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The heaviest elements were discovered in 48Ca-induced 
fusion reactions with actinide targets [1]. The observation 
of the hitherto heaviest element 118 was claimed from 
irradiations of targets of 249Cf, which is the highest-Z nu-
cleus that is available in sufficient quantities. Hence, to 
search for elements beyond Z=118, reactions induced by 
projectiles with Z>20 are required. Previously, 64Ni+238U 
[2], 58Fe+244Pu [3], and recently 54Cr+248Cm [4] were 
studied, but element 120 is yet to be discovered. Theoreti-
cal predictions [5-8] agree on the 50Ti+249Cf reaction to 
have the highest cross section. Accordingly, the TASCA 
collaboration selected this reaction to search for element 
120. Maximum predicted cross sections range from 0.04
pb [5] to 0.75 pb [6, 8]. For comparison, the 48Ca+249Cf

→ Z=118 experimental cross section is 61
3050 .
.. +

− pb [9].

On the way to a first search experiment for element 120 
at TASCA, upgrades of several key components were 
performed, compared to the setup as used for the 
244Pu(48Ca,3-4n)288,289114 reaction [10, 11]. These include 
the implementation of a larger-area target wheel with 100 
mm diameter comprising four targets [12]. The heat of 
each 5-ms long UNILAC macropulse is now dissipated 
over a four times larger area (6 cm2) than in the old sys-
tem (1.4 cm2) used for element 114. 

The separation from unwanted nuclear reaction prod-
ucts was increased by a factor of ~10 [13] by (i) imple-
menting a carbon stripper foil in front of the target to in-
crease the beam charge state, (ii) a fixed scraper mounted 
in the center of the first quadrupole magnet, and (iii) a 
second, moveable scraper mounted behind the second 
quadrupole. Both scraper positions were chosen based on 
ion-optical simulations, which predicted significant back-
ground suppression without loss in EVR efficiency due to 
the scrapers. Measurements, e.g.,  of the 48Ca+208Pb reac-
tion, confirmed the expectations (see also [14]). The effi-
ciency of TASCA for element 120 produced in the reac-
tion 50Ti+249Cf was calculated to be (62±6)%. Discrimina-
tion between various event types was enhanced by im-
proving the multi-wire proportional counter veto detector 

efficiency compared to the element 114 experiment. Sev-
eral predictions of decay properties of isotopes produced 
in the 50Ti+249Cf reaction suggest their half-lives, T1/2, to 
be on the order of μs. This is shorter than the dead-time of 
the data acquisition (DAQ) system used in 2009 [11]. 
Therefore, a fast digital sampling pulse processing system 
was built and integrated into the DAQ system [15]. This 
allowed registering events with T1/2 as short as 100 ns, as 
confirmed in a study of the reaction 50Ti+176Yb, which 
yields decay chains with very short-lived members [16]. 

Old 249Cf samples were chemically reprocessed and 
electrodeposited on ~2.2-μm thick Ti backings by molec-
ular plating [17], yielding ~0.5-mg/cm2 thick targets.  

In August-October 2011, a first experiment to search 
for element 120 was conducted. Intense beams (0.5-1.0 
μApart) were applied on the Cf targets during 39 days of 
beamtime. The data analysis is in progress.  

Acknowledgments: We thank the ion source and accel-
erator staff for providing stable and intense 50Ti beams, 
and the experimental electronics department for making 
the digital DAQ system available on a short time-scale. 
Work supported by the Helmholtz Institute Mainz. 
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In preparation for an approved experiment aiming at X-
ray fingerprinting of element 115 decay chains to unam-
biguously determine the atomic number of the involved
nuclei, a number of final tests were performed in June
2011. The main experiment is designed to measure the
energies of characteristic X-rays emitted following de-
excitation via internal conversion in coincidence with α
decays into excited states. 287115 will be produced in
the 243Am(48Ca,4n) reaction, isolated in the gas-filled re-
coil separator TASCA [1], and guided to the TASISpec
setup [2].

