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Superheavy elements owe their existence exclusively to
nuclear shell effects which stabilize them against sponta-
neous fission (SF). Theoretical predictions locate the cen-
ter of stability at the hypothetical doubly-magic spherical
nucleus with Z=114 and N=184 [1]. Calculations with the
inclusion of higher orders of deformation [2] suggest the
ground state shell correction energy of deformed nuclei
around Z=108 and N=162 to reach values as large as for
%114, The increased stability leads to local minimaat the
N=162 neutron shell and a large difference in Q, values
between Ds and Hs isotones. This is clearly visible in
Figure 1, but so far no experimental o—decay energies are
available for N=162 nuclei.
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Figure 1: Q, vaues from theoretical calculations and ex-
perimental data; the value for 2°Hs (open square) is from
thiswork.

In [3, 4], two decay chains were tentatively assigned to
?"%Hs based on the previously reported decay properties.
However, this tentative assignment was not conclusive as
the reported “°Hs decay chains, consisting of o—o—SF
decay sequences, were very similar to the ones assigned
to **Hs. In this work we report the first synthesis and
identification of the even-even nucleus ?°Hs and the ob-
servation of its a—decay to *°Sg [5]. Contrary to earlier
reports [6,7] 2°°Sg is not decaying by o—particle emission
but by SF with arelatively short half-life.

A rotating 2**Cm target was bombarded with a ®Mg** ion
beam at the UNILAC, GSI Darmstadt. Beam energies of
145 MeV and 136 MeV (center of target) were used to
produce Hs isotopes in the 5n and 4n evaporation chan-
nels, respectively. Typical beam intensities on target were
0.8 particle-pA. Integrals of 1.46x10™ and 2.02x10'
Mg ions were accumulated at 145 and 136 MeV, re-
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spectively. An efficient rapid chemical separation method
[3] together with the on-line detection system COMPACT
[8] was used for the isolation and detection of Hs.

Seven decay chains attributed the decay of “*Hs are de-
scribed in [9]. Four a—SF chains exhibit a narrow distri-
bution of o—particle energies with E,=8.89+0.03 MeV.
They were terminated by SF with an average lifetime of
~0.5 s. Three out of four chains were detected at the lower
beam energy at the expected maximum of the 4n evapora-
tion channel. This sequence is different from all known
decay patterns. As the detection efficiency for an o
particle is 80%, there is a less than 0.1% probability that
these observed o—SF chains are incomplete o—o—SF
ones, where always the same o—particle was missed. We
assign these four chains to the decay of the new isotope
ZP4s and its daughter 2°Sg. From the measured data
Q,=9.02+0.03 MeV and a half-life of 22 s for “°Hs were
derived. Measured decay properties of the observed iso-
topes are summarized in Tab 1.

Tab.1. Decay properties of Hs and Sg nuclei.

z A | Decay mode | Half-life E,
108 | 269 o - 9.07+0.03
8.92+0.03
108 | 270 o - 8.89+0.03
106 | 265 o 14_931 s | 8.68+0.04
1 2 F 444
06 66 S 444:_48 ms

The o—decay energy of doubly-magic “°Hs is in good
agreement with theoretical calculations, which take into
account shell stabilization of deformed nuclei. ?°Hsis the
first experimentally observed even-even nucleus on the
predicted N=162 neutron shell.
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A rapid radiochemical technique has successfully been
used to discover doubly-magic 2"°Hs [1]. The experimen-
tal setup, based on the detection system COMPACT is de-
scribed in [2]. Several successful experimentswere donein
thelast threeyears[1, 3] at GSI. Here we present our recent
experiment aimed at the chemical separation of 26%Hs, pro-
duced in the nuclear reaction 248Cm(2°Mg, zn)?"3~*"Hs.
The nuclide 268Hs is unknown. It is expected to decay by
a-particle emission with ahalf-life of less than one second
to 37-ms spontaneoudly fissioning 254 Sg. To be sensitiveto
such short-lived isotopes, the overall transport time of pro-
duced Hs nuclides from the target to our detection system
was minimized and a value of less than 1 s was reached.

