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The complete-fusion excitation functions of xn-evaporation channels for the reactions
144Sm(40Ar, xn) 184−xHg, 148Sm(36Ar, xn) 184−xHg, 144Nd(40Ca, xn) 184−xHg, 142Nd(48Ca, xn) 190−xHg, and
166Er(40Ar, xn) 206−xRn have been measured by using the catcher foil technique. Its modified version as
well as a corresponding software of data processing, including a deconvolution procedure to take into
account effects caused by spreading the energy of the beam at its passing through absorbing foils, have been
described. The measured excitation functions have been compared with ones theoretically calculated with the
coupled-channel model.
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I. INTRODUCTION

Last decades significant progress has been achieved in
the nuclear physics experiments devoted to synthesis of new
superheavy elements and study of their properties. The nu-
clides up to Z = 118 (Og) were synthesized in the reactions
of doubly magic 48Ca ions with actinide targets [1,2]. The
problem of transition to synthesis of elements with Z >

118 is now widely discussed at new experimental facilities
[3]. Among them, kinematic separators play an important
role in short-lived radioactive nuclei investigations, allowing
their production and identification according to their α-decay
chains. Operating as velocity or energy filters, they are able
to separate synthesized nuclei from background products, but
without measuring, as a rule, their masses. Having this in
mind, the mass separator MASHA [4] was built in FLNR,
JINR, combining the ISOL [5] method for synthesis and
separation of radioactive nuclei with the classical mass spec-
trometry technique. Though the time for identifying nuclides
on this separator is slightly longer than on kinematic ones,
it has made possible a direct measurement of masses of
synthesized nuclides. The experiments have showed that the
lifetimes of superheavy elements are quite long and amount,
for example, to 3.8 s for 283Cn, 29 s for 285Cn, and 2.6 s
for 289Fl [6]. This has opened up the way for studying their
chemical properties. It has been found that Cn (Z = 112) is
more volatile than its homolog Hg [7], while Fl (Z = 114)
differs from its light homolog Pb and exhibits the properties
of the gaseous noble metal [3].

To verify experimentally the capability of the mass-
separator MASHA to measure the masses of the volatile
elements Cn and Fl, whose production cross sections are
extremely low (about several pb), one plans to measure its

efficiency for mercury as homolog of Cn, and for inert gas
radon, produced as evaporation residues (ERs) in the com-
plete fusion reactions of 36,40Ar and 40,48Ca heavy ions with
lanthanide targets of 144,148Sm, 142,144Nd, and 166Er.

The goal of the present work was to determine the absolute
cross sections of production of these ERs, not yet available,
excluding 148Sm(36Ar, xn) 184−xHg [8], in the literature. It
is known that for heavy and superheavy nuclei the fusion
cross sections greatly depend on the reaction entrance channel
properties such as the mass asymmetry, the charges of the
interacting nuclei Zp and Zt , their deformations, as well as
the shell closure. This dependence could be revealed itself
in the production of 184Hg in the reactions 40Ar + 144Sm,
36Ar + 148Sm, and 40Ca + 144Nd. The influence of the neutron
excess in the entrance channel was investigated by comparing
the production cross section of the ERs at deexcitation of
the compound nucleus 184Hg in the 40Ca + 144Nd reaction
with one of the double-magic 48Ca with 142Nd, leading to
the 190Hg compound nucleus formation. The entrance channel
properties of the reactions being investigated are presented in
Table I.

The article is organized as follows. Section II is devoted
to the experimental procedure of the cross-section measure-
ments. In Sec. III we describe the method of processing
experimental data, including the procedure for deconvolution
of excitation functions. The main results and their discussion
are given in Sec. IV followed by the summary in Sec. V.

