracted from the data using 5min
time bins was taken for calculating the cross-sections of
the individual isotopes. The plotted experimental cross-
sections are the average of the values obtained in all y-ray
measurements of a particular residual nucleus for each in-
dividual target. The statistical errors for the cross-sections
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Fig. 5. Alpha-particle spectrum, obtained from measurement
of the induced activity in the Pb foil, irradiated with the SHe
beam at ~ 17 MeV.

have been obtained as the root mean square of the errors
associated with all measurements (in turn, the error of
each measurement includes the statistical error of the ex-
tracted peak area, the subtracted background, as well as
the detector’s efficiency errors).

We should note that in the range of the used ®He inci-
dent energies on the Au targets, the recoil velocities of the
evaporation residues and target-like products were small.
Hence, the probability of some fraction of them to leave a
target, pass to the next one and thus fall out of the data
counting was assumed negligible. This holds true also for
the 296PDb targets, as the lead layer faced the beam.

The 2Pb stack was measured using an a-
spectrometer and the excitation function for the
206ph(6He, 2n)21°Po reaction, viz. the formation of the
compound nucleus 2'?Po and its decay by emission of
two neutrons, was obtained in the beam energy range
10-25.5MeV (the Coulomb barrier for the given reac-
tion is 21.5MeV). The 21°Po isotope was identified by
the a-particle energy (E, = 5.3MeV) and its half-
life (T}, = 138d). The energy resolution of the a-
spectrometer amounted to about 50keV, and the total
efficiency of registration of the a-particles was about 50%.
A representative a-spectrum is shown in fig. 5.

3 Results and analysis
3.1 Fusion reactions

The cross-sections of the isotopes formed in the reaction
He 4+ 197Au — 293-*T], where z = 2-7, determined as
described in the previous section, are shown in fig. 6 as a
function of the bombarding energy (the excitation func-
tions). The experimental cross-section values, obtained in
the four runs (we should remind that the different runs
are overlapping on the energy scale), have been plotted
without any additional normalization.
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Fig. 6. (Colour online) Experimental excitation functions for
the reaction '°7Au+ He — 2937*"T1. The symbols denote:
open circles, 2n; triangles, 3n; squares, 4n; semi-open circles,
5n; diamonds, 6n; stars, 7n evaporation channels; the curves
are calculations with the “ALICE-MP” code [24] (see text
and [26] for details). B, is the Coulomb barrier.

The analysis of the excitation functions for this re-
action was performed using the fusion-evaporation code
PACE4 [20] and the modified statistical model code
“ALICE-MP” [24]. The calculated excitation functions in
both methods are practically the same. Here, we briefly
present the application of the “ALICE-MP” code. The
calculations of the evaporation widths were based on the
Weisskopf-Ewing formalism. In order to obtain the level
density, the relations of the Fermi-gas model with al-
lowance for shell effects in the level-density parameter
were used [25]. In calculating reaction cross-sections as-
sociated with the evaporation of neutrons we considered
a set of parameters, which determined the production
cross-section for the compound nucleus and was connected
with the geometric size of the nuclear part of the in-
teraction potential (radius parameter 7o) and with its
shape (diffuseness d of the potential and its depth V).
The many calculations that have been performed to de-
termine compound-nucleus production cross-sections and
evaporation reaction channels for reactions with different
particles (from "Li to “8Ca) and targets (from Ca to Cf)
have shown that, in most cases, we can use the same set
of parameters, namely, ro = 1.29fm, V = —67MeV, and
d = 0.4fm. What concerns the critical angular momentum
ler, that determines the number of partial waves leading
to the formation of a compound nucleus, on the basis of
rather general considerations concerning the mechanism
of compound-nucleus formation, we assumed that [, has
a square-root dependence on energy, as well as on the mass
of the particle inducing the reaction. Varying the values of
le did not noticeably change the description of the data.
We assumed that in the greater part of the energy range
under consideration, the number of partial waves lead-
ing to compound-nucleus production is determined by the
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Fig. 7. (Colour online) Cross-sections for 2, 3 and 4n evapora-
tion residues, obtained in the *” Au(®He, 2n) reaction (squares,
present work), compared with data (filled and open circles,
and stars) for the reaction '°"Au(*He, zn) from [27,28]. The
solid and dashed curves are calculations with the “ALICE-MP”
code [24] for the ®He- and *He-induced reactions, respectively.
The Coulomb barriers for the two reactions are indicated by
arrows.

nuclear interaction potential. The values of the parame-
ters given above have been used previously and proved to
describe well the experimental data on the cross-sections
of fission and xn evaporation channels in the reactions
“0He + 299Bi [26].