There are two main contributions to the overal trans-
port time. These are the time necessary for (i) comple-
tion of the chemical reaction and (ii) transport of the nu-
clides. Chemical reactions can be accelerated by increas-
ing the temperature. In our experiment, the recoil chamber
and quartz filter, where oxidization occurs, were heated to
400 °C and 650 °C, respectively. To minimize the trans-
port time, the distance between the recoil chamber and the
detector setup hasto be minimized. Because of the highra-
diation close to the target during irradiation, the chemical
detection system is usually placed in separate room behind
athick concrete wall. This, however, increases the length
of the transport line up to tens of meters, preventing the
investigation of short-lived nuclei. Placing the COMPACT,
surrounded by shielding, directly in theirradiation cave has
allowed reduction of the transport line length to 4 m. This
corresponds to a transport time of less than one second.
The shielding of the COMPACT consisted of a40-cm thick
concrete wall, a 15-cm thick boron-paraffin layer, and a 7-
cm thick Pb layer. This shielding proved to be satisfactory,
as no electronic noise was observed and the background of
events detected in the detector did not increase significantly
compared with previous studies, when COMPACT was lo-
cated outside of the irradiation cave. The experiment was
operated remotely from the experiment control room.

With beam intensities of 1.5 particle-pA, an integral of
3.61 x 10'® particles was accumul ated during nine days of
irradiation. The lab-frame beam energy in the center of the
target was 140 MeV, where HIVAP predicts the maximum
cross section of ~1 pb for 268Hs. No events that could be
attributed to the decay of 268Hs or 26°Hs were detected.

For cross section calculations of the short-lived 263Hs,
knowledge of the mean transport time is necessary. This

was estimated from measurements with short-lived Os iso-
topes. In bombardments of an enriched '°2Gd target with
achopped (1 s on/59 s off) 2?Mg beam, the isotopes "' Os
and '720s with half-lives of 8.3 and 19.2 seconds, respec-
tively, were produced. The time dependence of the count-
ing rate of the 171 Os and '72Os decays was examined and
ispresented in Figure 1.
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Figure 1: Time dependence of detected a—decays of
171,1720s in the detector and fit from a Monte Carlo simu-
lation. Zero correspondsto the start of the irradiation.

A Monte Carlo simulation was performed, modelling the
transport of the activity in the transport line. A lognor-
mal shape of the transport time distribution was deduced
from this model. We determined the parameters from a
best fit procedure of the observed time dependence of de-
tected «—decays. A mean transport time of ~ 1 second
was cal cul ated, in agreement with expectations.

Because the transport time is of the same order as the
expected half-live, the overall detection efficiency depends
on the half-life of the nuclide. A one event cross section
limit of 0.8 picobarn (63.2% c.|.) has been reached for Hs
isotopes with an assumed half-life of one second in this ex-
periment. We conclude that the chemical approach allows
the investigation of Hsisotopes with a half-life of one sec-
ond below the one picobarn level.
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Fast electrochemical deposition of Bismuth

H. Hummrich, J.V. Kratz
Ingtitut fur Kernchemie, Johannes Gutenberg-Universitdt Mainz, Germany

Fast electrochemical deposition is a promising method
for the agueous chemistry of the superheavy elements[1].
To perform electrodeposition experiments, the knowledge
of basic electrochemical parameters like deposition poten-
tials and the deposition velocity is necessary. To prepare
experiments with element 115, its homolog Bi was inves-
tigated.

Experiments were performed with carrier free #?Bi (ty,
= 60 min, E, = 727 keV). 1 ml of a solution of *Pb in
0.5 M HCI was obtained via the emanation method [2].
The solution was passed through a column (d =8 mm, | =
15 mm) filled with the cation exchanger Dowex 50x8
(100 - 200 mesh). Under the given conditions “?Pb is
retained, whereas #?Bi forms an anionic chloro complex
and passes the column. A total elution volume of 2 ml was
sufficient to elute 90 % of the activity. The eluate was
evaporated to dryness and dissolved in 1 ml 0.1 M HCI.
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Figure 1: Potential curve for the electrochemical deposi-
tion of 2*?Bi on various electrodes from 0.1 M HCl.

Electrochemical deposition experiments were per-
formed using a potentiostatic setup with an electrochemi-
cal cell for fast electrochemical depositions [3]. The elec-
trolyte was 0.1 M HCI, the working electrode material
was varied. 1 ml electrolyte containing ??Bi was electro-
lysed for 10 min, starting at the electrode rest potential
which is obtained without applying external current. The
deposited activity was measured for 1 min by y-
spectrometry and then electrolysis was resumed at a more
negative potential etc.