II. EXPERIMENTAL DETAILS

The experiments were carried out at the U400M cyclotron
of the FLNR, JINR (Dubna). Beams of 36Ar, 40Ar, 40Ca, and
48Ca with energies in the range 270–330 MeV and intensities
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TABLE I. Properties of the reactions of interest: E0: initial beam energy from the U400M cyclotron; Elab: beam energy in the laboratory
system at the target half layer, ZpZt : product of projectile nuclear charge by target one; VBass: Bass barrier in the center-of-mass system [9];
Qgg: ground-ground Q value [10]; E*: excitation energy of the compound nucleus at the Bass barrier.

E0 Elab VBass Qgg E*
Reaction (MeV) (MeV) ZpZt (MeV) (MeV) (MeV)

40Ar + 144Sm → 184Hg 299 154–232 1116 129.57 −90.66 38.91
36Ar + 148Sm → 184Hg 324 144–233 1116 130.95 −83.22 47.73
40Ca + 144Nd → 184Hg 268 145–216 1200 140.11 −92.25 47.87
48Ca + 142Nd → 190Hg 327 202–264 1200 136.53 −98.80 37.73
40Ar + 166Er → 206Rn 300 156–202 1224 138.90 −90.85 48.05

of no more than 0.2 pμA were used. The beam energy was
continuously measured by the time-of-flight technique using
two pick-up detectors with a distance of 2 m between them,
providing an energy resolution of ∼0.5%.

A step change of 3 MeV of the beam energy on the tar-
get was performed by using nickel absorber foils with the
thicknesses of 2.7, 4.95, 10.3, and 16.9 μm. These foils were
mounted on a mechanical feed-through construction ensuring
the linear and rotational fineness of control of 0.1 mm and
0.5 °, respectively (Fig. 1). The targets were 280–330-μg/cm2

layers of 144Sm, 166Er, 148Sm, 142Nd, and 144Nd electrochem-
ically deposited onto 680-μg/cm2 titanium backings.

The measurement technique used in the present work is an
improved version of one described in [11]. In the latter one
ERs of interest produced in complete fusion reactions were
implanted into a catcher foil placed downstream of the target,
while bombarding ions and faster reaction products passed
through it and stopped in a Faraday cup behind the foil. From
time to time this foil was moved to a position in front of a
detector which registered α particles coming from the decay
of these reaction products.

In our experiments we replaced the above mentioned single
foil catcher with an aluminum five-foil stack one, installed
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FIG. 1. Scheme of experiments. In position I the reaction prod-
ucts are accumulated in the catcher foils when beam is on; in position
II, when beam is off, the α particles from accumulated nuclides are
detected by silicon detectors.

18.2 mm behind the target. Each of these foils was circular
shaped with a diameter of 20 mm and a thickness of 0.8
μm. The reaction products under investigation were implanted
into the catcher and stopped at the proper foils according to
their energies. To provide maximum yields of these reaction
products they were made to stop close to the middle of the foil
stack by placing downstream from the target two additional
aluminum foils, each with a thickness of 0.8 μm. The use
of five thin foils instead of a single thick one improved the
α-particle energy resolution, being in the range from 70 to 100
keV [full width at half maximum (FWHM)] for five planar
silicon detectors used.

The catcher stack and five silicon detectors were mounted
on a specially designed retraction system. During the ex-
periments, the catcher foils were periodically located in two
positions until spectra with needed statistics were accumu-
lated. First, for an interval of time tB (accumulation time
while the beam was on), they were packed one by one in
the position I behind the target to bring to rest and gather
evaporation residues of interest. Then, while the beam was
off for an interval of time tD (detection time), the foils were
moved into the position II, to a face-to-face arrangement with
the silicon detectors to detect the α particles from decays of
these reaction products. The intervals of times tB and tD were
chosen to be 10–30 s according to the half-lives of the ERs
being studied. The transition time between two foil arrange-
ments took no more than 0.3 s, being synchronized with both
the ion beam chopping time and the data acquisition system.
During the experiments the α-particle energies measured by
the detectors, as well as the time signal between the start of
the detection cycle and the coming time of α particles to the
detectors, were recorded in a data word.

