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Fir Salomé

"Ordnung ist das erste Gesetz des Himmels."
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Summary

The present work describes experiments which led to the first chemical
investigation of hassium (Hs, Z=108) and its classification into the periodic
table. Based on the systematics of the periodic table it was assumed that
hassium is a member of group 8 and is therefore expected to behave similarly
to ruthenium (Ru) and osmium (Os). Both these elements form volatile

tetroxides MO, (M=Ru, Os) in the reaction with oxygen.

The properties of HsO4 were evaluated on the basis of two different models.
From the extrapolation of the trend established by RuO, and OsO,, formation
of a stable HsO, is to be expected. The interaction of HsO4 with dielectric
surfaces is expected to be similar to the one of OsO, and a value for the
adsorption enthalpy on quartz of AHags(HSO4)=(-46+15) kJ/mol was

extrapolated.

In a different approach, the adsorption of gaseous tetroxides was treated as a
physisorption process similar to that of noble gases on surfaces. The enthalpy
of adsorption on the surface material was calculated using only molecular
properties and agreed with the experimental value for OsO,4 on quartz. The
respective value of HsO,4 was calculated using published calculated molecular
properties to AHaqs(HsO4)=(-47+11) kJ/mol.

A new device was developed called "In situ Volatilization and On-line
detection apparatus” (IVO) allowing for the transport of volatile species, e.g.
HsO4, with a carrier gas from the place of their production to the detection
system. IVO was tested in experiments with short-lived Os isotopes (T:.<1
min) produced in heavy-ion induced fusion reactions on the PHILIPS cyclotron
at the Paul Scherrer Institut (PSI) which were oxidized to OsO,4. These
experiments yielded important information for an experiment with Hs. The high
volatility of the tetroxides is of advantage allowing for a good separation of
interfering species formed as by-products in the nuclear production reaction.
Using isothermal gas adsorption chromatography, the enthalpy of adsorption

of OsO4 on a quartz surface was determined as (-38.0£1.5) kJ/mol. It was



shown that the transport of OsO4 on this material is in the form of a mobile
adsorption (i.e. without any chemical reaction during adsorption and

desorption).

A new detection device based on the method of thermochromatography was
recently developed at the Lawrence Berkeley National Laboratory. It allows
the detection of o-active and spontaneously fissioning nuclides with high
efficiency, and at the same time yields chemical information on the
investigated species, namely the deposition temperature on the column
surface material. An improved version called "Cryo On-Line Detector" (COLD)
was built and coupled to IVO. This system allowed for the separation and
detection of single atoms of Hs in their tetroxide form and the measurement of
the deposition temperature of each single molecule on silicon nitride. The
maximum of the distribution of OsO, was measured at a temperature of
(-82+7) °C. From the deposition distribution, the adsorption enthalpy was
evaluated as (-39+1) kJ/mol, in close agreement with the enthalpy of
adsorption on quartz. For physisorption processes on dielectric surfaces such
as silicon oxides or nitrides, the influence of the surface material appears to

be negligible.

In an experiment conducted at the Gesellschaft fur Schwerionenforschung
mbH (GSI) in Darmstadt, relatively long-lived Hs isotopes (T~10 s) were
produced in the heavy-ion induced fusion reaction of *Mg and 2**Cm. The
decay of seven Hs atoms was unambiguously registered using COLD and
their deposition temperature on the silicon nitride detector surface measured.
The maximum of the deposition distribution was observed at a temperature of
(-44+6) °C. The weak interaction of the observed compound with the detector
surface gives strong evidence that indeed very volatile HsO,4, which is
expected to be the most stable compound of Hs with oxygen, was formed.
From the distribution of the molecules, the enthalpy of adsorption of HsO, on

silicon nitride was evaluated as (-46+2) kJ/mol.

With the formation of a highly volatile compound with oxygen, presumably
HsO4, Hs behaves similarly to Os and is a member of group 8 of the periodic
table.



Zusammenfassung

In der vorliegenden Arbeit werden Experimente, die zur erstmaligen
chemischen Untersuchung von Hassium (Hs, Z=108) und seiner Einordnung
ins Periodensystem der Elemente fiihrten, beschrieben. Dabei wurde
aufgrund der Systematik des Periodensystems angenommen, dass Hassium
ein Mitglied der Gruppe 8 ist und sich somit &hnlich verhalten sollte wie
Ruthenium (Ru) und Osmium (Os). Von diesen beiden Elementen ist die
Bildung eines sehr flichtigen Tetroxids MO, (M=Ru, Os) in der Reaktion mit
Sauerstoff bekannt.

Die Eigenschaften von HsO, wurden mittels zweier verschiedener Modelle
abgeschatzt. Die Extrapolation des Stabilitatstrends von RuO4 Uber OsO,4 zu
HsOy liess die Bildung eines stabilen HsO,4 erwarten. Die Wechselwirkung von
HsO, mit dielektrischen Oberflachen wurde &hnlich derjenigen von OsOq4
erwartet und eine Adsorptionsenthalpie von HsO, auf Quarz von
AHags(HsO4)=(-46£15) kJ/mol wurde extrapoliert.

In einem anderen Ansatz wurde die Sorption gasformiger Tetroxide ahnlich
der Physisorption von Edelgasen auf Oberflachen betrachtet. Die
Adsorptionsenthalpie auf dem Oberflachenmaterial wurde allein aus
Molekuleigenschaften berechnet und stimmte fir OsO, mit experimentell
gefundenen Werten auf Quarz Uberein. Der entsprechende Wert fir HsO,4
wurde durch Verwendung publizierter, theoretisch ermittelter Eigenschaften
dieses Molekuls als AHags(HsO4)=(-47£11) kJ/mol berechnet.

Eine neue Apparatur, genannt "In situ Verflichtigung und On-line
Detektionsapparatur" (IVO), die den Transport fliichtiger Spezies, z.B. HsO,,
vom Ort seiner Produktion zum Detektionssystem mit einem Tragergas
erlaubte, wurde entwickelt. IVO wurde in Experimenten mit kurzlebigen Os
Isotopen (T,<1 min), welche in schwerioneninduzierten Fusionsreaktionen am
PHILIPS Zyklotron des Paul Scherrer Instituts (PSI) hergestellt und zu OsOq4
oxidiert wurden, getestet. Diese Experimente lieferten wichtige Informationen
im Hinblick auf ein Experiment mit Hs. Die hohe Flichtigkeit der Tetroxide

erwies sich als sehr vorteilhaft fir eine gute Abtrennung von storenden
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Spezies, die als Nebenprodukte in der nuklearen Produktionsreaktion
anfallen. Durch die Methode der isothermen Gaschromatographie wurde die
Adsorptionsenthalpie von OsO,4 auf Quarz zu (-38.0+1.5) kJ/mol bestimmt. Es
wurde gezeigt, dass der Transport von OsO4 auf diesem Material in der Form
einer mobilen Adsorption (d.h. ohne Uberlagerte chemische Reaktion bei
Adsorption und Desorption) stattfindet.