In this experiment we studied which of the two ion-
optical modes of TASCA [1] is more beneficial to use
together with TASISpec. Previously, TASISpec has
been used with TASCA in the “Small image mode”
(SIM) with good results. However, simulations and ex-
periments [4] have shown that insertion of slits inside
TASCA can decrease the background in “High transmis-
sion mode” (HTM) significantly. To investigate the per-
formance of TASISpec with TASCA in HTM, the reac-
tion 208Pb(48Ca,2n)254No was used (for details, see [3]).
First, the previously determined optimal TASCA SIM
quadrupole magnet settings for TASISpec were confirmed
to yield the maximum transmission. Secondly, a series of
HTM tests using the nominal TASCA focal-plane detec-
tor confirmed that a strong background suppression can be
achieved by inserting slits in TASCA. Thirdly, the HTM
magnet settings were optimized to give the best trans-
mission of 254No into TASISpec. This optimization was
guided by simulations [5] of the trajectories of 254No
through TASCA. Relative experimental transmissions were
derived from the number of events recorded in the α peak
from 254No in the TASISpec implantation detector, nor-
malized to the beam integral. The optimal settings were
found within the range of magnet settings suggested by the
simulations.

The spacial distribution of 254No events over the TASI-
Spec implantation detector with TASCA in HTM is illus-
trated in Fig. 1(b), showing data from a simulation of the

∗This work was co-funded by the European Commission under the ca-
pacities program (Grant Agreement Number FP7-227867, ENSAR), and
supported by the Helmholtz Institute Mainz. We also thank the Royal
Physiographical Society in Lund for funding of equipment.
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Figure 1: (a) Energy spectra accumulated using SIM (blue)
and HTM (black). (b) Simulated distribution, in HTM, of
254No in the TASISpec implantation detector [3].

experiment. The implantation profile is elongated in the
horizontal direction, as expected in HTM. Since the ions
have to pass a cylindrical tube on their way to TASISpec,
the best use of the two focusing quadrupoles turned out to
be when the horizontal focusing is somewhat stronger than
the vertical one. The optimized settings established in this
experiment can be used for determining how to tune the
magnets in other experiments using TASISpec with HTM.

The transmission to TASISpec with TASCA in HTM
was∼80% of the one achieved in SIM. The main advantage
in HTM is the excellent background suppression. Fig. 1(a)
shows beam-on energy spectra from SIM (blue) and HTM
with slits inserted (black). The clean HTM spectrum im-
plies that it is possible to search for α-X-ray coincidences
in the beam-on periods as well as in the beam-off periods,
even without using a veto detector, such as a MWPC, for
implanted particles. In SIM, only beam-off data can be
used when no MWPC is installed, due to too high back-
ground rates during beam-on periods. Since the beam-on
data accounts for 25% of the events due to the duty cycle
of the beam, the total amount of TASISpec data is compa-
rable for HTM and SIM.
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Production and decay of short-lived 221U (previously 
unknown) and 222U (only the half-life is known) were 
studied at the gas-filled separator TASCA. These two 
nuclei have only few neutrons more than the magic num-
ber N=126, which leads to high α decay Q-values and, 
therefore, to very short half-lives (< 10 μs). To explore 
this microsecond/sub-microsecond half-life region, digital 
electronics was implemented into a combined “ANalog” 
and “DIgital” (ANDI) data acquisition system [1].  

A 50Ti12+ beam was accelerated to energies Elab=230 
and 240 MeV and irradiated a rotating 176Yb target wheel 
to produce 222U and 221U in 4n and 5n de-excitation chan-
nels of the complete fusion reaction, respectively.  

The evaporation residues (ER) were separated from the 
primary beam by TASCA and implanted into the stop 
detector consisting of two double-sided silicon-strip de-
tectors. Two signals, one from each side of the stop detec-
tor were processed in two different parts of the ANDI 
system with a common trigger and zero suppression [1]. 
The signals from 144 vertical front strips were processed 
by analog amplifiers connected to peak-sensing ADCs 
[2]. The preamplified signals from 48 horizontal back 
strips were processed by sampling ADC’s (FEBEX2) 
with 60 MHz frequency. Traces with total length of 50 μs 
(7 μs before and 43 μs after) were recorded following an 
accepted trigger. The deadtime of the “analog” part was 
shorter than 43 μs. Therefore it was always ready to ac-
cept the next triggered event [1]. Further, both data were 
combined into single events by an event builder of MBS 
[1].  
 
 
 
 
 
 
 
 
 
Fig 1: An energy spectrum of α-particles from the ER-α correla-
tion up to 14 s, with both events occurring in the same pixel.  