The energy signal from each silicon detector was amplified
by a charge-sensitive preamplifier and then passed to a high
speed 16-channel digitizer based on the PXI standard (XIA,
500 MHz, 14 bit). The information from all digitizers was read
out and stored by the NI PXI controller, PXI-8119 (imple-
mented under embedded version of Windows 7). The stored
data were processed and displayed by a program running on
a multimonitor PC at the control room through an internal
Ethernet network. The online beam current measurement was
carried out with Faraday cup and digital multimeters (NI
PXIe-4081).

A control system based on CompactRIO standard was
developed and used in the experiments. It synchronizes the
reaction product accumulation, ion beam switching, and data
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FIG. 2. (a) Excitation functions of xn-evaporation channels (dashed curves) and fusion cross section (thick black curve) of the reaction
40Ar + 144Sm calculated with the code NRV [12]; (b) energy spectrum simulated for this reaction at a projectile energy of 180 MeV and
an α-particle Gaussian energy spread of 100 keV (FWHM); (c) corresponding experimental α-particle energy spectrum of the reaction with
identified peaks of some isotopes when ERs stopped in the forth foil of the catcher. Single Gaussian fits are shown in colored lines.

acquisition system by sending veto signals to pneumatic linear
actuators of the catcher, to the cyclotron chopper, and to the
spectrometric digitizers. All parameters concerning the beam
diagnostics (wave form of the beam signal, beam energy, and
intensity) are written directly into the data word of the data
acquisition system.

III. DATA PROCESSING

A. Monte Carlo simulation of α-particle energy spectra

The α-particle energy spectra of nuclei produced in
fusion-evaporation reactions usually have a rather compli-
cated structure due to a large number of different evaporation
channels and a lot of α-radioactive daughter nuclei in the
subsequent α-decay chains. The problem to resolve these
spectra into separate lines being attributed to specific decaying
nuclides can be rather sophisticated. To make this procedure
easier a full computational experiment was performed aimed
at getting Monte Carlo α spectra of the products of the re-
action mentioned above. The comparison of these calculated
spectra with experimental ones turned out to be very fruitful
for the α-line identification.

In the case of the five-foil catcher technique used in the
present experiments, a computer simulation was used as fol-
lows. Starting from the theoretical ER excitation functions of
the reactions under investigation [Fig. 2(a)], resulting from
the coupled-channel model [12–14], first the α-particle yields
of these residues were calculated taking into account their
α-decay probabilities, their half-lives, and the durations of

accumulation and measurement cycles. Then the energy spec-
tra of α particles were generated with the GEANT4 program
[15] having regard to both the α particles’ ionization losses
at their passing through the catcher foils and the energy
resolution of the silicon detectors. One of the simulated spec-
tra for the reaction 40Ar + 144Sm at a beam energy of 180
MeV is presented in Fig. 2(b). The simulations proved the
accessibility of the α-particle energy resolution of about 100
keV (FWHM) for nuclides’ identification. For comparison, in
Fig. 2(c) we show, in the case when the ERs were brought to
rest in the fourth foil of the catcher stack, the corresponding
experimental α-energy spectrum with indication of peaks of
some isotopes. It can be seen that the pattern of the simulated
spectrum is similar to the experimental one. The details of the
procedure of obtaining the latter spectrum will be described in
the next sections.

As a result of the simulations we obtained the expected
α-particle energy spectra for several beam energies for all
reactions studied, and through this the detector resolution
needed for isotope identification was estimated.