Im Lawrence Berkeley National Laboratory wurde kirzlich ein neuartiges
Detektionssytem auf der Basis der Thermochromatographie entwickelt.
Dieses erlaubt die Detektion o-aktiver und spontan spaltender Nuklide mit
hoher Effizienz und liefert gleichzeitig chemische Information Uber die
untersuchte Spezies, namlich die Depositionstemperatur auf der
Kolonnenoberflache. Durch den Bau einer verbesserten Version dieses
Systems, genannt "Cryo On-Line Detektor" (COLD) und die Kopplung an IVO
wurde es moglich, einzelne Atome von Elementen der Gruppe 8 in der Form
des Tetroxids abzutrennen und nachzuweisen und die Depositionstemperatur
auf Siliziumnitrid fur jedes einzelne Molekil zu messen. Das Maximum der
Verteilung von OsO,4 wurde bei einer Temperatur von (-82+7) °C gemessen.
Die aus der Verteilung ermittelte Adsorptionsenthalpie auf Siliziumnitrid von
(-39£1) kJ/mol stimmt gut mit dem entsprechenden Wert von OsO, auf Quarz
Uberein. Bei Physisorptionsprozessen auf dielektrischen Oberflachen (wie
Quarz oder Siliziumnitrid) scheint der Einfluss des Oberflachenmaterials klein

ZU sein.

In einem Experiment an der Gesellschaft fur Schwerionenforschung mbH
(GSI) in Darmstadt wurden relativ langlebige Hs Isotope (Ty~10 s) in der
schwerioneninduzierten Fusionsreaktion von Mg und ?**Cm hergestellt.
Unter Verwendung von COLD konnte der Zerfall von sieben Hs Atomen
eindeutig nachgewiesen werden. Die Depositionstemperatur der Hassium
enthaltenden Molekile auf der Siliziumnitrid-Detektoroberflache wurde
gemessen. Das Maximum der Verteilung wurde bei einer Temperatur von
(-44+6) °C beobachtet. Die schwache Wechselwirkung der beobachteten
Verbindung mit der Detektoroberflache ist ein sehr starker Hinweis darauf,

dass wie angenommen sehr flichtiges HsO,, das die stabilste
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Sauerstoffverbindung von Hs sein sollte, gebildet wurde. Aus der Verteilung
der deponierten Molekile wurde die Adsorptionsenthalpie von HsO, auf

Siliziumnitrid zu (-46+2) kJ/mol bestimmt.

Mit der Bildung einer sehr flichtigen Verbindung mit Sauerstoff,
hdchstwahrscheinlich HsOg4, verhalt sich Hs &hnlich wie Os und ist damit als

Mitglied der Gruppe 8 des Periodensystems der Elemente zu betrachten.






1. Introduction

The experimental investigation of the heaviest elements is an important and
exciting task from both the physical and the chemical point of view. To
physicists on the one hand, nuclei of transactinide elements (Z>103) offer
unigue possibilities for an insight into the nature of nuclear structure at
extremes of stability with respect to high Z values. Chemists on the other hand
can test the influence of the high nuclear charge on chemical properties of the
elements and thus the validity of the periodic table, which was introduced by
Mendeleev more than 100 years ago. It still serves as the basic table for
chemical elements and is the most important and useful tool in predicting their
general chemical behavior. From the experimentalist's point of view,
experiments with transactinides are always a challenge, since the number of
available atoms is drastically limited to a few single atoms per hour or day (or
even month [Oga00a]), and their lifetimes are seconds to minutes at most.

All elements heavier than U (Z=92) do not occur in nature (except for trace
amounts of Np and Pu in U ores, formed in interaction of neutrons with %*®U
[Sea58] and ultra trace amounts of ***Pu [Hoff71]) since their half-lives are
short compared to the age of the earth and thus they have decayed. They are
artificial elements. Elements heavier than Fm (Z=100) can only be produced
in "one-atom-at-a-time" quantities [Hoff99] in nuclear fusion reactions using
particle accelerators. Since 1940, when the first transuranium element,
neptunium (Np), was positively identified by McMillan and Abelson [McM40],
the periodic table has been extended up to elements with atomic numbers as
high as 116 [Oga0OOa]. Whereas the first transuranium elements were
identified by chemical means, the discovery of new elements has completely
shifted to the field of nuclear physics due to the very short lifetimes of the

nuclei at the end of the nuclear chart.



1.1  Stability of the heaviest nuclei

1.1.1 Spherical nuclei

The heaviest stable nuclide, which has both a closed proton and a closed
neutron shell and is therefore spherical, is 2°®Pb (Z=82, N=126). When in 1966
Myers and Swiatecki attempted to calculate the masses of nuclei from a
combination of a liquid-drop part (macroscopic part) with superimposed
guantal shell corrections (microscopic part), they mentioned that superheavy
nuclei might exist in a region far beyond the upper end of the then known
chart of nuclides which owe their existence only to shell effects [Mye66]. Soon
thereafter, Meldner predicted the next proton shell after Z=82 to be closed at
Z=114, and the next neutron shell after N=126 at N=184 [Mel67]. Hence, the
next heavier doubly-magic nucleus was expected to be ?**114 [Mel67] whose

fission barrier should have a height of several MeV [Mye66].

PROTONENZAHL
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Fig. 1-1  The nuclear landscape. Indicated is the stability of the nuclides (i.e.
the binding energy per nucleon) as function of proton and neutron

number for nuclides with a half-life >1 s. [Her88]



Since o-decay half-lives are not so strongly influenced by shell stabilization as
are fission half-lives, but decrease more smoothly with increasing atomic
number, the longest-lived nucleus was predicted to be #**110 [Nil69] with a
calculated total half-life of about 10® y [Nil69]. Such calculations motivated the
search for superheavy elements (SHE) in nature and a rush in quest of these
"superheavies" began. The nuclear landscape had gained a so far unknown
“island of stability" as shown in Figure 1-1.

In more recent calculations, there is no consensus among theorists on the
exact location of the next heavier spherical shell closures [Cwi99] and the next
shell closures are expected to be in the region of Z=114-126 and N=172 or
N=184, respectively, depending on the model used (see e.g. [M6194, Cwi96,
Gup97, Rut97, Kru00]).

1.1.2 Theinfluence of deformation

In 1989, Patyk et al. calculated nuclear masses in a large deformation space,
i.e. the nuclei were allowed to minimize their ground-state energy by higher
order deformations. From these calculations they predicted the nuclei around
Z=108 and N=162 to be rather stable [Pat89, Pat9la], and *"°Hs was
predicted to be a relatively strongly bound, deformed doubly-magic nuclide.
As the main decay mode, emission of a-particles with a half-life of about 0.1 s
was calculated. More recent calculations point to even longer half-lives. The
classical spherical "superheavies" were no longer thought to form an island of
stability separated by a swamp of unstable nuclei from the region around
uranium, but to be connected via a so-called "rock of stability" around 2°Hs,

as is shown schematically in Figure 1-2.

7 SHE 7

:;: (e) e (b) @ @
/_’7"77. | 1usl —jj | SHE

' 160 B N 60 18 N

Fig. 1-2 Regions of relatively long-lived nuclei: As believed earlier (a), and
presently (b) [Pat89].



A first indication of increased stability in this region of the nuclear chart was
the relative stability of the isotopes 2°>2%°Sg [Laz94, Tiir98a] which was further
confirmed by the discovery of 2’Bh [Wil00], and ?*°Hs [Hof96, Hof00]. All of

these isotopes have half-lives of seconds.

