
�¨¸Ó³  ¢ �—�Ÿ. 2002. º 1[110] Particles and Nuclei, Letters. 2002. No. 1[110]

“„Š 539.1.07

KINEMATIC SEPARATION AND MASS ANALYSIS
OF HEAVY RECOILING NUCLEI

Yu. Ts. Oganessian a, A. V. Yeremin a,1, A. V. Belozerov a, G. Berek b,
I. Brida b, M. L. Chelnokov a, V. I. Chepigin a, V. A. Gorshkov a,

A. P. Kabachenko a, S. P. Korotkov a, O. N. Malyshev a, A. G. Popeko a,
L. A. Rubinskaya a, R. N. Sagaidak a, E. M. Smirnova a, A. I. Svirikhin a

a Joint Institute for Nuclear Research, Dubna
b Department of Physics, Comenius University, Bratislava, Slovakia

Within the past twelve years, the recoil separator VASSILISSA has been used for investigation
of evaporation residues produced in heavy-ion induced complete-fusion reactions. In the course of
experimental work in the region of the elements with 92 ≤ Z ≤ 94, fourteen new isotopes have been
identiˇed by the parent-daughter correlations.

The study of the decay properties and formation cross sections of the isotopes of elements 110,
112, and 114 was performed with the use of the high intensity 48Ca beams; 232Th, 238U and 242Pu
targets were used in the experiments. At the beam energies corresponding to the calculated cross-section
maxima of the 3n evaporation channels, the isotopes 277110, 283112, and 287114 were produced and
identiˇed.

For further experiments aimed at the synthesis of the superheavy element isotopes (Z ≥ 110) with
the intensive 48Ca extracted beams, the improvements in the ion optical system of the separator and
of focal plane detector system have been made. As a result, for heavy recoiling nuclei with masses
A ≈ 250, the mass resolution of about 2.5 % was achieved with a good energy and position resolutions
of the focal plane detectors.

‚ É¥Î¥´¨¥ ¶µ¸²¥¤´¨Ì ¤¢¥´ ¤Í É¨ ²¥É ¸¥¶ · Éµ· Ö¤¥· µÉ¤ Î¨ ‚�‘ˆ‹ˆ‘� ¨¸¶µ²Ó§µ¢ ²¸Ö ¤²Ö
¨¸¸²¥¤µ¢ ´¨° Ö¤¥· µ¸É É±µ¢ ¨¸¶ ·¥´¨Ö, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ ¶µ²´µ£µ ¸²¨Ö´¨Ö ¸ ÉÖ¦¥²Ò³¨
¨µ´ ³¨. ‚ · ³± Ì Ô±¸¶¥·¨³¥´É ²Ó´µ° · ¡µÉÒ ¡Ò²µ ¸¨´É¥§¨·µ¢ ´µ ¨ ¨¤¥´É¨Ë¨Í¨·µ¢ ´µ, ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ ±µ··¥²ÖÍ¨° ³ É¥·¨´¸±µ¥Ä¤µÎ¥·´¥¥ Ö¤·µ, Î¥ÉÒ·´ ¤Í ÉÓ ´µ¢ÒÌ ¨§µÉµ¶µ¢ Ô²¥³¥´Éµ¢ ¸
 Éµ³´Ò³¨ ´µ³¥· ³¨ 92 ≤ Z ≤ 94.