B. Isotope identification and determination of absolute
cross sections

The experimental α-particle energy spectra of the
40Ar + 144Sm reaction products are shown in Fig. 3 for de-
tectors 1–5. The consequence of using an array of five thin
foils, apart from an improvement of the energy resolution
of α-particle spectra, is the possibility to measure the range

FIG. 3. Experimental α-particle spectra of the ERs for the reaction 40Ar + 144Sm at the projectile energy Elab = 187 MeV for foils 1–5,
registered by corresponding silicon detectors.
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FIG. 4. (a) Two-dimensional scatter plot of the α-particle ener-
gies vs their times of registration for the reaction 40Ar + 144Sm at the
beam energy of Elab = 187 MeV, accumulated in the third foil of the
catcher array; (b) decay curve for the cut in the scatter plot.

distribution of the reaction products. Using the Gaussian func-
tion fitting procedure these spectra were then forced, in the
frame of ORIGINPRO software [16], to decomposition with
extracting the contributions from the ERs under study.

Since the detection times of α particles with respect to
the start of each accumulation cycle were recorded in the
experiment, the isotopes were identified both by α-particle
energies and half-lives of α-decaying ERs. The correlated
α-decay mother-daughter relationships were also analyzed to
get additional information for nuclide identification. A typi-
cal two-dimensional matrix of α-particle energy vs recording
time is presented in Fig. 4(a), whereas the decay curve of
the mercury isotope 180Hg for events in the cut is shown in
Fig. 4(b).

The areas under the Gaussian curves corresponding to
different α-radioactive nuclides produced in the investigated
reactions were then summarized for all five detectors taking
into account their geometrical efficiencies, which were simu-
lated in GEANT4 code proposing that the α-decaying nuclides
were equally distributed along the catcher foils. During the
measurement time when the retraction system was in the
unfolded state, the distance from each foil to its detector
increased monotonically from 21.9 mm for the first detector to
32.7 mm for the fifth detector, and the detection geometrical

efficiencies for silicon detectors 1–5 were 4.90, 3.95, 3.37,
2.84, and 2.43%, correspondingly.

The cross sections of the reactions, normalized to the in-
tegral from the Faraday cup, were calculated by taking into
account the half-lives and α-decay probabilities of the decay-
ing nuclides.

To determine the corrections associated with the isotope
half-lives and accumulation as well as the measurement cy-
cle times, a following procedure was applied. Denote the
duration of one measurement cycle by T , which is equal to
tB + 2tm + tD, where tB is the accumulation time, tD is the
detection time, and tm is the time it takes the retraction system
to move the catcher from the irradiation area to the detection
one or equally vice versa. During one experimental run ap-
proximately one thousand cycles were carried out. In this case
the loading of the aluminum foils by short lived isotopes till
saturation took place very quickly.

If N0 is the number of nuclei in any foil at saturation, then
the number N of nuclei remaining in it after time tB is

N = N0 exp(−λtB) . (1)

The additional number of nuclei produced during this time
is

NB = βσ i

λ
[1 − exp(−λtB)], (2)

where β – effective target thickness; σ – cross section, λ –
decay constant of the studied isotope, and i – beam par-
ticle current. So, when the detection period starts, N + NB

nuclei have been implanted already into the foil. In the sta-
tionary regime, N0 can be calculated from three sequential
Eqs. (3)–(5):

(N + NB) exp[−λ(2tm + tD)] = N0, (3)

[N0 exp(−λtB) + NB] exp[−λ(2tm + tD)] = N0, (4)

N0 = NB exp[−λ(2tm + tD)]

1 − exp(−λT )
. (5)

The number ND of nuclei in the foil when the detection
period starts is then

ND = N0 exp[λ(tm + tD)]

= βσ i

λ
[1 − exp(−λtB)]

(
exp(−λtm)

1 − exp(−λT )

)
. (6)

The number of α particles Nα
det registered during one detec-

tion period is

Nα
det = gεαND[1 − exp(−λtD)]

= gεαβσ i

λ

exp(−λtm)[1 − exp(−λtB)][1 − exp(−λtD)]