Table 1. E;; and Esqy, Values for the deposition of Bi from
0.1 M HCI on various electrode materials

Electrode Egit Eso
Au +250 -240
Pd +290 +180
Cu -180 -260
Ni spontaneous deposition
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Potential curves for the deposition of Bi on Au, Ni, Pd,
and Cu are shown in Fig. 1. The critical potential (Egi), at
which a significant deposition sets in, and the potential
for the deposition of 50 % of the atoms in solution (Esgg,),
are indicated. Numbers are given in Table 1. In agreement
with literature [4], a nearly complete deposition of Bi on
Ni is already observed at the rest potential (spontaneous
deposition). For the deposition on Cu and Pd, s-shaped
curves are obtained. The corresponding Ei; and Esgy, val-
ues for the deposition on Pd and Cu differ more than 400
mV, meaning that the interaction of Bi and Pd is much
stronger than the interaction of Bi with Cu. The deposi-
tion yield for the deposition on Au increases only slowly
with decreasing potentials, resulting in a big difference in
E.it and Esqe. This can be taken as is a sign for a hin-
drance in the electrodeposition process.
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Figure 2: Electrodeposition velocity for the spontaneous
electrodeposition of ??Bi on Ni from 0.1 M HCI at room
temperature (filled squares) and at 75 °C (open squares).

The electrodeposition velocity was determined for the
spontaneous deposition of *?Bi on Ni. Electrolysis was
performed for a certain time and the deposited activity
was measured. The time for the deposition of 50 % of the
atoms in solution (tsp,) Was 35 s at room temeperature.
This value could be lowered to 11 s by increasing the
electrolyte temperature to 75 °C.

If isotopes of element 115 with a half-live in the range
of 10 s were available, electrodeposition experiments
should be performed with Ni or Pd electrodes.
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lon-optical calculations with the code TRANSPORT
(TRANS) (test reaction 235 MeV “®Ca + #®UF, (0.5
mg/cm?) ==> #3112) were used as a first step to optimize
and to built TASCA [1,2]. As a next step the TASCA
Monte-Carlo SIMulation program (TSIM) was developed
and was applied [3] showing good agreement with previ-
ous results. Results for TASCA in the Small Image Size
Mode (SIM) are compared in Table 1. Smaller values
obtained with the more realistic TSIM are mainly due to
straggling and to charge-exchange processes in the gas. A
typical product distribution in the focal plane is shown in
Figure 1. Based on these simulations we opted for a win-
dow with 3 cm in diameter for the SIM Recoil Transfer
Chamber (RTC) [4].

Table 1: Result of TRANSPORT ion-optical calcula-
tions and TASCA Monte-Carlo simulations for products
from the Ca + U model reaction; see text for details.

Model TRANS TSIM
Solid angle / msr ~4.3 ~4.2
Transmission / % =~ 40 ~ 35
Horizontal image size / cm ~3 ~4
Vertical image size / cm ~3 ~4
Image area / cm” ~7 ~13

Figure 1: Evaporation residue distribution in the TASCA
focal plane obtained from a Monte-Carlo simulation of
the “°Ca + **®U model reaction. The circle depicts the
15 cm diameter RTC flange.

First TASCA commissioning experiments in the SIM
were successfully performed with the reaction 230 MeV
Cr + "'Gd (0.6 mg/cm?) ==> ?%?!'Ra. The Ra distribu-
tion in the (8x3.6) cm? 16-strip silicon Focal Plane Detec-
tor (FPD) is shown in Figure 2. Without any significant
influence on the transmission the distribution maximum
was found 0.5 cm to the left and 0.5 cm below the FPD

center position. A comparison between Monte-Carlo
simulated and experimental data is shown in Figure 3.
The shapes of distributions from the experiment and from
TSIM are the same; the smaller number of alphas as com-
pared with recoils is due to a lower efficiency. The 0.5 cm
horizontal shift corresponding to = 0.5% in rigidity shows
that the dipole magnet settings were slightly off. How-
ever, a 0.5% deviation does not influence the experimen-
tal result drastically as the momentum acceptance of
TASCA in SIM is + 10% [5]. In general, we observe an
excellent agreement between theoretical model calcula-
tions and experimental data.

Figure 2: 2®®?!'Ra distribution (color coded) in the FPD.
The reaction was >*Cr + "Gd. The circle depicts a 15 cm
diameter flange, the dashed line the g 3 cm RTC window.