The discovery of the new region of shell nuclei, interconnecting the
transuranium- and the superheavy elements, as well as the successful
synthesis of spherical superheavies [Oga99a, Oga99b, Oga99c, Ogal0a,
0Ogal0b] created the basis of present transactinide research in physics and

chemistry.
1.2 Production of transactinides

To generate heavy nuclei, accelerated particles (projectiles) are directed at
target atoms at rest. When a projectile hits a target nucleus, often only a part
of the constituents of both nuclei are exchanged (i.e. the target nucleus picks
up a few nucleons from the projectile, or vice versa). Such reactions are
referred to as transfer reactions. The complete fusion of two nuclei occurs
only with a low probability. Important parameters and processes governing the
production cross section of a heavy nuclide are the following (see e.g.
[Zub02]):

() the capture of the projectile by the target with subsequent formation of a
compound nucleus (CN) [Boh36]. A central collision is required since the high
angular momentum induced by non-central collisions leads to immediate

quasi-fission of the system (see e.g. [Gia00]).

(ii) the formed CN is usually excited. Depending on the excitation energy, one
to several particles (in reactions used in heavy element investigations usually
neutrons) evaporate, thus allowing the CN to cool down. Each evaporation
step stands in strong competition with prompt fission, which is the much more
probable process than particle evaporation [Boh98]. Only in few cases, a so-
called evaporation residue (EVR), i.e. the interesting heavy nuclide in its

ground (or sometimes metastable) state is formed.



The fusion probability depends on the projectile energy: a minimum energy is
required to overcome the coulomb repulsion of both positively charged nuclei.
At the point of contact, the projectile and target nucleus fuse, if the attractive
nuclear force is stronger than the coulomb repulsion. This is always the case
in light systems (Zprojectiie-Ztarget<~1600). However, in very heavy systems, this
process is hindered and an extra-energy of the projectile is required to bring

both nuclei in closer contact (extra-push concept [Swi82]).

Fusion reactions are referred to as "cold" when the excitation energy of the
CN at the so-called Bass barrier [Bas74] is very low (less than ~20 MeV) and
only few neutrons evaporate (usually one or two). Such reactions are e.g. the
Pb based reactions that led to the discovery of elements 107-112 at GSI
[Hof00]. In hot-fusion reactions, the CN has an excitation energy of about 30
to 50 MeV and about four to six neutrons are evaporated. Typical examples
are actinide target based reactions which are usually used in chemistry
experiments since more neutron rich nuclei can be created using this type of
reaction. In general, a higher projectile energy increases the fusion cross
section, but the higher excited CN has a lower chance of survival since more
evaporation steps are necessary. In cold-fusion reactions, formation of a CN
is less probable than in hot-fusion reactions but its survival is more probable in
cold-fusion reactions than in hot-fusion reactions. The shell structure of both
interacting nuclei, the CN and the EVR, their geometrical form as well as the
fission barrier of the CN are other important parameters governing the
magnitude of the production cross section of heaviest nuclei. The
experimental and theoretical investigation of the different stages of the fusion
process as well as the properties of the EVR’s are topics of many recent

projects in nuclear physics and chemistry.
1.3 Chemistry of the transactinides

The main interest in heavy element chemistry is in placing new elements in
the periodic table, i.e. checking for chemical similarity to supposed
homologues. In a very first approach one would instinctively continue the
arrangement valid today which means that the elements Rf through 112 are
placed in the d block below Hf through Hg. Elements 113 to 118 are then



expected to be p elements with element 118 being the next heavier noble gas.
From quantum mechanical calculations it was concluded long ago that such
simple assumptions may not be valid, since in this area of the periodic table,
relativistic effects on the valence electron shells are so strong that some
deviations from known trends in the chemical groups are expected [Fri75,
Kel84, Pyy79, Per96]. Relativistic effects are caused by coulomb interactions
between the positively charged nucleus and the negatively charged electrons,
and are therefore present in all elements; they have to be taken into account
even in highly precise calculations on H, and H," [Pyy88] and are known to be
(at least partly) responsible for a number of well-known phenomena, e.g. the
yellow colour of Au, the liquid standard state of Hg, the inert-pair effect or the
lanthanide-contraction [Pyy88]. Since their influence increases with Z?, the
relativistic effects become especially large in the heaviest elements. The high
nuclear charge leads to a relativistic spin-orbit splitting of the p-, d-, and f-
orbitals and changes their geometrical shape. Electrons with a high density
near the nucleus (s, and p., orbitals) are accelerated to relativistic velocities
which increases their binding energies and leads to contraction of the
respective orbitals. This is referred to as direct relativistic effect. As a
consequence, the outer d and f electrons are more efficiently screened from
the high nuclear charge, their orbitals are destabilized and more expanded

(indirect relativistic effect).

The lightest transactinide, rutherfordium (Rf, Z=104) was investigated for the
first time in a gas chemistry experiment in the form of its tetrachloride in
Dubna in 1966 by Zvara and co-workers [Zva66]. Many studies in different
gas chemical systems (see e.g. [Zva70, Zva71l, Zhu89, Tur92, Kad96, Tur98b,
Syl00]) have been performed since then. The behavior of Rf in extraction
experiments and on ion exchange resins (see e.g. [Sil70, Hul80, Cze9%4a,
Cze94b, Kac96a, Kac96b, Schu98, Str00, Hab01, Omt02]) was investigated

as well.

The next heavier elements dubnium (Db, Z=105) and seaborgium (Sg, Z=106)
have also been studied both in gas phase (see e.g. [Zva76, Gag92, Tur92,
Tur96a] for Db and [Tim96, Yak96, Scha97a, Gag98, Zva98, Tur99, Hiub01]



for Sg) and aqueous systems (see e.g. [Gre88, Kra89, Scha89, Pau99, Tru02]
for Db and [Sch&97a, Sch&97b, G&g98, Sch&98a, Scha98b] for Sg).

Bohrium (Bh, Z=107) was experimentally studied for the first time two years

ago [EiR00a] in a gas phase experiment.

In some chemical systems, Rf and Db have revealed deviations from trends
established by their lighter homologues in groups 4 (Zr and Hf) and 5 (Nb and
Ta), respectively. In several publications these were interpreted as evidence
for relativistic effects (see e.g. [Kra89, Tur98b]). No such behavior has been
observed in the chemistry of Sg and Bh so far. However, the observed
general resemblance of properties of these elements with those of the lighter

homologues gave strong grounds to place them in groups 4 through 7.

For review articles on the experimental investigations of the first four
transactinides see e.g. [Hoff96, Scha96a, Tur96b, Hoff99, Kra99, Schall].

1 18
1 2
H 2 13 14 15 16 17 He
3 4 5 6 7 8 9 10
Li Be B C N (6] F Ne
11 12 13 14 15 16 17 18

Na [ Mg 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \Y Cr Mn Fe Co Ni Cu Zn Ga | Ge As Se Br Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sh Te [ Xe
55 56 | 57+*| 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
87 88 | 89+"| 104 | 105 | 106 | 107
Fr Ra Ac Rf Db Sg Bh 112

108 | 109 | 110 | 111 | Uub 114 116

Hs Mt | Uun | Uuu Uuq Uuh

* 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr Nd [ Pm | Sm | Eu Gd Tb Dy Ho Er m Yb Lu
90 91 92 93 94 95 96 97 98 99 | 100 | 101 | 102 | 103
Th Pa U Np Pu | Am | Cm [ Bk Cf Es Fm [ Md No Lr

Fig. 1-3  The periodic table as known today. Elements for which no chemical
properties have been determined are separated; first attempts to

characterize element 112 have been reported.