ˆ¸¸²¥¤µ¢ ´¨¥ ¸¢µ°¸É¢ · ¸¶ ¤  ¨ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨§µÉµ¶µ¢ Ô²¥³¥´Éµ¢ 110, 112 ¨ 114 ¶·µ-
¢µ¤¨²µ¸Ó ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢Ò¸µ±µ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±µ¢ 48Ca. ‚ Ô±¸¶¥·¨³¥´É Ì ¨¸¶µ²Ó§µ¢ ²¨¸Ó
³¨Ï¥´¨ 232Th, 238U ¨ 242Pu. �·¨ Ô´¥·£¨ÖÌ ¶ÊÎ± , ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì · ¸Î¥É´Ò³ ³ ±¸¨³Ê³ ³ ¸¥-
Î¥´¨° µ¡· §µ¢ ´¨Ö ¢ ± ´ ² Ì ¸ ¨¸¶ ·¥´¨¥³ É·¥Ì ´¥°É·µ´µ¢, ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¨ ¨¤¥´É¨Ë¨Í¨·µ¢ ´Ò
¨§µÉµ¶Ò 277110, 283112 ¨ 287114.

„²Ö ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éµ¢, ´ ¶· ¢²¥´´ÒÌ ´  ¸¨´É¥§ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ (Z ≥ 110)
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨´É¥´¸¨¢´ÒÌ ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ±µ¢ 48Ca, ¡Ò²¨ ¶·µ¢¥¤¥´Ò Ê²ÊÎÏ¥´¨Ö ¨µ´´µ-
µ¶É¨Î¥¸±µ° ¸¨¸É¥³Ò ¸¥¶ · Éµ·  ¨ ¤¥É¥±É¨·ÊÕÐ¥° ¸¨¸É¥³Ò ¢ Ëµ± ²Ó´µ° ¶²µ¸±µ¸É¨. ‚ ·¥§Ê²Ó-
É É¥ ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥· µÉ¤ Î¨ ¸ ³ ¸¸ ³¨ A ≈ 250 ¡Ò²µ ¶µ²ÊÎ¥´µ ³ ¸¸µ¢µ¥ · §·¥Ï¥´¨¥ ¶µ·Ö¤± 
2,5 % ´ ·Ö¤Ê ¸ Ìµ·µÏ¨³ Ô´¥·£¥É¨Î¥¸±¨³ ¨ ¶µ§¨Í¨µ´´Ò³ · §·¥Ï¥´¨¥³ ¤¥É¥±Éµ·µ¢ ¢ Ëµ± ²Ó´µ°
¶²µ¸±µ¸É¨.

1Corresponding author, e-mail: eremin@sunvas.jinr.ru; fax: ++7-09621-65083.
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INTRODUCTION

A method for the investigation of consistent α decays, the so-called α−α correlation
analysis, has long been employed for the identiˇcation of new radionuclides. It has already
been used in the works to discover and study the decay properties of elements from 102 (α-
recoil milking experiments [1]) to 105 (delayed-α correlation method [2,3]). Later this method
was developed and successfully used for the identiˇcation and study of decay properties of
elements 107Ä112 with a modern experimental set-up and detection module (position-sensitive
detectors array) [4]. This method is based on the fact that a decay chain starting from an
unknown isotope should be ended in the known region of isotopes with the known decay
properties. In the case if the statistics allows one to be sure that no members in the decay
chains were missed, it is possible, starting from the known nuclei, to go back to the beginning
of the chain and to make an assignment, what deˇnite isotope of what element was synthesized.

In the case when the neutron-rich isotope 48Ca is used as a bombarding beam we have
found ourselves in a completely unknown region where all decay chains are started and
ˇnished with isotopes having unknown decay properties. According to the calculations [5, 6]
the decay chains started from neutron-rich (N = 171−175) isotopes of elements 112Ä114 after
a few α decays should be terminated by spontaneous ˇssion in the region of elements 104Ä110.
As a ˇrst step in attempt to solve the problem with the newly synthesized isotope identiˇcation
we plan a number of experiments, each experiment being a basis for the following one. One
of the possibilities was to use targets which differ by an α particle. It means that the isotopes
which can be produced in a subsequent experiment should decay to the isotopes which were
obtained in the previous experiments. These two-step experiments could be the following
ones: 48Ca + 232Th → 280110∗ and 48Ca + 236U → 284112∗, 48Ca + 238U → 286112∗ and
48Ca + 242Pu → 290114∗, 48Ca + 244Pu → 292114∗ and 48Ca + 248Cm → 296116∗.