Figure 3: Results from the **Cr + ™'Gd ==> ?*?"'R3 test
reaction compared with a Monte-Carlo simulation. Shown
is the horizontal distribution in the FPD.
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One of the main foreseen applications of the gas-filled
TransActinide Separator and Chemistry Apparatus
(TASCA) [1] recently installed at GSI is its use as a
physical preseparator for chemistry experiments [2,3]; see
configuration shown in Figure 1. EVaporation Residues
(EVRSs) are guided to the focal plane of the separator
where they penetrate a thin window separating TASCA's
low pressure regime from the 1 bar regime in the Recoil
Transfer Chamber (RTC) in which the EVRs are thermal-
ized. Construction of the interface between these two re-
gimes, the RTC window, presents a technical challenge as
the following requirements have to be met: i) the window
has to withstand the high pressure difference, ii) it has to
be gas tight, iii) it has to be so thin that slow EVRs from
asymmetric hot fusion reactions can penetrate into the
RTC which necessitates using a support grid, and iv) the
transparency of this grid has to be high to provide maxi-
mum transmission. As has been described before [4] two
different ion optical modes are available at TASCA. For
both TASCA modes, the Small Image Mode (SIM) as
well as the High Transmission Mode (HTM), flanges ac-
commodating RTC windows that match the correspond-
ing image sizes in the focal plane [4] have been built at
the TU Munich. Windows made from Mylar foils with
thicknesses of 3.3 um and less are supported by a honey-
comb 80%-transparency stainless steel grid. Two RTCs
were built, the HTM one (140x40 mm?) at U Mainz and
the SIM one (30 mm &) at U Oslo. Both are built in a
modular way that allows easy changes of depth and gas
flow pattern, see Fig. 2 for the HTM RTC. Additionally,
catcher foils can be installed and removed quickly to de-
termine the activity entering the RTC. First commission-
ing took place in Oct./Nov. 2006 in a “°Ar beamtime.

The HTM RTC was tested with products of the reaction
"Gd(“Ar,xn) ***Pb  which were transported with a
He/KCI gas-jet to a radiochemical lab located about 13 m
away. Aerosol particles were collected on a glass fiber
filter that was placed in front of a low energy photon
counter for y counting. Unlike in experiments without
preseparation, where the y spectrum was dominated by
lines from unwanted isotopes such as “°Cr or **™*Sc pro-
duced in reactions of the beam with various parts of the
target setup [5], in these tests only vy lines from Pb iso-
topes and their daughters could be identified, proving the
advantage of preseparation. The SIM RTC was tested
with short-lived partially o-decaying Hg isotopes from
the ““Sm(*°Ar,xn)'®**Hg reaction. Preseparated Hg atoms

*c.e.duellmann@gsi.de
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were transported with a pure He jet to the Cryo On-line
Multidetector for Physics And Chemistry of Transacti-
nides (COMPACT) [6] that registered their o-decay. Only
o lines from Hg isotopes and their daughters were visible.

UNILAC ,Target
Beam EVR RTC

Trajectory  Trajectory Window

Gas out to
Chemistry /
Detection

(1 bar) Gasin
Figure 1: TASCA in the preseparator configuration

<
—
—p
>4

Figure 2: The HTM RTC mounted at TASCA. The two
gas flow regimes are indicated by light and dark arrows.
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To optimize and improve the new separator TASCA
(TransActinide Separator and Chemistry Apparatus) [1],
3D magnetic field measurements and simulations of the
TASCA dipole magnet (C-type) and quads were per-
formed.

All field calculations were made with the finite-
element code KOMPOT [2, 3]. KOMPOT simulates vari-
ous 3D stationary field distributions. The code has rich
graphic tools (Fig.1, 2) for building finite-element mod-
els. The postprocessor is capable to produce distributed
and integral magnetic characteristics. For example, field
maps or magnetic fluxes and EM forces for a given region
are created. The graphical interface makes it possible to
visualize calculated field distributions in any region of
interest and to compare it with data measured at the GSI.

a) b)
Figure 1:a) 3D-graphic presentation of the C-magnet;
b) Magnetic field distribution on the magnet surface.

The model developed for the C-magnet was reduced to
one quarter of the magnet (Fig.1). The mesh had ~0.5M
nodes. More than 30 runs were carried out: a) with cur-
rents varying from 50 A to 700 A; b) with 700 A to opti-
mize pole shapes; c) for the optimized poles shape with
the currents up to 850 A.

Comparisons between measurements and simulations
show good agreement. Computational model and mag-
netic measurement data allow calculating magnets with
required magnetic field distributions. In addition, the syn-
ergism between model calculation and measurement does
yield much better and much more economic results in
magnet design and optimization. The magnetic field simu-
lations provide the 3D field map in the working area of
the dipole magnet and the corresponding optical charac-
teristics for the entire envisioned induction (current)
range.

In addition 3D field simulation has been performed for
the quadrupoles [2, 3] in order to obtain magnetic field
maps for (i) a single quadrupole magnet, (ii) two quads
turned by 90 degrees relative to each other around their
common axis and (iii) two quads taking into account the
magnetic permeability of the duct and a valve (Fig.2).

a) b)

Figure 2: a) Computational model of a doublet of quads.
b) Magnetic field distributions on the surfaces of a single
quadrupole with a valve.