The calculations done with the ALICE-MP code for
the given values of rg, V' and d are shown as solid curves
in fig. 6. It can be seen that the experimental and calcu-
lated cross-sections at the maxima are in fair agreement in
the case of the evaporation of 3-7 neutrons. Except that
at energies to the right of the maxima, a retarded decrease
in the cross-sections is present. Such high-energy “tails”
have been formerly observed in a-particle induced reac-
tions and have been explained as due to pre-equilibrium
emission [27].

Direct analogy in the behaviour of the excitation func-
tions of reactions induced by ®He and *He can be demon-
strated, if we compare the excitation functions of the two
reactions °7Au(®He, zn) and '°7Au(*He, zn) as a func-
tion of the excitation energy of the compound nucleus.
Such a comparison is made in fig. 7 for the channels with
evaporation of 2, 3 and 4 neutrons. The data for the
197 Au(5He, zn) reaction are from the present work, the
values for 197 Au(*He, zn) are from [27,28]. The curves are
calculations with the ALICE-MP code. As can be seen
from the figure, the experimental points at the maxima
and to some extent on the right slopes follow the calcu-
lated curves (except for the 2n data for ®He). With in-
creasing the excitation energy they deviate from the cal-
culations (pre-equilibrium emission comes in), and the ex-
perimental cross-sections for the case of the incident He
fall off faster than in the case of “He. From the shown
comparison, it follows that in the process of formation of
a compound nucleus, at excitation energies corresponding
to the maxima of the excitation functions, the a-particle



Yu.E. Penionzhkevich et al.: Fusion and transfer reactions in the interaction of *He with °”Au and 2°°Pb

2

10 .
2 1
E ]
© 1
10’ .
c ]
3.100 P TR SRR SR B L J P TR P B
8 10 12 14 16 18 20 22 24 26 28
E, ., MeV
Fig. 8. Excitation  function measured for the

206ph(5He, 2n)2'°Po  reaction. The symbols are experi-
mental cross-sections for the formation of 2'°Po (open symbols
are results from Run 1 [3,16], black —from Run 3). Dashed
line: calculations within the framework of the statistical
model; solid line: calculations using the two-step fusion
model [29], taking into account the beam energy spread. B. is
the Coulomb barrier.

core in “He behaves as a free “He nucleus. This could be
expected due to the weak binding of the valence neutrons
with the a-particle in SHe. Obviously, at the higher en-
ergies in the 3n evaporation channel one pre-equilibrium
neutron is emitted as a result of the interaction of the
a-particle core with the target nucleus, while the other
two are evaporation neutrons. 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 evaporation channel (the nucleus
20171 is formed) are significantly higher than the val-
ues calculated using the statistical model with the one-
dimensional barrier between the interacting nuclei [24].
This may be connected with the fact that the reaction
with total absorption of 6He by the 97 Au target nucleus
has a large positive Q-value, equal to +12.2MeV. Thus,
the position of the maximum of the excitation function
for the evaporation of two neutrons is deeply below the
barrier (the excitation energy of the formed compound
nucleus at the Coulomb barrier is &~ 33 MeV). Hence, the
noticeable difference between the statistical model calcu-
lations and the experimental cross-sections could be due
to sub-barrier enhancement.

We have observed quite a similar situation in the
case of the interaction of ®He with 2°6Pb. The differ-
ence between the two reactions lies in the fact that in
the SHe + 206Pb case, the Q-value is equal to +4.2MeV.
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. 8, where the excitation
function for the 2°°Pb(®He,2n)?'°Po reaction is shown.
The cross-section for this reaction at the maximum, ac-
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Fig. 9. (Colour online) Experimental excitation functions for
the formation of the isotopes: **Au, triangles; % Au, squares
and 198Au7 circles in the '°"Au+ %He reaction. B. is the
Coulomb barrier.