Recently, Yakushev et al. reported on first attempts to chemically investigate
element 112 in the gas phase [Yak01, Yak02]. With this exception, no element
heavier than bohrium (Bh, Z=107) [EiIR0Oa, EiROOb] has been chemically



investigated so far. Thus, the question arises of the correct placement of
elements with Z>107 in the periodic table. This question motivated the present
work and the objective was the chemical investigation of the next heavier

element, hassium, with Z=108.

Hs is believed to belong to group 8 of the periodic table. It would then be
homologous to iron (Fe), ruthenium (Ru) and osmium (Os), and belong to the

transition elements.
1.4 Chemical properties of transition elements

When analyzing the trends valid in the d block of the periodic table, the

following general rules are observed:

-Since the electron configuration of the transition metals differs only
with respect to the second most outer shell, which has a less
pronounced influence on the chemical behavior than the outermost
shell, the properties of the transition elements within a period do not
differ so much compared to those of the main group elements of a

given period.

-The presence of a d shell, filled to a different degree and taking part in
chemical bondings in the d elements, leads to a periodicity. However,

the latter is less pronounced than in the main group elements.

-The highest oxidation state observed in at least the heavier members
(5 d elements) corresponds to the group number for groups 4 through
8.

-The stability of the higher oxidation states increases within the groups

with increasing atomic numbers.

-The stability of the lower oxidation states decreases within the groups

with increasing atomic numbers.

-The volatility of the compounds in the highest possible oxidation state
increases from the lighter to the heavier members of a group due to the
faster stability increase of the solid state compared to that of the

gaseous state.



-Within a period, the character of the oxides turns from basic, for the

lighter members, to acidic for the heavier elements.
1.4.1 The group 8 elements

Fe, Ru and Os are known to exist in a large number of oxidation states: Fe is
known in all states from -2 through +6, Ru in the states -2 through +8 (with the
exception of +1 that has not been observed) and Os in all states from -2
through +8. This explains the large variety of their compounds. When going
from left to right within a period, the metal atom radii are found to be minimal
in group 8. These metals are the ones with the highest maximum valency
within their periods. Ru and Os are the only elements which can form a state
with an oxidation number as high as 8+ (with the exception of Xe, which is
known to form tetrahedral XeO,4 [Gun70] while RnO4 is unknown). Table 1-1

shows some binary inorganic compounds of Fe, Ru, and Os, respectively.

Tab. 1-1 Some binary inorganic compounds of group 8 elements.

Compounds Fe Ru Os

Oxides FeO, Fe,03, Fe;0, RuO,, RuO;?, RuO, 0s0,, 0s03 2, 0sO,
Sulfides FeS, Fe,S;, FeS, RuS, 0OsS,

Fluorides FeF,, FeF; RuF;, RuF,, RuFs, RuFs OsF,4, OsFs, OsFg OsF;
Chlorides FeCl,, FeCl; RuCl;, RuCl, OsCl;, OsCl,, OsCls
Bromides FeBr,, FeBr; RuBr; OsBr3;, OsBr,

lodides Fel, Fel; Ruls Osl, Osl,, Osl;

¢only known in the gas phase

However, in transactinide chemistry, only mononuclear compounds can be
formed due to the minute production rates ("one atom at a time" chemistry
[Hoff99]). Further important compounds in the Fe chemistry are the
hydroxides and oxyhydroxides. One hydroxide compound is also known for
Ru, whereas no hydroxides are reported for Os. All of the group 8 elements

form a great variety of coordination complexes.

While the chemistry of Ru and Os is quite similar, Fe behaves differently. The
reason is the existence of the lanthanide series which is inserted in the sixth
period of the periodic table. Due to the lanthanide contraction, the atomic
radius (half distance of two atoms in the metal) of Os (133.8 pm) is very

similar to that of Ru (132.5 pm), whereas that of Fe (124.1 pm) is significantly
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smaller. Similar arguments hold in groups 9 and 10 and although there are the
usual vertical similarities (e.g. in Fe, Ru, Os), the horizontal ones (e.g. in Fe,
Co and Ni) are patrticularly strong. Therefore, the three members of the fourth
period (Fe, Co, Ni) are often distinguished from the six members of the fifth
and sixth period of these three groups (Ru, Rh, Pd; Os, Ir and Pt), which are
collectively known as the platinum metals. Because of the similarity of Ru and
Os and the rather differing chemistry of Fe, extrapolations from trends within
group 8 are preferentially performed only from Ru via Os to Hs. For a review
of the chemistry of Ru and Os, Refs [Gri67, Rar85] (Ru) and [Gri67] (Os) are
recommended. Figure 1-4 shows the energy levels for Ru, Os and Hs for the
non-relativistic case (which is purely theoretical since relativity cannot be
switched off) and the relativistic case. As can be seen, the influence of

relativistic effects increases with increasing Z.

0
-2 Ru Os Hs
nr rel nr rel nr rel
-4
5s
551 7s
-6 | 6s
>
o . 6s12
S 8 | . 6ds/2
O
w _1p 4 4d R
10 oot Sds/2 !,
12 - 4dzp2 " 6dye
5d /- 6d |
14 — S
-16

Fig. 1-4 Hartree-Fock (non-relativistic) and Dirac-Fock (relativistic) energy
levels for group 8 elements Ru, Os and Hs (element 108). All
values are from [Des73] except nr values for Hs which are from

[Schw98]. (Figure courtesy by V. Pershina.)
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Ru and Os are both known to form highly volatile tetroxides. The well-known
"Gmelin Handbuch der anorganischen Chemie" introduces the section on the

system Os-O as follows:

"The most important of these (oxides), and indeed the single most

important compound of osmium is the tetroxide, OsO,." [Gri80]

Os metal forms OsO, with its characteristic smell in air at ambient
temperature, which gave the element its name (greek: "osme" = smell). With
respect to experiments where single atoms have to be separated from a huge
background of unwanted products, the extraordinarily high volatility of the
tetroxide is of special interest: its boiling point is as low as 130 °C [Opp98]
and in experiments using carrier-free amounts it was volatile even at room
temperature [Dom84a, Yak99, Yak00]. The same holds for RuO,4. Since RuO,
decomposes to RuO, + O, at 108 °C [Rar85], its boiling point had to be
extrapolated. A value of (133+5) °C [Rar85] was calculated. While FeO, does
not existt the gas phase stability increases from  RuO4
(AH% (RuO4)g=(-193+4) kJ/mol) [Rar85] to 0sO,; (AH% (OsQ4)q)=(-336%8)
kJ/mol) [Opp98, Hil92], in accordance with the rules given earlier. It seems
therefore justified to assume that Hs also forms a highly volatile tetroxide,
HsO4, which would be an ideal compound for the chemical investigation of this
element as has already been mentioned by several authors, see e.g.
[Dom84a, Dom84b, Fri75, Bac71, Zud93]. This is in agreement with recent
fully relativistic density functional theory (DFT) calculations on the group 8
tetroxides [Per01] that also predict the existence of HsO,4, which is calculated
to be more stable than OsO,.