1 − exp(−λT )
,

(7)

where g is the geometrical efficiency of the detector and εα

is the α-decay branching ratio. So, the cross section for the
production of a nucleus can be calculated in the following
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FIG. 5. Cross sections of xn-evaporation channels of the reaction
40Ar + 144Sm measured by using the five-foil catcher method: (2n:
red circles; 3n: green squares; 4n: blue up triangles; 5n: purple
rhombuses; 6n: cyan down triangles). Dashed curves are the cross
sections calculated by the coupled-channel model [12]. Black solid
line is the fusion cross section.

way:

σ = Nα
detλ[1 − exp(−λT )]

gβεαi[1 − exp(−λtB)] exp(−λtm)[1 − exp(−λtD)]
. (8)

Going from the beam particle current i to the integral from
Faraday cup J , the formula can be rewritten as

σ = Nα
runλtB[1 − exp(−λT )]

gβεα J[1 − exp(−λtB)] exp (−λtm)[1 − exp (−λtD)]
,

(9)

where Nα
run is the number of α-decays of the selected nuclide

during the experimental run.
In each case the beam energy in the middle of the target

was calculated by taking into account its energy losses in the
nickel absorbing foils, the Ti backing, and the half depth of
the target layer. The calculations were performed for every run
with SRIM software [17] using the results of online beam en-
ergy measurements. The excitation functions for the reaction
40Ar + 144Sm obtained with such a procedure as well as the
coupled-channel model are shown in Fig. 5. The experimental
cross-section errors were calculated as the square root of the
quadratic sum of statistical errors, beam intensity, and target
thickness uncertainties.

By looking at Fig. 5, one can see a difference in the
shapes of the theoretical cross sections calculated by the
coupled-channel model and the measured ones. Certainly, this
difference in the excitation function shapes deals with the
fact that in theoretical calculations the energy spreading of
heavy ion beams in the nickel absorbing foils, which takes
place in the experiments, is not considered. This effect is
more significant at a higher amount of absorbed energy and
hence in the low energy region, especially in the vicinity of
the Coulomb barrier, where the excitation curves fall down
sharply.

C. Excitation functions corrected for beam energy spread

The problem of influence of the beam energy spread on
excitation functions has been discussed in [18]. This spread is
caused both by the initial energy spread of the ion beam from
the accelerator and by additional energy widening during the
pass through absorbers, target, and backing. This effect does
not affect so much the region of excitation function maximum,
but can be significant to the left of it, where this function falls
down very steeply.

In the present experiments the overall variation of the beam
energy from the exit of the U400M cyclotron to the center of
the target amounted to 100–180 MeV (Table I) using the Ni
absorber foils.

We carried out an additional experiment to measure the
spread of the 40Ar beam at its passing through the matters
of different thicknesses. In this experiment a 144Sm target
of 320 μg/cm2, deposited on a 680 − μg/cm2 Ti backing,
as well as an absorbing 10.3 μm-thick Ni foil were used.
The final beam energy was measured by a silicon detec-
tor. Three measurements were performed, one without the foil
and the target, and two with the Ni foil and the target. In the
first case the measured beam energy spread turned out to be
4.7 MeV (FWHM). After installing the Ni foil and the target
the energy spread increased to 11.7 MeV (FWHM). Then, by
rotating the Ni foil through 45 ° this spread almost doubled to
a value of 21.5 MeV (FWHM), which is more than its initial
value by a factor of 4.

To eliminate the influence of the beam energy spread on
the excitation functions the Gold deconvolution method [19]
was applied taking into account the beam energy broadening
obtained in this additional experiment. A software was devel-
oped using the TSpectrum class of ROOT [20]. The Gaussian
response of the beam energy spreading as a function of the
energy E was used:

D(E ) = 1

σ
√

2π
e−(1/2)[(E−Ec )/σ ]2

, (10)

where Ec is the average beam energy in the middle of the
target and σ is one standard deviation, which was chosen as

σ (E ) = Ae−kE + σ0, (11)

and parameters A, k, and σ0 were obtained by fitting the
experimental data of the experiment with the 40Ar beam. Then
the matrix elements of our response function can be written as

hi j = C je−2[(Ei−Ec
j )/σ ]

2

, (12)

where C j are the normalization constants,

C j= 1∑
i e−2[(Ei−Ec

j )/σ ]
2 , (13)

and Ei and EC
j are i-row and j-column energies in the matrix.