  An ER-α correlation analysis was performed to find re-
coiling nuclei and identify the measured α lines (Fig. 1). 
Only α-particle events were considered without a signal 
from the time-of-flight detector. Alpha decays of 214Ra, 
215Ra, 214Fr, and 217Th were identified. From further 
analyses the decay of 214Fr was found as a member of ER-
α(7-18MeV)-α(214Fr) chains. The second member of this 
chain is typically a pile-up of two α decays. These events 
were investigated using the data from the “digital” part. 
Clearly two signals were found in traces of them and α 
decays of 222Pa and 218Ac were unambiguously deter-
mined (see Fig. 2a).  

The traces of the ER’s from ER-α(214Ra)  were investi-
gated in order to find “missing” α decays of mother 218Th 
and grandmother 222U nuclei. In most cases only single 
signals were found, pointing to the implantation of 214Ra. 
However, traces with two and three signals were also 
found (see Fig. 2b). These data allow us to unambigu-
ously assign α decays of 218Th and 222U.    

The traces of the ER’s from ER-α(217Th) were investi-
gated to find the α decay of the new nucleus 221U. In most 
cases a single ER signal was seen. However, traces with 
two signals, which include the α decay of the new nucleus 
221U, were also found (see Fig. 2c). More detailed infor-
mation will be provided in [3]. 

 
 
 
 
 
 
 
 
 
 
Fig 2: Example of traces of pile-up α-particles correlated with 
214Fr a), ER’s correlated with 214Ra b), and with 217Th c).    
 
[1] N. Kurz et al., this Scientific Report (2012). 
[2] J.M. Gates et al., Phys. Rev. C. 83 054618 (2011). 
[3] J. Khuyagbaatar et al., to be published. 
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Gas-phase chemical studies of transactinide elements 
were so far restricted to simple, thermally stable, inorgan-
ic compounds.  Metal-carbonyl complexes would provide 
a link to metal-organic chemistry. Binary, mononuclear, 
volatile carbonyl complexes are known for all lighter el-
ements of group 6 and 8 of the periodic table. Seaborgium 
hexacarbonyl has been predicted to be stable [1]. Its ex-
perimental study would be interesting, because relativistic 
effects are predicted to influence the metal-CO bond. 

We explored the method of rapid in-situ synthesis of 
transition-metal carbonyl complexes with short-lived iso-
topes. First tests were performed at the TRIGA Mainz 
reactor, using the 249Cf(n,f) reaction. Recoiling fission 
products were thermalized either in pure N2 or in a 
CO/N2- mixture. All volatile compounds were transported 
in a gas stream to an activated charcoal trap, which was 
monitored with a γ-ray detector. Figure 1 shows a typical 
spectrum from the CO/N2 measurements. 

 
Figure 1: γ-ray spectrum of fission products transported in 
a CO/N2 mixture collected for 2 min in a charcoal trap. 
Subsequently, the sample was measured for 2 min.  γ-
lines, which were also visible in spectra of pure N2 exper-
iments, are marked with *. 

Short-lived isotopes of Se, Mo, Tc, Ru and Rh were on-
ly observed in the spectra when CO was added. These 
elements form volatile compound with the CO. Transport 
with cluster (aerosol) material can be excluded. 

To test this method under experimental conditions rele-
vant for transactinides, α-decaying 163W, 164W, 170Os and 
171Os were produced in 144Sm(24Mg,4-5n) and  
152Gd(24Mg,4-5n) reactions at the gas-filled recoil separa-
tor TASCA. Evaporation residues were separated from the 

primary beam and from unwanted transfer products with-
in TASCA. They were thermalized in mixtures of He and 
CO in a Recoil Transfer Chamber (RTC) [2] at the TAS-
CA focal plane. Volatile carbonyl complexes –  most like-
ly Os(CO)5 and W(CO)6 – were formed in the RTC and  
were transported with the gas stream to the thermochro-
matography detector COMPACT [3]. The COMPACT 
detector array is a chromatography channel consisting of 
SiO2 covered PIN diodes, suitable to register α particles 
emitted from volatile species inside the channel. A nega-
tive temperature gradient was applied along the chroma-
tography column. Figure 2 shows thermochromatograms 
of  Os(CO)5 and W(CO)6. The measurements are com-
pared to Monte Carlo Simulations. From the deposition 
patterns of W and Os, adsorption enthalpies of W(CO)6 of  
(−46.5 ± 2.5) kJ/mol and )( .