1.5 Experimental techniques used for chemical

investigation of transactinides in the gas phase

Among the established experimental methods for the investigation of single
atoms [Gag97], investigations in the gas phase have proven to be fast and
efficient enough to investigate nuclides which are formed with cross sections
below 100 pb and have half-lives of less than half a minute. It is obvious to

attempt to investigate group 8 elements in the gas phase since the high
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volatility of their tetroxides seems to permit a very selective separation from
unwanted by-products of the nuclear reaction. Two techniques have been
used to evaluate thermochemical data of transactinide compounds in gas
phase experiments. These are called thermochromatography (TC) [Mer61,
Zva90] and isothermal gas chromatography (IC) [G&g91, Tur96b] and are
schematically shown in Figure 1-5.

S A == Gas flow < Ta
o =M
2 2
© 2
g \ |::> >
Q

> “

Column length [cm] high Temperature [°C] low
g == Gas flow <
o 22
2 AN g Tso% to. =T
© [:> s, Ret.= 11/2
2 < >
£ o
S >

Column length [cm] low Temperature [°C] high

Fig. 1-5 TC (upper panels) and IC (lower panels) principle. For explanation

see text.

In both techniques, the volatile species is injected into a chromatography
column which is usually made from quartz. In TC, a longitudinal negative
temperature gradient is established along the column length (upper left panel).
The species is transported to lower temperatures by the carrier gas flow.
According to the adsorption interaction of the species, deposition occurs at a

characteristic temperature (upper right panel).

In IC (lower panels), the species is transported to a reaction zone kept at an
elevated temperature, where formation of the volatile compound takes place.
The latter is then injected into a chromatography column kept at an isothermal
but variable temperature. At a high isothermal temperature the retention time
is very short and almost 100% of the species reach the exit of the column.

When the temperature is lowered, the retention time increases. At the



13

temperature Tsoy Where the yield is 50% of the maximum yield, the retention
time equals the nuclear half-life of the radionuclide contained in the species.

From the adsorption temperature T, measured in TC experiments as well as
from the temperature Tsoy determined in IC experiments (which are usually
similar), the enthalpy of adsorption of the volatile species on the column
material can be evaluated. The thermodynamic model of mobile adsorption
[EiB82], and a Monte Carlo simulation procedure based on a microscopic
model of the adsorption process [Zva85] have both been shown to vyield
similar results, on condition that a reversible adsorption process without
superimposed chemical reaction (i.e. the transported species remain

unchanged during adsorption and desorption) takes place within the column.
1.6 Hassium

1.6.1 Identification using physical separation systems

The identification of element 108 based on the observation of three atoms
was reported in 1984 [Miin84] when the nuclide ***Hs (T=1.55 ms) [Hof95]
was produced in the heavy-ion induced fusion reaction of ?*Pb+°®Fe. A much
more long-lived isotope with mass 269 (Ty=11 s) was discovered in the
experiment that led to the first identification of element 112 [Hof96]. Presently
known Hs nuclides are those with mass numbers 264 (T,=0.45 ms) [MUn86,
Min87], 265 (T=1.55 ms) [Min84, Mun87, Hof95], 266 (T=2.3 ms) [Hof01],
267 (Tv=19 ms) [Laz95], 269 (T+,=11 s) [Hof96, Hof00], and 277 (T=11 min)
[Oga99c]. In addition, evidence has been obtained for the isotope 2**Hs (T1
was not determined) [Ghi95a, Ghi95b].

Hs (Hs2637? Hs 264 | Hs 265 | Hs 266 | Hs 267 Hs 269 Hs 277
? 0,45ms |g70ps|1.6ms| 2,3ms 19 ms 11,3s 11 min
108 o ?ftgét/sai ‘1‘01.2'751' 10,37 | 10,18 ;?'58& 983 @ 9,14-9,23 0.9,14-9,23

Fig. 1-6 Known Hs nuclides. a-decaying nuclides are indicated in white,

spontaneously fissioning nuclides in grey.

The half-lives of the isotopes 2**Hs through 2°’Hs are too short for chemical
experiments, nor is 2’’Hs suited for our purposes since it cannot be produced

directly - it was the last member of a decay chain starting at ?*114 [0ga99c] -
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and decays by spontaneous fission (SF), a mode that does not allow the
unambiguous identification of the decaying nuclide. Hence, ?*°Hs is the most
suitable nuclide for chemical investigations of Hs. More neutron-rich isotopes
are predicted to be even more long-lived [Smo97]. The long lifetime of *’’Hs

[Oga99c] appears to confirm such predictions.
1.6.2 Long-lived a-decaying isotopes

A suitable reaction for the production of ?**Hs is ?**Cm(**Mg, 5n). The

excitation function calculated with the HIVAP code [Rei92] is shown below.

[ 248Cm(*Mg,xn) _:
100 ¢ — k=1.0, SI'88, P=1.0 E
- - k=12 )
L ke=1.0, TF-96 Sn ]
— F e
i 10'15‘ 4n 7 E
g |
»
o \
10_2;_ -7 = S E
=3 ]
120 130 140 150 160
E,., MeV)

Fig. 1-7 HIVAP calculation [Rei92] for the reaction **Mg+2**Cm using
different values for the fission barrier (k;) and mass tables (SJ'88
form [Spa88, Aud95], TF-96 from [Mye96]). The arrow indicates the
barrier according to the model of Bass [Bas74]. ([Sag99])

From these calculations it follows that the neighbouring nuclide *"°Hs is
produced in the same reaction in the 4n deecxitation channel with a

comparable cross section.
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From an analysis of hot-fusion systematics [Scha96b], production cross
sections of a few picobarns are expected both for ?*Hs and ?"°Hs.

E.(MeV) (scalel0, minin B, , A=2, 3, ..., 8)

' ! ' | ' I ! I ' ] ' | ! |

120

110

N 100

S0

80

Fig. 1-8 Contour map of the ground-state shell correction energy, Eg, (in
MeV). The position of ?’°Hs is marked by the cross (adapted from
[Sob01)).

In Figure 1-8, the potential energy surface for the heaviest nuclei is shown
where nuclear deformation has been taken into account [Sob01]. Three
minima are visible. The deepest one (-14.3 MeV) is found for the well-known
spherical doubly-magic nuclide ?*®Pb. For heavier elements, two almost
identically deep minima are found for ?’°Hs (-7.2 MeV) and ?°114 (-7.2 MeV).
While the latter is again predicted to be spherical, the minimum in the region
of ?°Hs appears only for deformed shapes. The strong shell stabilization
leads to half-lives for nuclei in the vicinity of ?’°Hs that are long enough to

make these isotopes suitable for chemical investigations.
1.6.2.1 **°Hs

To date, the decay of three single ?®*Hs nuclei has been observed in
experiments at the Separator for Heavy lon reaction Products (SHIP) [Hof00]
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in Darmstadt. Two of those were observed in the experiment where element
112 was identified for the first time [Hof96] and the third one in a confirmation
experiment [Hof00] as granddaughters of 27112. ?**Hs has not been
produced directly so far. From the measured lifetimes, a half-life of 11*°4 s
has been derived. The margins of error were calculated according to
[Schm84]. In all cases, a-decay was observed with o-particle energies of 9.17