In the ˇrst part of the experimental programme the reactions 48Ca + 206,208Pb →
→ 254,256−xNo + xn were investigated. Detailed analysis of the results of these experi-
ments will be published elsewhere, see, e. g., [7]. Using the HIVAP code [8], the excitation
energies for the maxima of the 3n and 4n channels for the reactions with 232Th, 238U and
242Pu targets, respectively, were calculated. The corresponding beam energies for the reac-
tions in the middle of the target thickness were 228±2 and 236±2 MeV for the 232Th target,
231±2 and 238±2 MeV for the 238U target, 234±2 and 245±2 MeV for the 242Pu target [9].

Experiments, performed at the separator VASSILISSA using 48Ca beams, and obtained
results are listed in Table 1.

Table 1. Summary of experimental conditions for the irradiations with 48Ca

Reaction Energy, Beam Beam Nuclide Cross
studied MeV time dose detected section, pb

48Ca+238U 231 25 3.5 · 1018 283112 5+6
−3

48Ca+238U 238 14 2.2 · 1018 no lim. 7
48Ca+232Th 238 15 1.8 · 1018 no lim. 9
48Ca+232Th 228 28 4.6 · 1018 277110 2+4.6

−1.7

48Ca+235Pu 235 32 7.5 · 1018 287114 2.5+3.3
−1.6
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EXPERIMENTAL SET-UP

The electrostatic separator VASSILISSA [10] with an upgraded detector system [11] was
used in the experiments on the synthesis of the isotopes 283112 and 287114 using 238U and
242Pu targets [12,13].

An additional (in some cases perhaps the main) possibility for the distinguishing of the
isotopes produced in complete fusion reactions from multinucleon transfer reactions products
and identiˇcation of new nuclides is the method of measuring the atomic mass number of the
ER's, synthesized during the experiment. In the case if the mass resolution of the experimental
set-up reaches the value of less than 0.5 % (for the heavy nuclei with masses in the region of
270Ä290 amu) one could make a direct identiˇcation of the obtained isotope on the basis of
its mass measurement. But such a mass resolution needs rather big magnetic systems having
de�ection angles of ≥ 90◦. Another possibility is the use of more simple and compact systems
which allow one to have the mass resolution at the level of 1.5Ä3 %. For the mass region
270Ä290 amu it leads to the accuracy of 3Ä6 amu. In this case one can establish belonging of
newly synthesized nuclide to the region of superheavy nuclei formed from compound nuclei
as a result of complete fusion reaction between the heavy ion and the target nucleus.

With the aim of continuation of the experiments on the synthesis and study of decay
properties of superheavy nuclei, the separator VASSILISSA was upgraded. For that purpose
a new dipole magnet, having a de�ection angle of 37.5 degrees, was installed behind the
separator VASSILISSA replacing the old 8◦ magnet (see Fig. 1). The new magnet will
provide an additional suppression of unwanted reaction products by a factor of about 100

Fig. 1. A schematic view of the upgraded separator VASSILISSA

and a possibility of having the mass resolution at the level of 1.5Ä2 % for heavy nuclei with
masses of about 300 amu. Its bending radius is 1.08 m, the effective length is 69.8 cm and
the vertical gap is 114 mm. The entrance and exit boundaries of the magnetic dipole have
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the values of 46◦ and −43◦, respectively. To reduce chromatic aberrations the entrance and
exit boundaries of the pole have a radius curvature of + 0.5 m and − 0.5 m.