.
53
5243 +

−− kJ/mol for Os(CO)5  

were deduced. These values indicate physisorption of 
these carbonyl complexes on SiO2. 

 
Figure 2: Upper graph: combined thermochromatogram 
of 170Os(CO)5 and 171Os(CO)5. Lower graph: combined 
thermochromatogram of 163W(CO)6 and 164W(CO)6.  

Based on the results of our experiments, Sg(CO)6 and 
Hs(CO)5 are now within reach for transactinide chemistry. 
These compounds are suitable for chemical characteriza-
tion by thermochromatography and appear highly promis-
ing for nuclear spectroscopy under low background con-
ditions.  
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Background Reduction in TASCA 

J.M Gates1,#, K.E. Gregorich1, L.-L. Andersson2, Ch.E. Düllmann3,4,5, J. Dvorak5, J. Even3,5, 
K. Eberhardt3, U. Forsberg6, D. Hild3, E. Jäger4, J. Jeppsson6, J. Khuyagbaatar4,5, J.V. Kratz3, 

J. Krier4, J.P. Omtvedt7, I. Pysmenetska4, D. Renisch3, D. Rudolph6, M. Schädel4,8, A. Semchenkov7, 
A. Vascon3, N. Wiehl3, A. Yakushev4 

1LBNL, Berkeley, CA, U.S.A., 2U. Liverpool, UK, 3U. Mainz, Germany, 
4
GSI, Darmstadt, Germany, 

5HIM, Mainz, Germany, 6Lund U., Sweden, 7U. Oslo, Norway, 8JAEA Tokai, Japan

During the 244Pu(48Ca,3-4n)289-288114 experiment, high 
background rates in TASCA were observed and attributed 
to (i) transfer reaction products (TRPs) that have a mag-
netic rigidity (Bρ) only ~15-30% less than the evapora-
tion residues (EVRs) of interest and decay properties sim-
ilar to the EVRs and (ii) primary beam passing through 
pinholes in the target and entering TASCA without 
charge-exchange or scattering reactions [1]. Both TRPs 
and primary beam are separated from the evaporation 
residues (EVRs) of interest in the dipole, but a small frac-
tion are guided back to the focal plane detector by the 
horizontally focusing quadrupole. This is shown in Fig. 1 
for primary beam as compared to EVRs. 

 
Fig. 1: Primary beam and EVR trajectories in TASCA. 
 

Simulations [2] showed that separation between EVRs 
and background occurs at the center of the first quadru-
pole (Q1) and at the exit of TASCA. The use of strategic 
slits to reduce the acceptance of TASCA in these two 
areas was expected to result in significantly reduced 
background without large losses in EVR transmission 
efficiency as shown in the bottom of Fig. 1. Two solu-
tions (hereafter referred to as M1 and M2) for reducing 
background in TASCA are: 
M1. Introduction of a slit at the center of Q1 reaching 

from the low Bρ side of TASCA to 8 cm from center. 
This was expected to result in reductions of 4, 90 and 
98% for EVRs, TRPs and primary beam. 

M2. M1 plus a slit at the exit of TASCA reaching from 
the low Bρ side of TASCA to 3.5 cm from center. 
This was expected to result in reductions of 5, 97 and 
99% for EVRs, TRPs and primary beam. 

In April 2011, M1 and M2 were tested using the 
208Pb(40Ar,xn) reaction, chosen to represent ‘fast’ recoils 
were the Bρ of the EVRs is approximately 15-30% higher 
than the Bρ of the TRPs or primary beam. This is similar 
to what would be expected in reactions such as those cur-
rently being investigated to produce elements 119 and 
120: 249Bk(50Ti,xn) and 249Cf(50Ti,xn) and the TASISpec 
element 115 X-ray Fingerprinting experiment. 

The high and low energy spectra during the macropulse 
and the low energy spectra outside of the macropulse for 
unmodified TASCA, and TASCA with M1 and M2 are 
shown in Fig. 2. Background reductions of 77 and 84% 
for TRPs and primary beam, respectively, were observed 
with M1. For M2, reductions of 93 and 96 were observed 
for TRPs and primary beam, respectively, in fair agree-
ment with the simulations. Rates of all events in the 
macropulse were reduced 65 and 88% for M1 and M2, 
respectively, while the outside of macropulse event rate 
for M1 and M2 was reduced by 75 and 89%, respectively. 
The experimental change in EVR transmission efficiency 
could not be quantified due to the low 208Pb(40Ar,xn) 
cross section and interference from TRPs. 