cording to the statistical model calculations (the dashed
line), should be small, because the maximum is situated
at sub-barrier energies. However, as can be seen from
the presented data, even at energies 7MeV below the
Coulomb barrier for the 296Pb + 6He reaction, the cross-
section for formation of 2'9Po, 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 ®He with 2°°Pb 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 [3,29]. In this model, it is assumed that
a consecutive transfer of neutrons from the ®He nucleus
to the target nucleus takes place. At this, the excitation
energy of the nuclear system increases by Ecp, + Qgg, a
value which is quite higher than the Coulomb barrier and
leads to the tunneling, at the latest stage, of the a-particle
through the barrier. It can be seen that when the experi-
mental spread in the incident energy has been taken into
account, the observed enhancement in the cross-section of
the 206Pb 4 SHe reaction is consistent with the calcula-
tion.

3.2 Transfer reactions

The measured excitation functions for the formation of
the gold isotopes '%4Au, 6 Au and ®Au in their ground
states in the SHe + 97 Au reaction are shown in fig. 9. We
tried to explain the behaviour of the cross-sections from
the point of view of kinematics and reaction dynamics.
The contribution of the 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
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0.01 for the used energy range. As a result, mainly the
neutron transfer contributes to the formation of the gold
isotopes. Thus, the simplest ways in which target-like iso-
topes might be formed in the given reaction are: the iso-
topes 26Au and '*Au result after the removal of one and
three neutrons from 97 Au, respectively, whereas 98 Au is
formed after the pick-up by 7Au of one neutron from
6He. The isotope *?Au was not observed, but we shall
nevertheless comment on it in connection with the forma-
tion of the lighter isotopes. Besides, it should be noted
that the xn separation energies in the target-like residues
control the survivability of the given reaction products. To
roughly estimate the minimum and maximum excitation
energy in the heavy nucleus necessary for the emission of
x-neutrons, we have used the prescription of ref. [30] with
the values of nuclear masses and separation energies of
one, two, etc. neutrons taken from [31].

The isotope M9Au

The production of 1 Au involves a large reaction Q-value
(Qgg = +13.12MeV), which means that there is kinemat-
ical mismatch, leading to a low cross-section. In fact, in
our experiments, only an upper limit for the formation of
the 9 Au isotope was determined, which gives evidence
for the low probability of populating its ground state when
5He interacts with 197 Au. Indeed, the transfer of two neu-
trons in this case takes place to particle-unbound states
of "2 Au, which means that it immediately emits one or
more neutrons.

The isotope M8Au

As can be seen from fig. 9, close to the barrier the prob-
ability of producing the '®Au isotope is rather large
(o ~ 1.2b). At first consideration, this may be taken as
direct evidence of large pure 1n transfer to the *7Au tar-
get nucleus, followed by ~-transitions to its ground state.
In fact, the reaction @Q-value for the process of “He 1n-
stripping” (or pick-up of one neutron by the °7Au target
nucleus) is Q44 = 4.65 MeV, while the separation energy
of one neutron from "®Au is By, = 6.51 MeV; therefore,
there is some probability for radiation transition to the
ground state.

Another way of producing '”® Au is also possible, viz. in
the transfer of two neutrons to '°”Au and de-excitation of
the recoiling target-like nucleus 1%9Au through the emis-
sion of one neutron: the channel of ln-evaporation is
open to produce "8Au, since for %?Au Qg9 > Bin(=
7.58 MeV). At the same time, the probability of 3n trans-
fer to 197 Au (producing 2°°Au) with subsequent evapora-
tion of two neutrons is expected to be small, due to the
low possibility to pick up (in addition to the two valence
neutrons of He) one additional neutron from *He [28].

As is known that '°TAu has a large cross-section for
pick-up of thermal neutrons, we studied the effect of back-
ground neutrons on the results. For this purpose, we
placed a thick Au foil next to our stack. The ~-spectra
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measurements of this target showed that the contribution
of the background neutron capture to produce “8Au was
insignificant.