The calculation mesh of doublet of quads contains
~0.5M finite elements (Fig.2a). This model was used as
reference to calculate the field for a set of coil currents
from 200 to 650 A. The FE model allowed calculation of
a precise field map for two nearby quads. The 3D field
distribution was obtained in each quad, in between quads
and in the region from the quad edge to the external
boundary. The field of a single quad can be assessed as-
suming negligible interference of the magnet ends.

The second calculation model accounts for the influ-
ence of the duct and the vacuum valve (Fig.2b). Direct
subtraction of field maps obtained with two different
models (with and without the duct) using the same FE
mesh revealed minor deviations of field and field gradient
in the working area of the quads. Both the field and gradi-
ent deviations were found to be below 0.05%. As the vac-
uum valve introduces an asymmetry in the magnet sys-
tem, an FE mesh should be built over the entire R® area
that necessitates significant increase in computational
resources. To study the influence of the valve a dedicated
FE model was developed. The model has >0.4-10° finite
elements. From the measured data provided by GSlI, the
vacuum valve permeability was taken constant as
w1 =1.4. An additional calculation at p,, = 1.0 gave as-
sessment for the vacuum valve influence. The resultant
field deviations with valve and without valve in the work-
ing area were as low as AB = 2 G, and deviations of the
field gradient were within 0.1%.

The calculated field maps were used as inputs for the
TASCA trajectory analysis.
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lon-optical calculations are often performed as a first
step when designing magnetic systems. As a second step
Monte-Carlo simulations are performed of EVaporation
Residue (EVR) trajectories through the separator, varying
parameters like target thickness, gas pressure and magnet
field. Such a program is very useful to optimize all system
parameters and to plan and to prepare experiments.

The new TASCA Monte-Carlo SIMulation program
(TSIM) is based on the Berkeley Gas-filled Separator
SIMulation program (BSIM) [1]. TSIM uses magnetic
field maps of the TASCA dipole and quadrupole magnets,
simulated by the program KOMPOT [2].

Trajectories are simulated in three steps. As a first step
the event generator code TRIMIN (TRIM INput code)
generates EVRs in the target material. The following tools
and input parameters are used to characterize these EVRS:
a) the energy loss for the primary beam in the target mate-
rial is calculated by SRIM [3] or LISE [4]; b) Gaussian
type distributions with realistic widths are assumed for the
primary beam energy and angular spread; c) a beam en-
ergy is randomly chosen within the excitation function for
every EVR birth. A depth in the target material corre-
sponding to this energy is determined; d) initial position of
compound nuclei trajectories and recoil energies are simu-
lated. They are modified by neutron evaporation with a
kinetic energy of ~2 MeV emitted in random direction.

As an output TRIMIN gives recoil energies, position
distributions and angular distributions for the EVRs inside
the target, which are used as an input for the second step
of the simulation process. Here EVRs are transmitted from
their initial target position through remaining target mate-
rial using the SRIM code [3]. The output file with recoil
energy distributions and angle distributions of EVRs exit-
ing the target serves as an input file for the last step of the
TSIM calculation. This part of the simulation program,
based on the original BSIM program, was adapted for
TASCA taking especially into account the TASCA ge-
ometry like target position, dimensions of ducts and the
detector position with variations of the detector size.
Transmitting EVRs through the gas-filled separator, strag-
gling, energy loss and charge-exchange are taken into
account.

Fig.1 shows simulated trajectories of EVRs from the
Ca + U reaction with TASCA, i.e. the dipole magnet fol-
lowed by the first horizontally focusing quad and the sec-
ond vertically focusing one; see refs. [5, 6] for more in-
formation. TSIM can be used to optimize target thickness
or duct shapes and it can also be used to find the best gas
pressure for a specific reaction and magnet settings.
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Figure 1: EVR trajectory simulations in TASCA projected
in the horizontal (upper panel) and vertical (lower panel)

The newly developed KOMPOT [2] postprocessors al-
low calculating ion-optical parameters of the dipole mag-
net (MOPS code — Magneto-Optical Parameters Simula-
tion) and of quads (MOPS2 code) from field maps of the
working area of the magnets. As program input data we
have used the magnetic field map. The dipole magnet
parameters calculated by MOPS are: a) magnetic field
distribution and its series expansion in the medium plane;
b) magnetic length distribution and its series of expansion
in dependence on radius c) bending angle for the central
trajectory and bending angle distributions at the entry and
the exit; d) series of expansion for bending angles; g) edge
angle distribution and the series of expansion at the entry
and at the exit of the magnet; e) field distribution along
the central trajectory; f) series of expansion for edge field
at the entry and at the exit of the magnet.