Without modification, the rate of events in the focal 
plane detector during the 208Pb(40Ar,xn) reaction was 
2900 Hz during the macropulse and 40 Hz outside of the 
macropulse.  With the addition of either M1 or M2, these 
rates were reduced to <200 Hz inside and <3 Hz outside 
of the macropulse. 

 
Fig. 2: Total energy spectra for TASCA unmodified and 
after M1-M2, normalized to the beam integral. 
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IRiS -  Feasibility Calculations 

J. Dvorak1 and Ch.E. Düllmann1,2,3 
1Helmholtz Institut Mainz, Main, Germany; 2Univ. Mainz, Mainz, Germany; 3GSI Darmstadt, Germany.

The design for a new Inelastic Reactions Isotope Sepa-
rator (IRiS) [1] to be installed at the GSI Darmstadt has 
been developed in a joint effort of an international collab-
oration, headed by the University Mainz, the Helmholtz 
Institute Mainz, and the GSI. This separator will be dedi-
cated to the investigation of neutron-rich isotopes of 
heavy and superheavy elements, which can be produced 
exclusively in multi-nucleon transfer reactions. So far, 
experimental studies of transfer products with recoil sepa-
rators have focused on light isotopes not far from stability 
for a number of reasons. These include low efficiencies 
for multi-nucleon transfer reactions of recoil separators 
that are optimized for fusion-evaporation reactions. Here, 
we present developments toward a dedicated facility fea-
turing an extra-large angular acceptance separator IRiS, 
which will make the study of heavy neutron-rich transfer 
reaction products feasible. 

The task of IRiS is to separate reaction products of in-
terest from the primary beam and unwanted  byproducts. 
The separated products will be delivered either into a de-
tector setup or alternatively to auxiliary setups for identi-
fication and further investigation of the species of interest. 
For internal detection in a Si stop detector, maximum 
acceptable count rates are on the order of 1 kHz. For de-
tection in auxiliary systems like a gas stopping chamber 
for coupling to  external experimental setups, count rates 
up to 100 kHz appear acceptable. 

In our feasibility calculations, two particular nuclear re-
actions were studied in detail: the reaction 48Ca + 248Cm at 
a center-of-mass beam energy ECM = 209 MeV, and the 
reaction 238U + 248Cm at ECM = 750 MeV. Predictions for 
the multi-nucleon transfer channels from theoretical mod-
els of V. Zagrebaev [2] and G. Adamian and N. Antonen-
ko [3] were used for these studies. An ion-optical simula-
tion was developed in framework of  this study to test the 
performance of various potential IRiS setups for the two 
selected  reactions. Besides the heavy n-rich products of 
interest, other reaction byproducts were simulated as well 
as they will be the major source of background.  

Due to large differences in the properties (e.g., velocity, 
energy, angular emittance) of the studied heavy transfer 
products when produced in different reactions, the opti-
mal setup differs for either of the reactions. The most ver-
satile setup was found to be one based on a superconduct-
ing solenoid magnet as the main component, with a stored 
energy of E ∼ 10 MJ. In the simulations, a solenoid  
magnet with a maximum magnetic field  strength of 
Bmax=4.3 T and dimensions of 2 m length and 90 cm inner 
diameter was used. The target is located on axis at the 
entrance of the solenoid. A beam dump blocking central 
ions is placed axially at the exit of the solenoid and the 
detector is located further downstream from the solenoid, 
see Fig. 1. Ion-optical simulations of the identified opti-

mal setups resulted in efficiencies of roughly 20% for 
separation of the heaviest (Z ≥ 102) transfer products, 
while keeping the background rate well below 100 kHz. 
For the reaction 238U + 248Cm, the background is predicted 
to be below 1 kHz, when using a 500-µg/cm2 thick target. 
Using thicker targets resulted in increased background. 
For the reaction 48Ca + 248Cm two setups were investigat-
ed. The setup tuned for detection of the heaviest (Z ≥ 102) 
transfer products resulted in background below 1 kHz and 
the possibility to roughly identify A and  Z of the ions. 
When the setup was adjusted for the detection of Fm iso-
topes, the background increased to ∼ 10 kHz.  
Figure 1:   Schematic drawing of a solenoid-based IRiS 