{0 9.23 MeV.
1.6.2.2 ?"°Hs

As has already been mentioned, 2"°Hs is expected to be a deformed doubly
magic nucleus [Pat89, Pat91a, Pat91b] and numerous theoretical papers deal
with predicted properties of this nuclide. A more detailed investigation of the
structure of both shell closures attributed the magicity of Z=108 mainly to the
influence of the quadrupole deformation 3, and the hexadecapole deformation
B4, whereas in the N=162 shell also Bs contributed significantly to the shell
correction energy [Pat91b]. Among the most important properties with respect
to experimentalists is the half-life since chemistry experiments require much
longer-lived isotopes (Ty.>1 s, [G&g97]) than experiments in which the nuclei
are isolated physically (T.,>1 us [Hof00]). From nuclear structure calculations,
often Q,, values are derived from which the partial o-half-life can be deduced.
Several formula linking Q. and Ty (o) can be found in the literature, among
which the one from Ref. [Buc91] reproduces the half-lives of all known ground
state to ground state a-transitions in even-even nuclei having 76<Z<100
within a factor of approximately two. In other works, the properties of the
fission barrier, which largely determines the partial SF-half-life, have been
theoretically investigated. In Table 1-2, predictions concerning *’°Hs are
summarized. Where only the Qq-value was given in the original article, the
corresponding half-life was deduced according to the formula given in Ref.
[Buc91].
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Tab. 1-2 Predictions of the decay properties of 2’°Hs in the literature.

Qo [MeV] Ty (@) [s]  Tw. (SF) [s] Ref
9.3 3.57° [M06188a] (as cited in [Ren96])
8.8 121.° [M6188b] (as cited in [Ren96])
0.1 [Pat91a]
9.44 0.76 [Pat91b]
6. [Smo095a, Smo96]
8.69 168. [lwag6]
9.0 28.52 [Ren96]
8.69 170. [M6197]
9.13 11.4 2 [Sob01]
8.88 9.1° [Roy02]
28.8 ¢ [Roy02]
1.0-10%¢ [M6I87]
8.2:10°° [Mo6I87]
9.5.10°¢ [M6189, M6194]
7.2.102¢ [M6I89, M6194]
10° [Pat89]
6.5-10° [Smo95b]

& Calculated from Q,, using the formula of [Buc91]
® Generalized liquid drop model

° From o-systematics derived in [Roy02]

4"Qld path”

¢ "New path"

Moller et al. [M6I87, M6I89, M6I94] found a so-called "new path” in potential
energy surfaces for nuclei with Z>100 which leads to compact shapes at the
scission point. However, the observation of e.g. ?°°Sg, for which a partial SF
half-life of >11 s is reported [TUr98a] is in contradiction to a half-life of less
than 0.1 s which has been predicted for this nucleus in the "new path" [M0I89].
All other predicted SF half-lives are significantly longer than the o-half-lives
and hence, o-decay is expected to be the dominant decay mode for ?°Hs. A
o-particle energy of E,~8.6-9.3 MeV can be expected. Its daughter will then
be #*°Sg, which decays with a half-life of (21*%°.;,) s by emission of an o-
particle with an energy of 8.52 MeV (33%) or 8.77 MeV (66%) [Tur98a]. An
upper limit of 82 % has been established for an SF branch in ?°°Sg. The
daughter produced in the a-decay is 2®?Rf which is known to fission
symmetrically (an upper limit of 0.8 % for a possible a-branch is reported

[Lan96]) with a half-life of (2.1+£0.2) s [Lan96].
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Therefore, the signature expected in the decay of ?’°Hs is a-a-SF or a-SF with

o-particle energies above 8.0 MeV.
1.6.3 Past attempts to chemically identify hassium

In 1985 experiments searching for SF decaying isotopes of element 108
produced in the heavy-ion induced fusion reactions “°Ar+?**U (CN 27°110)
were performed at Dubna [Zhu85a, Zhu85b]. In another experiment using the
22Ne+?*Cf reaction (CN ?"*Hs) at 123 MeV, o- or SF decaying **’Hs was
searched for which was believed to have a half-life of the order of 1 s [Che85,
Zhu85a]. The set-up used in this work is shown in Figure 1-9.

Target-
chamber

““Cf-Target Furnace

Teflon Teflon capillary

7=

Pb coated
lavsan film
fission track

Pb coated
. detector
Quartz column surface barrier S
containing CaO detector
and quartz wool \

Aerosol filter  Charcoal trap

Paraffin cube

Cd shell

Fig. 1-9 Schematic of the set-up used for the search for Hs isotopes in
Dubna (from [Zhu85a]).

Os recoil atoms were thermalized in a gas mixture of Ar + 2% O, (1.2 bar) and
continuously swept out of the target chamber through a teflon capillary into a

guartz column kept at 1000-1100 °C filled with CaO to separate non-volatile
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transfer products as e.g. actinides, Ra, Fr, and Po. The volatile species were
then transported through a teflon capillary and blown onto the surface of a Si
detector covered with 50 pug/cm? of Pb. At the opposite side an annular lavsan
track detector (also coated with 50 pg/cm? of Pb) was located for registering
fission fragments. The whole counting device was placed inside a shielding of

Cd and paraffin in order to decrease the background.

In model experiments with Os, OsO, was efficiently absorbed on the lead
surfaces, probably owing to reduction to non-volatile 0OsO,. The
decontamination from actinides was excellent (separation factor >10°) as well
as that from Po (>10%. Nevertheless, no o-particles in the energy range
above 8.5 MeV and no SF events were registered and upper limits of 100 pb
for the production cross sections of a-decaying nuclides and 50 pb for SF

decaying nuclides were established.

Another set-up called On-line Separation and Condensation AppaRatus
(OSCAR) was installed at the 88-inch cyclotron in Berkeley [Dou87] and is
shown in Figure 1-10.

Chemical Condensation chamber
separation
area
MNuclear -
reaction ——= UQuartz
products wool plug Liquid
N 3 nitrogen

1 7]

Oxygen

To vacuum

Fig. 1-10 Schematic drawing of OSCAR which was used to search for ?"“Hs
[Dou87, Hul87].

Nuclear reaction products were attached to KCI aerosol patrticles in the recoil
chamber. Via this so-called gas-jet they were subsequently transported to the
chemical separation area where oxygen was fed into the system. The

particles were caught on a quartz wool plug and destroyed and formation of
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the tetroxide took place at a temperature of 650 °C. Non volatile transfer
products remained quantitatively in the reaction area while the volatile oxides
were swept out by the carrier gas flow into the condensation chamber at a low
pressure (50 torr) where they were deposited on a silver disk which was
cooled by liquid nitrogen (LN,) to temperatures <-155 °C. Opposite of the
metal disk, an annular Si surface barrier detector was mounted which
registered o- and SF decaying nuclides adsorbed on the disk. The carrier gas
was He at a flow rate of 1.1-1.4 I/min; the oxygen flow rate was 30 ml/min.
The efficiency for the separation and condensation of osmium was 36 %.
Separation from the actinides was excellent: <10° % of the actinide activity

was detected on the cold silver disk.

OSCAR was used to search for a-decaying ?"*Hs which was expected to be
the EC daughter product of "Mt (estimated T, 25 min) produced in the
2%Es(*’Ne, 4n) reaction at 117.5 MeV [Hul87]. However no o-energy peak
between 8.7 and 11 MeV was observed and an upper limit for the production

cross section of 1 nb was obtained.