During the deconvolution procedure each row of the matrix hi j

was normalized to unity to preserve the integral value under
the cross-section curves.

The excitation functions after applying the deconvolution
procedure are shown in Fig. 6 for the reaction 40Ar + 144Sm.
One can see a considerable decrease of experimental cross-
section values in the close vicinity of the Coulomb barrier.
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FIG. 6. The same as in Fig. 5, but after corrections on the beam
energy spread using the deconvolution method.

The excitation function curves are now more similar to the
calculated ones (dashed curves). This proves a usefulness
of the deconvolution method for the experiments with high
spreads of the beam energy. The errors caused by applying this
procedure were included in ones in Fig. 6. Furthermore, the
deconvolution procedure was applied for all reactions studied.
The Gaussian functions of energy spreads for other beams
(36Ar, 40Ca, and 48Ca) were obtained using Eq. (11) and then
normalized to ratios of the theoretical energy spread values to
the experimental ones measured for the 40Ar beam.

IV. RESULTS AND DISCUSSION

Measured excitation energy functions for the reactions
40Ar + 144Sm, 36Ar + 148Sm, 40Ca + 144Nd, 48Ca + 142Nd,
and 40Ar + 166Er, corrected for the beam energy spread, are
shown in Figs. 7–9. The cross-section points are drawn by
colored symbols and linked by lines, whereas the theoretical
ER cross-section curves calculated with the coupled-channel
model and the statistical model of decay of excited nu-

clei [12–14] are shown with dashed lines. The fusion cross
sections are drawn by solid lines. The experimental errors for
the excitation functions are like in Fig. 6, and they are not
presented in Figs. 7–9 for better clarity.

The 2n and 3n channels, having the maximum values of
the cross sections close to each other, dominate in the reaction
40Ar + 144Sm [Fig. 7(a)]. The cross sections of the channels
with a higher number of evaporated neutrons gradually de-
crease because of an enhanced probability of fission from
higher energy excited states.

A similar behavior can be seen in the reaction
36Ar + 148Sm [Fig. 7(b)] which leads to the same compound
nucleus 184Hg. However, unlike the reaction 40Ar + 144Sm,
which is between two spherical nuclei [with a 184Hg excitation
energy of 39 MeV at the Bass barrier (VB) of the reaction],
here both nuclei are deformed (see Table II). In this case the
Coulomb barrier depends on the mutual orientation of inter-
acting nuclei, and the compound nucleus excitation energy
at the Coulomb barrier ranges from 42 MeV for the polar
orientation (VP) to 49 MeV for the equatorial one (VEq). Defor-
mation parameters of all nuclei involved are listed in Table II.
Because both interacting nuclei in reactions 36Ar + 148Sm
are only slightly deformed, the theoretical calculations with
NRV code [12–14] were performed with excitation of two
quadrupole and one octupole phonons for both nuclei. In the
case of the 40Ar + 144Sm reaction two quadrupole and one oc-
tupole phonons in 40Ar and one quadrupole and one octupole
phonons in 144Sm nuclei were proposed to be excited.

The 40Ca + 144Nd reaction [Fig. 8(a)] leads also to the
same 184−xHg isotopes as in the case of 40Ar + 144Sm and
36Ar + 148Sm. It is a reaction between two spherical nuclei, as
in the former of the just mentioned ones, but with a different
ratio of protons to neutrons in the projectile and target nuclei.
Its target nucleus does not have a closed neutron shell com-
paring to 40Ar + 144Sm, i.e., it is not the magic nucleus. Since
the magic nuclei exhibit an enhanced stability, it is therefore
necessary to check how this effect is reflected in the measured