design in an asymmetric mode. A thin actinide target is 
bombarded with a heavy-ion beam. A beam dump located 
on axis behind the solenoid stops both, beam ions, which 
pass  through the target without undergoing nuclear reac-
tions (red arrow) as  well as light products of transfer re-
action channels (violet). Heavy transfer reaction products 
(blue) are focused on a disk-like detector at the exit of the 
solenoid. In the separator mode, the detector is removed, 
and the products pass through a thin window into the gas-
filled stopping cell, where they are available for transport 
to ancillary setups. 

 
We conclude that the optimal identified setups perform 

better than expected for the reactions of choice. These 
setups will most probably not only allow for delivery of 
separated products into a gas stopping cell, which is the 
main design requirement, but also enable on-line  detec-
tion in internal Si detectors. The above described setups 
offer enough space for inserting of multiple gas-filled 
detectors for precise TOF measurement and ideally also 
for a rough Z identification.  

 
Acknowledgment: We thank V. Zagrebaev, G. Adamian 

and N. Antonenko for sharing results with us prior to pub-
lication. Work supported by the Helmholtz Institute 
Mainz. 
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Theoretical Predictions of Properties of Element 119 and its Adsorption*  
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1
GSI, Darmstadt, Germany; 2A. Borschevsky, Massey University, Auckland, New Zealand; 3Institut für Elektrochemie, 

Universität Ulm, Germany. 
 

    In the present work, we predict chemical properties 
and adsorption behaviour of element 119 that might be 
produced in the near future at the GSI, Darmstadt. The 
most promising nuclear reaction appears to be 50Ti + 

249Bk, giving the 295119 and 296119 isotopes in the 4n and 
3n evaporation channel, respectively. Expected lifetime, 
of the order of ms, is too short for study of chemical 
properties of this element using current gas-phase chro-
matography techniques. However, development of vacu-
um chromatography could open new prospects in this 
field. 

An analysis of atomic properties, calculated within the 
Dirac-Coulomb-Breit and other relativistic approaches 
[1,2] has shown that the relativistic stabilization and con-
traction of the valence ns AO in group 1 results in the 
inversion of trends beyond Cs, so that element 119 will be 
more electronegative than K.  

Chemical reactivity of element 119 in comparison with 
its lighter homologs K through Fr was studied for the M2 
and MAu dimers. Knowledge of properties of these com-
pounds is indispensable for estimating important quanti-
ties measured in the chromatography studies, i.e., subli-
mation, ΔHsub, and adsorption enthalpies, ΔHads, on gold.  

Molecular calculations were performed with the use of 
our fully relativistic, 4-component, Density Functional 
Theory method in the non-collinear spin-polarized ap-
proximation [3]. Results are given in Tables 1 and 2. 

 
Table 1. Spectroscopic properties of M2 (M = K through 
element 119): bond lengths, Re (in Å), dissociation ener-
gies, De (in eV) and vibrational frequencies, ωe (in cm-1)a 

Mol. Re De ωe 
K2 3.942 

3.924 
0.515 
0.520 

91 
92 

Rb2 4.224 
4.180 

0.475 
0.485 

58 
58 

Cs2 4.673 
4.646 

0.428 
0.452 

41 
42 

Fr2 4.610 0.436 33 
(119)2 4.265 0.553 41 

a Values in italics are experiment.  
 

The data show that molecular properties have also a re-
versal of trends beyond Cs. Thus, (119)2 should be most 
strongly bound in the row of homologs, due to the 8s(119) 
AO contraction, while 119Au - most weakly, due to the 
8s(119) AO stabilization. ΔHsub of the 119 metal and 
ΔHads(119) on gold were obtained via a correlation with 
the binding energies of the corresponding dimes in the 

group. Accordingly, ΔHsub(119) should be larger than that 
of K, while -ΔHads(119) on Au (also on Pt and Ag) should 
be the smallest among the homologs. 
 