MOPS2 allows determining ion-optical parameters of
quads, based on calculated or measured distribution of
magnetic field in the working area of the quads, such as:
a) magnetic field and field gradient in the middle point; b)
magnetic field and gradient distribution in the medium
plane; c) series of expansion for field and gradient distri-
butions; d) magnetic length for the central trajectory; e)
magnetic length distribution depends on extension from
the central axis; f) series of expansion for magnetic length;
h) field gradient distribution on the central trajectory.
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The main components of the TransActinide Separator

and Chemistry Apparatus TASCA are already installed
and the separator is now in the commissioning phase. A
first beam time took place in April 2006 and further
commissioning experiments were performed in May and
November 2006. An overview of the current status is
given in separate contributions [1,2].
For the beam time in May a number of different target
materials have been applied, among them a set of "™'Gd-
targets produced by Molecular Plating at UMZ on a 5 um
Ti-backing foil. The targets withstood a 1.43 UAy,, Cr'*-
beam without damage although the use of a relatively
thick Ti-backing resulted in an increased background sig-
nal. One main goal of the experiment in November was
the test of different 2*®U-targets with an intense “°Ar'%*-
beam. Two target wheels have been irradiated — TN4 and
TN8 - both consisting of three different kinds of targets.

All targets have been delivered by the GSI target labora-
tory. Here, the U-layer of about 500 pg/cm? has been pro-
duced by sputtering of depleted uranium in its metallic
form with an U content less than 0.2% [3]. Here, C and
Ti, respectively, have been used as a backing material. In
some cases the U-layer has been covered with a thin C
layer in order to prevent losses of the target material dur-
ing irradiation with the “°Ar'®*-beam. After a certain beam
integral was applied, the targets have been inspected to
check for damage. Target wheel TN4 has first been irradi-
ated for a total of about one hour with increasing beam
intensity up to 2 pAur. The target segments showed se-
vere damage with holes and cracks. TN4 was then re-
placed by TN8 which was irradiated for about 1.5 hours
with increasing beam intensities up to 1 pAg,. Figure 1
shows TN8 before and after irradiation, respectively. Af-
ter irradiation segment 1 (C-backing/C cover) showed a
visible hole, whereas segments 2 and 3 (Ti-backing) re-
mained mechanically stable but show intense colour
changes in the central part (see fig.1).

In order to check for material losses and homogeneity,
the targets with Ti-backing are currently inspected by ra-
diographic imaging using a FLA 7000 Imager from FUJI-
FILM Corporation. Figure 2 shows a radiographic image
of target segment #3 from target wheel TN8 with a U-
content of 491pg/cm?. Here, light grey areas correspond
to the initial deposited and uniformly distributed U-layer.
The dark grey area in the center part indicates the “Ar*®*-
beam track. Here, the higher activity origins from an acti-
vation of the Ti-backing and the U target material by the

beam. Information about material losses due to the inter-
action with the beam is not yet available. Thus, work is
currently in progress at GSI to produce U-samples as a
calibration standard for quantitative measurements of
target thicknesses using radiographic imaging. The targets
are further inspected by o-particle counting of the U-layer
in order to check for material losses. Furthermore, the
targets will be inspected by electron beam diagnostics.

Figure 1: Target TN8 before (left) and after irradiation
(right) with a **Ar'®*-beam of 1 pA,,, maximum intensity.

Figure 2: Radiographic image of target segment # 3 from
target wheel TN 8. See text for details.

At UMZ work is currently under way to find optimum
conditions for the deposition of ***Pu (up to 500 pg/cm?)
on 2 um thin Ti backing foils by Molecular Plating from
isobutanolic solution. 2**Pu is of special interest as a tar-
get material for chemical investigations of the heaviest
elements, since relatively long lived isotopes of Rf to Hs
- with half-lives in the order of a few seconds - can be
produced in the bombardment of a 2**Pu-target with
beams ranging from ?Ne up to *°Si. ***Pu is also the op-
timum target for production of Z=114 with a “*Ca beam.
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For accurate calculations of the electronic structures of
the heaviest elements and their compounds, where relativ-
istic effects are of paramount importance, the usage of
fully relativistic quantum chemical methods within 4-
component approximation is highly desirable. Such a us-
age encountered until recently difficulties for many elec-
tron systems with respect to the treatment of the electron
correlation. Meanwhile, this problem has been tackled,
and the latest version of the DIRAC package offers possi-
bility of calculating the electronic structure of the heavy
element compounds using the DC (Dirac-Coulomb) Ham-
iltonian and treating the electron correlation at various
levels of theory including the most sophisticated, such as
the Coupled Cluster Single Double (Triple) excitations
[CCSD(T)] [1]. Meanwhile, optimal basis sets for the
heaviest elements have also been developed [2]. In this
work, we have made use of the recent developments in
the DIRAC program and calculated atomic properties of
Hg and element 112 at a very advanced level of theory.