FIG. 7. Cross sections (symbols) of xn-evaporation channels (2n: red circles; 3n: green squares; 4n: blue up triangles; 5n: purple
rhombuses; 6n: cyan down triangles) of the reactions: (a) 40Ar + 144Sm and (b) 36Ar + 148Sm, measured by the five-foil catcher method versus
compound nucleus excitation energy. The theoretical excitation functions are drawn by dashed lines. VB is the Bass barriers for spherical
interacting nuclei, VP and VEq are the Coulomb barriers for polar and equatorial mutual orientation of deformed ones, respectively. Fusion cross
sections are shown by solid lines.
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FIG. 8. The designations are the same as in Fig. 7 but for (a) 40Ca + 144Nd and (b) 48Ca + 142Nd reactions.

excitation functions. At the transition from the reaction be-
tween Ar + Sm to the reaction of Ca + Nd, the factor ZpZt

increases from 1116 to 1200. So, first, what we can notice
when comparing Figs. 7(a) and 8(a) is a shift in the positions
of the Coulomb barrier of the reactions from 39 to 48 MeV.
This affects mostly the 2n-channel position and its maximum
cross-section value which is lower than in the case of the 3n
channel. However, the experimentally determined 2n-channel
cross section is slightly higher than the theory predicts, similar
to the 36Ar + 148Sm reaction. In the theoretical calculations
one quadrupole and one octupole phonon in 40Ca as well as
two quadrupole phonons and one octupole phonon in 144Nd
were taken as excited.

In the reaction 48Ca + 142Nd, with a 190Hg compound
nucleus excitation energy of 38 MeV at the Coulomb bar-
rier [Fig. 8(b)], only the high mass 183-185Hg isotopes were
observed. The channels with lower numbers of evaporated
neutrons were not registered because they led to Hg iso-
topes, which do not undergo α decay. The excitation of one
quadrupole phonon in 48Ca and two quadrupole phonons and
one octupole phonon in 142Nd were suggested to be excited in
the calculation of the theoretical cross sections.

In Fig. 9 the excitation energy functions of the 40Ar + 166Er
reaction are shown for some xn- and pxn-evaporation chan-
nels. These ER cross sections are less by a factor of about 10

as compared to the reactions on samarium and neodymium
lanthanide targets. It seems to be an indication of a greater fis-
sility of the radon compound nucleus 206Rn than the mercury
ones 184,190Hg. Two quadrupole and one octupole phonons in
40Ar and the static deformation of 166Er were accounted for
in the theoretical calculations [12–14]. The thick black lines
represent the calculated total complete-fusion cross sections.
Since both the cross-section and beam energy errors for all
reactions studied were similar to that shown in Fig. 6, they are
not shown in Fig. 9.

In the reaction 40Ar + 166Er [Fig. 9(a)], for which the
206Rn compound nucleus excitation energy is 39 MeV at the
Coulomb barrier for the polar orientation of the interacting
nuclei (VP) and 52 MeV for the equatorial one (VEq), the 3n
channel reaches its highest value. The cross sections of chan-
nels with a higher number of evaporated neutrons gradually
decreases, as in the previous reactions, whereas the measured
1pxn evaporation channel cross sections have values of the
same order of magnitude, with the maximum for the 1p3n
channel [Fig. 9(b)]. The maximum values of the excitation
functions and their positions for all reactions are listed in
Table III.

Figure 10 shows the maxima of the excitation functions
of the reactions studied in dependence on the isotope mass
A. The red lines show calculations with the coupled-channel

FIG. 9. Cross sections of xn- (a) and pxn- (b) evaporation channels for the reaction 40Ar + 166Er. The designations are the same as in Fig. 8.
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TABLE II. Quadrupole deformation parame-
ters of the nuclei under consideration [21].