Table 2. Properties of MAu (M = K through element 
119): bond lengths, Re (in Å), dissociation energies, De (in 
eV) and vibrational frequencies, ωe (in cm-1)a 

Mol. Re De ωe 
KAu 2.856 

- 
2.76 
2.75 

173 
- 

RbAu 2.967 
- 

2.74 
2.48 

122 
- 

CsAu 3.050 
-

2.91 
2.53 

100 
- 

FrAu 3.097 2.75 89 
119Au 3.074 2.44 92 

a Values in italics are experiment.  
 
Predicted trends in the adsorption of group-1 elements 

on noble metals are shown in Fig 1. The moderate values 
of ΔHads(119) are indicative of the feasibility of the chro-
matography chemical studies.  
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Fig. 1. Calculated De(MAu) and -ΔHads(M), where M = K 
through element 119, on Au, Pt and Ag.  (The filled sym-
bols are calculations [4], while open ones – present data).  
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We performed relativistic benchmark calculations of po-
larizabilities, , and ionization potentials, IP, of element 
120 and its lighter homologues, Ba and Ra. Besides being 
of fundamental importance in the context of atomic stud-
ies of heavy and superheavy elements, these properties 
are also important for the production and identification of 
element 120 attempted last year at GSI, Darmstadt [1].   

The first and second IPs were calculated using the Di-
rac-Coulomb-Breit (DCB) Hamiltonian, 

 

DCB ( ) (1/ ).D ij ij
i i j

H h i r B  

Here, hD is the one electron Dirac Hamiltonian, 
2( ) ( ),D i i i nuch i c c V ip  

 
where  and  are the four dimensional Dirac matrices.  
The nuclear potential Vnuc takes into account the finite 
size of the nucleus, modelled by a uniformly charged 
sphere. The two-electron term includes the nonrelativistic 
electron repulsion and the frequency independent Breit 
operator, Bij, and is correct to the second order in the fine 
structure constant . 

 Correlation was taken into account by the Fock space 
coupled cluster method (FSCC), augmented by the inter-
mediate Hamiltonian approach [2] to facilitate conver-
gence. The universal basis set [3] was used for both ele-
ments. The intermediate Hamiltionian approach allowed 
us to increase the model space to contain 8s6p6d5f2g1h 
orbitals for Ra, and 8s6p5d4f3g2h orbitals for element 
120. In order to correct the IPs for higher order QED ef-
fects, we used Ref. [4] and added the self-energy, the 
vacuum polarization, and the frequency dependent Breit 
energy contributions obtained there on top of our calcu-
lated result. The composite effect of the three QED terms 
lowers the IP of Ra by 46.2 cm-1, and that of element 120 
by 101.7 cm-1. The final IPs are shown in Table I in com-
parison with experiment for Ra and with other calcula-
tions for both atoms. The results for Ra are in excellent 
agreement with the experiment, achieving meV accuracy 
for the first IP. Similar accuracy is expected for the IPs of 
element 120, which are higher than those of its lighter 
homologue due to the relativistic stabilization of the va-
lence ns orbital. 

DC calculations of  were performed using the DI-
RAC08 package [5], employing the finite field approach. 
Static  of Ra has not been experimentally measured. 
Thus, along with  of Ra and element 120, we calculated 
that of their lighter homologue, Ba, for which an experi-
mental value is known [6]. The uncontracted Faegri basis 
set [7] was used for both atoms and extended to conver-
gence with respect to the calculated polarizabilities. Elec-

tron correlation was taken into account at the relativistic 
CC level, including single, double, and perturbative triple 
excitations (CCSD(T)). The s are presented in Table I. 
To the best of our knowledge, this is the first calculation 
of  of element 120. The reliability of our prediction is 
confirmed by good agreement of the obtained  of Ba and 
Ra with previous calculations and, in case of Ba, with 
experiment. The decrease in  with increase in atomic 
number is due to the strong relativistic contraction of the 
ns orbital. 