As shown in fig. 9, the cross-section for the trans-
fer of one neutron to °7Au falls down to about 1mb at
~ TMeV. The rather fast drop of the cross-section for the
formation of "8Au in the sub-barrier region can be con-
sidered 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 process of deuteron stripping. In-
deed, 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 [32]). In our case, this effect may be
stronger because of the smaller neutron binding energy in
SHe compared to that for the deuteron and the larger re-
pulsive forces of the a-particle compared to the proton.
Additionally, it has been speculated that the observed en-
hanced ®He total reaction cross-section is due to the quite
probable dipole excitation, which occurs because the two
halo neutrons are well separated from the charged core
and the centers of charge and mass of the He nucleus do
not coincide [33]. For energies close to the Coulomb bar-
rier dipole excitation can predominate as a result of the
long-range Coulomb forces, which in turn lead to defor-
mation and breakup of ®He [34]. In both cases, neutrons
can be transferred to the target nucleus.

In any case, the result obtained in the interaction of
SHe with '9TAu is consistent with the observed rather
large one-neutron transfer in reactions with medium- and
heavy-mass nuclei [11-14]. Together with this, the obser-
vation of enhanced sub-barrier fusion-fission cross-section
in the 238U + ®He reaction [9] can obviously be explained
by fission after incomplete linear momentum transfer (e.g.,
by the transfer of a neutron or inelastic excitation) to the
highly fissile target.

The isotope '*°Au

The cross-section for pick-up from '°7Au of one neutron
smoothly decreases in the vicinity of the Coulomb barrier,
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 ~ 8.5MeV is reached. This behaviour can
be explained by different mechanisms of formation of the
196 Au isotope (—1n channel). At energies well above the
Coulomb barrier, it seems that a 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 ®®Au are possible. One is due to the
evaporation of one neutron after an inelastic process on
97 Au (excited °7Au* nuclei are produced). Au can
be produced after the evaporation of three neutrons from
199 Ay, if the latter were excited to E* ~ 27-36 MeV. Ad-
ditionally, the recoil nucleus '°®Au, produced in the In
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Fig. 10. (Colour online) Experimental cross-sections for com-
plete fusion (squares), for formation of '**Au (diamonds) and
198 Au (circles) in the reaction *He + 97 Au (present work), and
for complete fusion (inverted triangles) in the *He + 7 Au re-
action [28] as a function of the difference between the center-of-
mass energy and the Coulomb barrier (Een, — B:). The curves
are drawn to guide the eye.

transfer channel, can be excited to E* ~ 18-32MeV so
that it can decay to '“SAu by the emission of two neu-
trons. These processes can explain, at least partially, the
flat shape of the excitation function, observed in the re-
gion Fj.p =~ 12-28 MeV.

The isotopes 1?*Au and "5Au

The isotope '°°Au has characteristics that are not conve-
nient for its detection. It has a relatively long (186.09 days)
half-life and its most intensive v-ray is in the region of
energies, where we observed significant background. The
isotope !*Au was observed in the beam energy range
(~ 50-60 MeV) and as is shown in fig. 9, its formation
cross-section amounts to ~ 30 mb, but quickly decreases
with energy and at 48.5 MeV only an upper limit of 8.4 mb
was measured.

The cross sections for the fusion reaction channel (de-
noted as EVR)) and for the transfer channels (conditionally
called “+1n transfer” and “—1n transfer”) in the interac-
tion of $He with 7" Au are presented in fig. 10 as a func-
tion of the difference between the center-of-mass energy
of the incident particle and the reaction Coulomb barrier,
E.,, — B.. The excitation function for the fusion of *He
with 7 Au is also shown for comparison. One can see the
increase in the cross-section for the *He + 7 Au fusion re-
action in the sub-barrier region compared to the case of
4He, and also the rather strong increase of the formation
cross-section of ¥ Au.

4 Conclusions

In the present paper, we have presented results on the
measurements of the excitation functions for fusion and
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transfer products in SHe-induced reactions on "7 Au and
206PY in a wide energy range including deep sub-barrier
energies. The experiments were performed at the acceler-
ator complex DRIBs in Dubna, the He beam intensity
reaching 2 x 107 pps at 10 AMeV.

The following conclusions can be drawn. The data on
fusion reactions, followed by the evaporation of two neu-
trons (2°Pb + ®He and '°7Au + %He) at energies close to
the Coulomb barrier differ from predictions within the
framework of the statistical model for compound-nuclei
decay. The observed enhancement in the 2°Pb + SHe re-
action is consistent with calculation within the model of
“sequential fusion” [29]. The reaction of the transfer of
one neutron from He to the 197 Au target nucleus at deep
sub-barrier energies (Bey, — FEem < 15MeV) takes place
with relatively high probability.
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