In the basis of the DC method lies the many-electron
relativistic Dirac-Coulomb Hamiltonian

H e :ZhD+lerij, (1)

where | -

h, =ca-p+pc*+V, .. )

The atomic orbitals are four-component spinors

o =[P—(”] ®
Qne (1)

where P(r) and Qx(r) are large and small component,
respectively. The Faegri uncontracted 26s23p18d13f5g2h
basis set was used for element 112 [2], while the Visscher
polarized basis sets was used for Hg [3].

The calculations of polarizability (o)) were performed
at the DC single reference CCSD(T) level with the use of
the finite field method. The strengths of the field were
chosen as 0.0001, 0.001 and 0.01 a.u. Results for a are
given in Table 1 along with the other best calculated
properties of Hg and element 112. These properties are
needed for calculations of the energy of physisorption of
these elements on inert surfaces like quartz or ice. loniza-
tion potentials (IP) were calculated at the Dirac-Coulomb-
Breit Fock-Space CC (DCB FSCC) level [4]. The atomic
radii (AR) were determined as a half of the bond lengths
Re in the dimers Hg, and (112), calculated using the 4c-

DFT method (4-component Density Functional Theory
method, the spin-polarized version, non-collinear ap-
proximation) [5,6]. Also, AR calculated on the basis of
Rmax Of the outer electron orbital are similar [7]. Results
are summarized in Table 2. For comparison, non-
relativistic values are also given there.

Table 1. Atomic properties of Hg and element 112
needed for calculations of the energy of physisorption

Property Hg Ref, element 112 Ref.
nr rel nr rel

IP, eV 8.98 10.44 cal.[4] 825 11.97 cal.[4]
10.43  exp.

o, a.u. 57.83 33.94 this 25.38 this
3391 exp.[8] 7466 258 cal.[9]

AR au. 391 343 calc.[6] 432 326 [6]
3.43  exp.[]10] 3.22  [7]

10

One can see that agreement between the present calcu-
lated DC CCSD(T) and experimental value [8] for a(Hg)
is excellent. This guarantees high accuracy of the results
for element 112. With the newly calculated values of IP, .
and AR, the energy of physisorption of Hg and element
112 on quartz was calculated as AHqqs(Hg) = -40.8 kJ/mol
using a model of atom-slab interaction [7]. This value
agrees very well with the measured AHu4(Hg) = -42 £ 2
kJ/mol. Accordingly, AH.4s(112) = -45.8 kd/mol. The ob-
tained results indicate that relativistically, element 112
will be stronger adsorbed on inert surfaces than Hg. Non-
relativistically, AHy5(112) = -40.2 kJ/mol, which means
that non-relativistically, element 112 would have been
less strongly adsorbed than Hg. Thus, relativistic effects
make element 112 less, not more, volatile than Hg upon
adsorption on inert surfaces.
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During the last 15 years a lot of effort has been in-
vested in the experimental investigation of the chemical
behaviour of superheavy elements. One was able to show
that the general feature of the elements 104 to 108 is to
follow the trend of the continuation of the Periodic Table
[1]. Details of the experimental methods and results can
be found in the recent review by Schédel [2].

These elements are so heavy that any non-relativistic
calculation can not give a realistic prediction so that a full
relativistic calculation is the only appropriate method.
Details of the theoretical methods and results can be
found in the review by Pershina [3].

The theoretical as well as the experimental effort now
concentrates on the investigation of the chemical behav-
iour of the elements beyond 110. In this region of ele-
ments up to now nothing is known experimentally. The
nuclear chemists concentrate on the chemistry of element
112. They have set up an experiment to investigate the
adsorption of this element relativ to the homologue Hg
and the noble gas Rn. Positive results of those experi-
ments have recenly been reported [4].

During the last years we have investigated theoretically
the adsorption energy of element 112 and Hg on a Au
surface. The newest results predict an adsorption energy
of about 0.7 eV [5] which is somewhat below Hg but rea-
sonably higher than that of Rn.

Because all these elements between 110 and 119 now
become interesting, the effort from the theoretical side
concentrates on the calculation of small molecules with
superheavy elements. These kind of calculations together
with analogue calculations for their homologues allow
further predictions of their chemical behaviour. Various
methods have been used so far. A few references
including results for even heavier elements can be found
in Ref. [6-10].

Our method of calculation is a full relativistic 4-
component molecular code which now includes the possi-
bility to calculate these systems in a non-collinear fash-
ion. This method allows the magnetic density distribution
to show in different directions in different regions of the
molecule. This is connected with different total energies
and thus modifies the binding energies of the molecules
compared to the collinear method which is used up to
now.