Nucleus β2

36Ar −0.148
40Ar −0.013
40Ca 0
48Ca 0
144Sm 0
148Sm 0.175
142Nd 0
144Nd 0
166Er 0.342

code and the statistical model of decay of excited nuclei
[13,14]; the black circles show the experimental data. It can be
seen that in the reactions of 36,40Ar and 40,48Ca projectiles on
the 144,148Sm and 142,144Nd targets the theoretical calculations
give lower values than the experimental ones, whereas for
the xn channel of the reaction 40Ar + 166Er the theoretical
calculations overestimate the results of the experiments.

V. SUMMARY

Evaporation-residue cross sections for the reactions
144Sm(40Ar, xn) 184−xHg, 148Sm(36Ar, xn) 184−xHg,
144Nd(40Ca, xn) 184−xHg, 166Er(40Ar, xn) 206−xRn, and
142Nd(48Ca, xn) 190−xHg have been measured by using
an improved version of the catcher foil method. ER cross
sections for the reaction 148Sm(36Ar, xn) 184−xHg were
already measured in [8]. The cross sections of other
reactions were measured for the first time in the present

FIG. 10. The comparison of experimental (black) and theoretical
(dash red lines) maxima of excitation functions for xn channels of the
reactions 40Ar + 144Sm, 36Ar + 148Sm, 40Ca + 144Nd, 48Ca + 142Nd,
and for xn and 1pxn channels in case of 40Ar + 166Er.

TABLE III. Cross-section maximum values in separate channels of complete fusion reactions and their positions in the excitation energy
scale.

σ (mb) (E*(MeV))

Reaction 2n 3n 4n 5n 6n 7n

40Ar + 144Sm → 184Hg 13.0 ± 3.0 12.4 ± 3.5 5.4 ± 1.6 1.5 ± 0.6 0.4 ± 0.2
(42.5 ± 3.3) (52.0 ± 2.6) (62.0 ± 2.3) (76.5 ± 2.2) (85 ± 2.1)

36Ar + 148Sm → 184Hg 9.8 ± 1.4 8.3 ± 0.8 3.2 ± 0.8 1.0 ± 0.2
(46.0 ± 4.9) (48.9 ± 4.8) (60.7 ± 3.2) (75.2 ± 2.3)

40Ca + 144Nd → 184Hg 2.7 ± 0.8 7.1 ± 2.2 3.6 ± 1.2 0.5 ± 0.2
(47.9 ± 5.7) (49.5 ± 5.7) (62.5 ± 4.1) (68.8 ± 3.8)

48Ca + 142Nd → 190Hg 34.4 ± 11.3 19.2 ± 6.6 12.2 ± 4.2
(69.4 ± 2.6) (81.2 ± 2.1) (94.1 ± 2.0)

40Ar + 166Er → 206Rn 1.8 ± 0.4 1.4 ± 0.4 0.3 ± 0.1
(46.7 ± 3) (55.6 ± 2.4) (67.4 ± 2)

1p2n 1p3n 1p4n 1p5n
40Ar + 166Er → 206Rn 1.5 ± 0.5 2.2 ± 0.7 1.2 ± 0.3 1.1 ± 0.4

(53.7 ± 2.1) (63.0 ± 2.1) (70.8 ± 2) (86.3 ± 1.9)
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work. By comparison of the 40Ar + 144Sm, 36Ar + 148Sm, and
40Ca + 144Nd reactions leading to the same compound nucleus
184Hg, the effect of the Coulomb barrier on the position of the
2n channel maximum cross-section value was investigated.
Slightly higher values of the experimentally determined cross
sections in comparison with the coupled-channel calculated
ones were shown for all reactions leading to mercury isotopes,
as opposed to the reaction 40Ar + 166Er leading to radon iso-
topes, though the effect is small. The latter could be caused by
rather high values of 1pxn-evaporation channel cross sections.
One can conclude that the fission channel cross sections and
other evaporation ones, like pxn or αxn, are lower, compared
to the values predicted by the coupled-channel model, for the
reactions leading to the mercury isotopes and, on the other

hand, higher for the reaction 40Ar + 166Er leading to the radon
ones.
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