From a recent analysis of the cross sections in hot fusion reactions [Sch&96b]
as were used in these experiments it is obvious that the latter were not

sufficiently sensitive.
1.6.4 Proposed set-ups for the chemical investigation of hassium

Different set-ups for the chemical separation of group 8 tetroxides have been
proposed. In Mainz, v. Zweidorf et al. tested a detection system where OsO4
was adsorbed on metallic Na [vZwO01]. Deposition can be interpreted as acid-
base reaction on a Na,O surface with formation of non-volatile osmates. In
Dubna, Yakushev et al. reported on a system where OsO4 was adsorbed on
Pb aerosol particles which were deposited on a magnetic tape and

subsequently subjected to o-spectroscopy [Yak99, Yak00]. This system, too,

is intended to be used for the investigation of Hs [Tsy02].
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1.7 Conditions for the chemical identification of single

atoms

The law of mass action which is used to describe a chemical system in its
equilibrium can no longer simply be applied in the case of single atoms
[Gui89]. Formulation of an equilibrium distribution between two phases is no
longer possible since the species of interest is either in one phase or the
other. However, Guillaumont et al. showed that partition methods can still be
used to determine thermodynamic properties. The distribution coefficients are
expressed in terms of probabilities to find a single species in one of the
phases at a given time [Gui89], provided an experimental method is used
where the species is exchanged sufficiently many times from one state into

the other. This is fulfilled in the case of gas adsorption chromatography.

Prerequisites for the successful application of this method on the investigation
of single atoms of transactinides with half-lives of a few seconds to a few

minutes are:
a) Fast formation of a defined volatile species without kinetic hindrance.

From the literature it is known that at temperatures below 1200 °C the
dominant gas phase species in the system Ru-O is RuO, [Nik65]. In a
temperature range >1200 °C, formation of RuOs is favored. [Nik65]. In the
system Os-O analogous molecular components are formed [Nik65, Opp98].
Decomposition of OsO, was observed only at temperatures above 700 °C
[Opp98]. In on-line experiments with short-lived Os isotopes [Dom84a, Yak99,
Yak00] formation of a very volatile oxide, presumably the tetroxide, was
observed with high yield, indicating a fast formation process as can be
assumed in the case of the rather simple OsO4 molecule. In test experiments,
which were part of the present work, short-lived Os isotopes were produced in
heavy-ion reactions and the above mentioned observations were confirmed
(see Chapters 2.3.3 and 2.5.1). Yields for the formation of OsO,4 and transport

out of the recoil chamber of ~90 % were observed.
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b) High separation factors with respect to (especially o- and SF-decaying)
species which severely interfere with the definite identification of the fusion
product and its daughters.

Presumably the only way to definitely identify single atoms of transactinides is
to register their characteristic decay sequences. The daughter nuclides are
usually short-lived radionuclides as well, and hence a safe assignment of the
separated nuclei is possible by establishing a genetic relationship of observed
o~ and SF-decays. The expected decay sequences originating from the decay

of ?**Hs and #"°Hs are shown in Figure 1-11.

Hs 269 Hs 270
11.3s ?s
o 09,14-9,23 o aj’)\‘
Sg 265 Sg 266 SF?
74s 21s
«. 8,69-8,94; ®8,72; 8,59;
(x sf<35% a sf<82%
Rf 261 Rf 262
78 s 47ms?| 2,1s
a 0. 8,30; sf<11% sf’?/ij3%
No 257 SF
26s
0.8,22; 8,27;
a 8.32
Fm 253
3.0d

EC
0.6.943;...

Fig. 1-11 Expected decay sequences originating from ?*°Hs and ?°Hs. ?"°Hs

has not yet been observed.

Any radionuclide that decays by emission of o-particles in the energy range
above 8.0 MeV, or by spontaneous fission, has to be prevented from entering
the detection system. Known nuclides whose decay characteristics are similar
to those shown in Figure 1-11 and can be present in a Hs experiment are:

-lighter transactinides that could be formed if the compound nucleus deexcites

by emitting a o-particle and several neutrons (oxn-reactions) [Dre99].
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However, none of the lighter transactinides are expected to form volatile

oxides.

-heavier and lighter actinides, especially *°Fm (SF>90 %), formed in transfer

reactions. Again, no volatile oxides of the actinides are known.

-Several nuclides of Pb, Bi, and Po: #?Bi (Ep,=10.55 MeV), **"Bi (Ep,=10.22
MeV), ?*™Po (E,=8.883 MeV), **?Po (E,=8.785 MeV), **™Po (E,=11.65
MeV), and **Po (E,=8.376 MeV) are often formed in transfer reactions with
Pb impurities in the target material. In the case of the very short-lived ?*?Po
(T,=0.3 us) an additional problem is the time-resolution of the electronics
which is usually not high enough to resolve the preceding B-particle emitted by
212Bj and the *?Po-o-particle. Hence a sum signal of the two particles is

registered in the energy range between 9 and 11 MeV (o-B-pile-up).

The long-lived precursors of the above mentioned nuclides, ?**?**Pb and
211212213gj have to be separated as well. ?*Pb and ?*?Bi are members of the
natural #*Th decay chain and can enter the detection system via their volatile

and chemically inert precursor ?’Rn (T.,=55.6 s).

Since the difference in volatility governs the separation factors in gas
chromatographic separations, the high volatility of the tetroxides makes this
class of compounds very suitable. In the earlier experiments in Dubna [Che85,
Zhu85a, Zhu85b] and Berkeley [Dou87, Hul87] high separation factors (>10°

for actinides) were indeed reported.

c) Fast transport of the volatile molecules to the detection system and efficient

registration of time-correlated decay-chains (o-o-o. or o-SF).

For the gas-chemical investigations of the four lightest transactinides Rf, Db,
Sg, and Bh, the well-known On-Line-Gaschromatography-Apparatus (OLGA)
technique [Gag91] was applied, a device working in the isothermal regime.
After chemical separation, the species was adsorbed to aerosol particles and
transported using the gas-jet technique [Wol75, Nai89] to the ROtating wheel
Multidetector Apparatus (ROMA) [SUm84] where the aerosol particles were

impacted on thin polyethylene foils (30 pg/cm?) and subjected to 4m-o-
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spectrometry by step-wise transport of the samples along a series of up to 12
pairs of PIPS detectors. However, the counting time was limited to about 12
half-lives (the step time is usually set to one half-life of the mother nuclide),
and decays that occurred during the step were missed. In addition, rather
complicated decay paths [EiIROOb] had to be followed, taking into account the
possible recoil of the daughter from the catcher foil into the detector facing the

sample.