  
Table 1. First and second ionization potentials, IP (in eV), 
and polarizabilities,  (in a.u.), of Ba, Ra, and element 
120  

Property Value Method Ref 
Ba 

272.8 DC+CCSD(T) this 
 273.5 DC+CI+MBPT [8] 
 268.2 DC+CCS [9] 
 268±22 exp. [6] 

Ra 
IP1 5.277 DCB+FSCC this 
 5.278 exp. [10] 
IP2 10.176 DCB+FSCC  
 10.147 exp. [10] 

242.8 DC+CCSD(T) this 
  248.6 DK+CCSD(T) [7] 

120 
IP1 5.834 DCB+FSCC this 
 5.863 DC+CI+MBPT [12] 
IP2 11.139 DCB+FSCC this 
 11.150 DC+CI+MBPT [13] 

167.4 DC+CCSD(T) this 
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Volatility of halides and oxyhalides of the group-5 ele-
ments Nb, Ta and Db was studied extensively in the past 
both experimentally [1-3] and theoretically [4]. The case 
of adsorption of pure halides revealed some surprises. 
Thus, theoretical predictions based on the relativistic DS-
DV calculations of the electronic density distribution in 
MBr5 indicated higher volatility of DbBr5 (as a vapour 
pressure over the solid) than their lighter homologs in the 
chemical groups [4], while experimentally, the following 
trend was observed: Nb ≈ Ta > Db [1-3]. New experi-
ments are under way at the IMP, Langzhou, to shed more 
light on this interesting case [5].  

In order to understand adsorption of bromides in these 
experiments, new theoretical studies were undertaken by 
us on the basis of the state of art fully relativistic Density 
Functional Theory (DFT) calculations of various halides, 
oxyhalides and complexes of the group-5 elements. Our 4 
component DFT spin-polarized non-collinear method [6] 
allows for very accurate calculations of geometrical con-
figurations and stabilities of the heavy-element species. 
With its use, formation enthalpies and their trend were 
predicted for the pure pentabromides and oxybromides 
according to the following reaction 

 M → MOBr3 → MBr5. 

Table 1 contains calculated geometries of the group-5 
species of interest together with experimental data where 
available. Atomization energies are given in Table 2. 

Table 1. Bond lengths, Rax/Req (in Å) in MBr5, MOBr3, 
MBr6

-, and MBr5Cl- and ∠O-M-Br (in degrees) in MOBr3 
Molec. Nb Ta Db 
MBr5  2.500/2.449 2.495/2.444 2.548/2.496

- 2.473/2.412a -
MOBr3

  1.704/2.442 1.716/2.440 1.788/2.484
1.694/2.429a - - 
107.5(107.3a) 104.5 106.0 

MBr6
- 2.554 2.547 2.598 

MBr5Cl- 2.550/2.380 2.548/2.360 2.600/2.420
a Experimental values 

Table 2. Atomization energies of MOBr3 and MBr5 (eV) 
Molec. Nb Ta Db 
MOBr3  20.53 21.43 20.36
MBr5

  18.32 19.41 18.86

It was shown that Db has no preference to bind oxygen, 
so that the trend in the MOBr3 formation is Db < Nb < Ta, 
in difference to the earlier work [4], while the trend in the 
MBr5 formation is Nb < Db < Ta. Thus, in the atmosphere 

of HBr/BBr3, pure pentabromides should be formed. 
Their volatility as adsorption on an inert surface should 
have the following trend Nb < Ta < Db, in agreement 
with the earlier conclusions [4]. This trend is, however, 
not the one observed in the "one-atom-at-a-time" experi-
ments [1-3,5], where the quartz surface is modified (e.g., 
with aerosol particles KCl, or KBr). Our calculations have 
shown that on the KBr/KCl surface, the MBr6

- or MBr5Cl- 
complexes are formed, as is shown in Fig. 1.  

Fig. 1. Formation of MBr6 on the KBr surface. 

Their geometries are given in Table 1. Complex forma-
tion energies with respect to those of Nb, in comparison 
with the experimental ΔHads [2,3,5] are given in Table 3.  

Table 3. Energies of the MBr5 → MBr5L
- (L = Br and Cl) 

reactions, ΔE, and of experimental ΔHads (in eV), with 
respect to those of Nb 
-ΔHads NbBr5 TaBr5 DbBr5 
ΔE(MBr5 → MBr6

-)  0 -0.09 -0.21
ΔE (MBr5 →MBr5Cl-) 0 -0.09 -0.25 

-ΔHads[SiO2/KCl] a 0 -0.08 -0.29
-ΔHads[SiO2/KBr] b 0 -0.08 -

a Refs. [2,3]; b Ref. [5]. 

The obtained ΔE (Table 3) are in excellent agreement 
with the experimental ΔHads [2,3,5]. Obviously, the com-
plex formation, indeed, takes place on the KCl/KBr sur-
face, so that the trend in the volatility should be Nb > Ta 
> Db.
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