Table 1 lists the binding energies De, the bond dis-
tances R, and frequencies w, for a few superheavy mole-
cules with element 111 and 113. For the diatomic mole-
cule (111), the potential energy curve in different ap-
proximations is given in Fig. 1. These values are impor-
tant ingredients in order to understand the chemical be-
haviour of these elements which are dominated by large
direct relativistic effects for the 7p,;, electrons and large
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spin-orbit splitting of the 7p-shell in the case of element
113.

Table 1: Bond lengths, R, bond energies, De, and vibra-

tion frequences, we, for a number of diatomic molecules
of elements 111 and 113

Bond energy [eV]

[1]
(2]
[3]
[4]

Molecule R. (A) De(eV) | o (cm™)

(111)H 1.52 2.85 2804

(111)F 1.94 2.65 597

(111)Au 2.57 1.34 150

(113)H 1.78 1.70 1606

(113)F 2.23 3.42 375

O v I
F\ "\"'.' — Singler 1
Y v — - Triplet A
L ‘\ ‘s - —. Triplet i

\\ \ -+ Triplet

Internuclear distance [a.u.]

Figure 1: Potential energy curve for the system (111),
with a large triplet splitting
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Theoretical predictions of adsorption behaviour is very
important for chemical identification of the heaviest ele-
ments using gas-phase chromatography techniques or
electrochemical deposition from aqueous solutions. Ear-
lier, we have predicted the adsorption enthalpy AH4 and
the temperature T,y for element 112 with respect to that
of Hg on gold (100) surface [1,2]. Recent experiments
have confirmed theoretically predicted similarity of ele-
ment 112 with Hg [3]. This work is an initial step in the
long-term project on predicting adsorption behaviour of
element 114 with respect to that of Pb on various metal
surfaces. Here, we present calculations of binding ener-
gies D, and other spectroscopic properties of the dimers
of Pb and element 114 with group 10, 11 and 14 elements.

The calculations were performed using the 4-
component Density Functional Theory method (4c-DFT)
in the spin-polarized version (non-collinear approxima-
tion) [4]. The results for group 10 and 11 dimers are
summarized in Table 1. Results for the dimers of Pb and
element 114 with group 14 elements are given in Table 2.

Table 1. Optimized bond lengths (R.), binding energies
(De) and harmonic vibrational frequencies (w,) for PbM
and 114M, where M are group 10 and 11 elements

Table 2. Optimized bond lengths (R.), binding energies
(D¢) and harmonic vibrational frequencies (w,) for PbM
and 114M, where M are group 14 elements

Molecule Re, D, We, Ref.
a.u. eV cm?
PbSn 5.50 2.93 - this
PbPb 5.62 1.18 107 this
5.53 0.86+0.01 110 exp. [5]
114Sn 5.80 1.83 - this
114Pb 6.00 0.406 - this
(114)(114) 6.60 0.13 26 this

Molecule Re, De, We,
a.u. eV cm™
PbNi 450 1.80 -
PbPd 473 1.95 201.77
PbPt 4.63 3.53 213.49
PbCu 4.80 1.60 -
PbAg 5.05 1.22 -
PbAu 4,99 2.15 152.73
114Ni 4,70 0.25 -
114Pd 5.08 0.79 137.82
114Pt 4.84 1.11 157.37
114Cu 5.20 0.47 -
114Ag 5.50 0.30 -
114Au 5.44 0.73 96.70

The results of Table 1 show that element 114 should
form relatively strong bonding with the group 10 and 11
transition elements which is about 1 eV weaker than that
of the corresponding Pb compounds. Bonding of both Pb
and element 114 with Pt should be the strongest among
these transition metals, while that with Ag should be the
weakest. With group 14 elements (Table 2), Sn and Pb,
element 114 should also form rather strong bonding,
about 1 eV weaker than that of Pb. R, of the 114 com-
pounds are respectively longer. The bond in (114), is
stronger than the pure van der Waals one (Fig. 1).

The present results show similar trends for D, R, and
w, of PbM and 114M as a function of the second metal
atom M. The trends in D, for PbM are also similar to
AH,qs Of Pb on the corresponding metal surfaces [6]. The
calculated D, for the dimers can be used for first estimates
of AH.(114) on the corresponding metal surfaces, as it
was done for element 112 [7]. We share the opinion of [8]
that the DFT results for various systems are systematic
and offer consistent trends in properties.

e e

1 o RLDA 1]
| * BSS/PS6 ||
-, o PWILPWOI| |

Binding energy [eV]

Fig. 1. Binding energy of (114), as a function of the
bond length R, calculated in various DFT approximations.
The highest level of approximation is B88/P86.
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