Fig. 2. The new focal-plane detector system

For the detection of heavy ER's at the fo-
cal plane of the new dipole magnet, a new
detector system having a 32 strip detector as-
sembly 60×120 mm in size and surrounded by
backward detectors was also developed (see
Fig. 2). Each strip is position sensitive in lon-
gitudinal direction. The position resolution
along each strip was measured from test reac-
tions. A value of 0.6 mm (FWHM) was ob-
tained for sequential αÄα decays, 1.0 mm for
ERÄα and 1.5 mm for ERÄSF events. These
values were obtained for energies of the ERs
in the range from 4 to 15 MeV. It is planned
to retain the old detector system [11] includ-
ing the 8◦ dipole magnet behind the new 37◦

magnet, thus organizing the second detector
area. Due to the compact conˇguration of this detector system it is possible to surround it by
3He counters, thus creating the neutron detector with a high (about 50 %) detection efˇciency.

Fig. 3. The distribution of the 226Ra α source; α with different energies at the focal plane of the

separator. Obtained energy resolution is about 2 %, dispersion Å 3.8 mm/%
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For this purpose it will be necessary to build around the detector chamber an array with 200
3He counters (see Fig. 1).

Calculations show that the separator has a focal-plane inclination of ≈ 24◦, the mass
(energy) dispersion Dx = 3.9 mm/% and the horizontal magniˇcation Mx = 1. Measurements
showed good stability (∼ 0.1 %) of the effective length of the dipole up to the magnitude of
the magnetic ˇeld H = 1.15 T. The results of the tests with the 226Ra α source showed that
the energy dispersion of the new magnet was about 3.8 mm/% and the resolution was about
2 % (see Fig. 3).

EXPERIMENT

In MarchÄJuly 2001 the VASSILISSA separator with the new dipole magnet was tested.
The analysis of the evaporation residues produced in complete fusion reactions with 40Ar
bombarding ions were used in the analysis. The 40Ar beam was delivered from the U-400
cyclotron. The energy range of the accelerated ions varied from 190 to 210 MeV, the test
164Dy and 208Pb targets were used.

Fig. 4. The TOF-energy spectra, registered at the focal plane of the separator. The charge distribution
of scattered ions is cleary seen

Using a speciˇc ion optical regime of the separator it was possible to see at the focal
plane of the separator the charge distribution of scattered 40Ar ions (see Fig. 4). These data
were used for the calibration of TOF-energy spectra together with the relation between the
strip number (de�ection angle) and Bρ (magnetic rigidity) of ER's.

In Fig. 5 the experimental results obtained with the use of the 164Dy target are presented.
The isotope 197Po was chosen and its distribution was plotted along the strip number of the
focal plane detector, i. e., the de�ection angle in the dipole magnet. The obtained structure in
the 197Po distribution allowed us to extract different charge states of ER's implanted into the
focal-plane detectors.
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Fig. 5. The distribution of the
197Po ER's along the strips of the

focal-plane detector: squares Å ex-

perimental values; solid lines Å
Gaussian ˇt

The time resolution of the time-of-�ight system of the
separator was about 0.7 ns, which corresponds to the value
of about 1 % (for slow evaporation residues). For each
ER, passing through the separator and detected at the focal
plane, the time-of-�ight (speed ®v¯ of ER) and position of
implantation/strip number (magnetic rigidity ®Bρ¯ of ER)
were measured. Using the high-resolution ion optical mode
of the separator it became possible to separate different
charge states for the Po ER's. At the two-dimensional
spectrum energy-strip, three ER's peaks corresponding to
different charge states were clearly seen.

It was possible to calculate the mass of the ER's,
detected at the focal plane. For different charge states
(Q = 17, 18, 19) the result was A = 198.1± 1, 197.8± 1,
198.4 ± 1, respectively. Taking into account that the cal-
culations were made for the isotope 197Po, formed in the
complete fusion reaction 164Dy(40Ar, 7n)197Po, the ob-
tained mass resolution could be estimated as about 2 %.

In the case of the reaction 40Ar + 164Dy →204Po∗

the cross section values reach hundreds of microbarns.
For the reaction 40Ar + 208Pb →248Fm∗ these values are
equal to tens of nanobarns. Using the reaction 208Pb(40Ar,

2n)246Fm we estimated that the new dipole magnet provided an additional suppression factor
of about 10 for scattered ions. Very clean α spectra were obtained. From the comparison with
literature data [14] we could estimate that transmission efˇciency for 246Fm ER's was about
20 %. The obtained mass resolution for 246Fm ER's, calculated according to the measured
TOF and strip number, ranged from 244.5 to 247.2 that corresponded to the accuracy of
about 2 %.

DISCUSSION

The development of the experimental technique with the use of electrostatic de�ectors
leads to the creation of the new class of kinematic separators Å mass spectrometers of
recoiling nuclei (recoil mass spectrometers). In these experimental set-ups the dipole magnet
with a de�ection angle of 25Ä30◦ is placed between the electrostatic condensers (de�ectors),
i. e., the scheme E-D-E is used (E Å electrostatic de�ector, D Å dipole magnet). It
allows one to reach a rather good mass resolution ∆M/M ≈ 1/300 for the heavy products
of nuclear reactions together with rather high suppression factors for the background products
(better than 107 for scattered beam ions). One of the ˇrst experimental set-ups of this type
was a recoil mass spectrometer created at Rochester [15].

Later a number of experimental set-ups having the familiar scheme were created at different
nuclear centres such as Legnaro (Italy) [16], Osaka (Japan) [17], Oak-Ridge (USA) [18],
Argonne (USA) [19], Tokai (Japan) [20] and New Delhi (India) [21]. All these set-ups have
the same scheme E-D-E and differ only in the number of focusing quadrupole lenses in
front and behind the spectrometer itself. All these set-ups can provide the mass resolution
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∆M/M ≈ 1/300 for nuclear reaction products in the mass region around 200. A typical
range of the formation cross section varied from a few millibarns to a few nanobarns and
depended strongly on the value of suppression factors for the background products. Recently
only two spectrometers have been used for the study of formation cross sections and decay
properties of reaction products with heavy ions in the mass region of about and heavier than
200 amu. FMA in Argonne [19] was used for investigating proton radioactivity of neutron
deˇcient isotopes of Pb and Bi [22], and JAERIÄRMS in Tokai [20] for investigating decay
properties of Sg isotopes in the reaction 30Si + 238U [23]. But in the latter case the set-up
was used not in the mass resolution mode.

Recently the ˇrst test experiments have been performed with the new 37◦ dipole magnet
installed behind the recoil separator VASSILISSA. Obtained results are very promising, it is
possible now to deˇne masses of the synthesized ER's with an accuracy of 5Ä6 mass units.
This provides an additional reliability of the identiˇcation in the experiments aimed at the
synthesis of superheavy nuclei in complete fusion reactions between transactinide targets and
48Ca accelerated beams.

With the use of the upgraded separator VASSILISSA we plan to continue the experiments
aimed at the synthesis of superheavy nuclei in the vicinity of predicted spherical shells in
complete fusion reactions between 34,36S, 48Ca ions and 232Th, 236,238U and 242,244Pu targets.
Odd-Z isotopes which could be obtained in reactions with 237Np and 243Am targets may have
even longer half-lives than those of even-Z elements 112 and 114. After the upgrade of the
separator the search for long correlations (up to few hours) becomes possible.

The experiments performed with 48Ca beams are the ˇrst step in a long-term programme
aimed at the synthesis and study of decay properties of superheavy nuclei with neutron
numbers close to the predicted spherical shell. The relatively long half-lives of the new
isotopes with Z = 112, 114 (even-odd and odd-odd isotopes which could be obtained in
reactions with 237Np and 243Am targets could have even longer half-lives), synthesized in the
reactions with 48Ca ions, dictate the necessity of upgrading the existing experimental set-ups
and developing new ones, thus providing the possibility of direct mass measurements with
an accuracy of 1 amu, but on the other hand, open new prospects for the investigation of
chemical properties of superheavy elements.
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