Even with the prerequisites fulfilled in the Bh experiment, in a beamtime of
one month’s duration, a total of only five correlated o-o. and one o-o-a decay
chains was detected. The production cross section of ®’Bh in the reaction
249BK(*’Ne, 4n) is about 60 pb [EiR00a]. The beam intensity cannot be
substantially increased due to the thermal load of the target, the target
thickness is limited due to energy loss of the particles and the width of the
excitation function, the cross section of the chosen reaction is fixed, and it is
not feasible to perform experiments of much longer duration. Thus, a gain in
the efficiency of a factor of ten seemed to be necessary to compensate for the
decrease of the production cross section of roughly one order of magnitude

for production of ?*°Hs in the **Cm(**Mg, 5n) reaction.
1.8  Outline of the thesis

First, short-lived Os isotopes were produced at the PHILIPS cyclotron at PSI
in heavy-ion induced fusion reactions and were transported from the recoil
chamber to the chemistry device using a He/N,-carbon aerosol gas-jet (OLGA
technique [Gag91l]). These experiments are described at the beginning of
Chapter 2. These studies led to the development of a new device for the
separation of volatile heavy-ion reaction products, called In situ Volatilization
and On-line detection apparatus (IVO). In contrast to the well-known OLGA
[Gag91l] the nuclear reaction products are not attached to aerosol particles
and transported to the chemistry device with an aerosol-gas-jet [Wol75,
Nai89] but volatilized in situ within the recoil chamber and transported with the
carrier gas in the gas phase. Similar set-ups have already been used earlier in
Dubna (see e.g. [Zva66, Zva70]) and also in investigations of Os [Yak99,

Yak00]. IVO was tested with short-lived isotopes of Os, which were
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transformed to OsO,4, and elemental Hg, again produced at the PHILIPS
Cyclotron. This work is published in "Nuclear Instruments and Methods A".

A novel detection system based on the TC principle called Cryo On-Line
Detector (COLD) was built, which was then used for the chemical
investigation of Hs. A first device of that kind called Cryo-
Thermochromatographic Separator (CTS) has previously been developed in
Berkeley [Kir02]. In the COLD device, the chromatography column consists of
PIN-diodes which form a narrow channel. The diodes register o- and SF-
decaying nuclides adsorbed on the (cooled) surface with a high geometrical
efficiency of about 77%, favouring the detection of complete decay sequences
(up to 4 a-particles in the case of ?°Hs). Such a IVO-COLD system proved to

fulfill the prerequisites for an experiment with Hs.

In Chapter 3, the Hs experiment is described which was performed in May
2001 at the Gesellschaft fir Schwerionenforschung mbH (GSI) in Darmstadt,
Germany. Long-lived Hs isotopes were produced using an intense Mg beam
in the reaction ?*Cm(**Mg, 5,4n)?**?"°Hs and the decay of these isotopes was
registered in the COLD device. This experiment is described in two papers.
One has been submitted to "The European Physical Journal A", the second is

accepted for publication in "Nature".

In order to interpret the measured properties of Hs, the stability and
adsorption behavior of the group 8 tetroxides were theoretically modelled
using two different approaches. First, the trends established by RuO, and
Os0O,4 were extrapolated to HsO,. In the second approach, the adsorption of
HsO, on the active surface of the COLD system was interpreted in terms of a
pure physisorption process of a non-polar molecule on a dielectric surface.
This work, contained in Chapter 4, is published in the "Journal of Physical

Chemistry B".

Chapter 5 contains concluding remarks and a short outlook. In the Appendix,
some pictures of the experiment can be found.
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2. Development of the IVO-COLD system

In this chapter, experiments with short-lived Os isotopes produced on the
PHILIPS cyclotron at PSI in different heavy-ion induced fusion reactions, e.qg.
192Er (180, xn)'®*0s, or *°Dy(*Ne, xn)*"®*Os, are described. These were
carried out to investigate the behavior of single atoms of Os with half-lives
comparable to that of *°Hs (T.,~10 s). The conditions necessary for a fast and
guantitative formation of OsO, were evaluated as well as the possibilities of its
detection via the nuclear decay of the radioisotopes. Using IC, the adsorption

enthalpy of OsO4 on quartz was evaluated.
2.1 Experiments using a carbon aerosol gas-jet

In a first experiment in the reaction *°Dy(**Ne, xn)'"®*Os at a beam energy of
E =128 MeV in the middle of the target, the isotopes "?Os (E,, = 5.100 MeV,
Ty, = 19.2 s) and ®0s (E, = 4.938 MeV, Ty, = 22.4 s) were produced. The
set-up shown in Figure 2-1 was used.

HI-Beam from
PHILIPS

Cyclotron
Quartz-Wool

Target l 0, Plug Cooling Circuit
He/N,- k‘ oo ¢/o T l

He/N,- _

c-m\ Clet — 0000 \ [ —

A« / Oven
L (1000 °C) A\ 5——> To PSI Tape System
PTFE Teflon®
Recoil Capillary T
Chamber
Me-Aerosol
from SD
Generator

Fig. 2-1  Set-up used for feasibility studies of different metal aerosols for the

absorption of OsO,.

The target - recoil-chamber system described in [Pig95] was used and the
recoiling Os isotopes were attached to carbon aerosol particles produced via
spark discharge (SD). The aerosol particles were transported via a gas-jet
(2 /min He, 20 ml/min N2) through a polyethylene capillary (i.d. 2 mm, 10 m
length) to a reaction zone, where 20-100 ml/min O, was added to the carrier

gas and a temperature of 1000 °C applied to burn carbon particles and
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release the Os isotopes which were immediately oxidized to OsO,. After
passing a 30 cm long quartz column (i.d. 3 mm) and a 30 cm long PTFE
Teflon® capillary (i.d. 2 mm), the OsO, molecules were fed into a so-called
recluster chamber (i.d. 30 mm, 95 mm length) where a second gas-jet (1 I/min
Ar) containing metal aerosol particles was injected. Four different metals (Pb,
Fe, Ag, and Cu) were used to check the influence of the metal surface on the
absorption efficiency. The aerosol was generated by spark discharge (SD)
using electrodes of the respective metal. After the SD-generator, a ®Kr
source was installed to reach charge equilibration. Using this second gas-jet,
the Os isotopes were transported to the PSI Tape detection system [Gag91].
The particles were impacted on a commercial magnetic tape as used for
computer data storage which was moved every 20 s to position the sample in
front of four consecutive PIPS-detectors to register the o-particle decay of the
Os isotopes. The yield relative to a direct catch, where the He/N,-C gas-jet fed
through the recoil chamber was directly injected into the deposition position of

the PSI tape system, is summarized in Table 2-1.

Tab. 2-1 Observed yield of *"?Os (T=19.2 s) adsorbed on different metal
surfaces normalized to a direct-catch experiment where a He/N,-C

gas-jet was directly deposited on the PSI tape system.

Metal Yield }"?Os [%]
Pb 27
Fe 7
Ag 6
Cu 6

The optimum yield was reached when Pb aerosol particles were used. OsO,
was probably reduced on the Pb surface to non-volatile lower oxides. This
assumption is further supported by the observation that the yield was only
optimal when the carrier gas of the recluster aerosol jet was purified from
trace amounts of O, with a Ta-getter kept at 950 °C. However, as has already
been observed in the Bh experiment [EIR00], the He/N,-C jet was not very
stable and the transport yield of Os isotopes from the target chamber to the
qguartz column (about 20% only) was lower than that of the second gas-jet
where 27 % was reached without any further optimization of the Ar/Pb
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aerosol. Therefore an apparatus was developed (Chapter 2.3) where the first

gas-jet worked without aerosol particles.
2.2  Optimization of a Ar/Pb aerosol

Besides production of a Ar/Pb aerosol via SD, another technique was tested:
primary Pb particles were produced from molten lead in a stainless steel
crucible. The primary particles were fed into a so-called coagulation vessel
with an adjustable volume of 1-7 |. Depending on the size of the vessel and
the gas flow rate, different residence times of up to several minutes permitted
coagulation to larger agglomerates. Using a differential mobility analyzer
(DMA) in connection with a condensation particle counter (CPC), the aerosol
particle number concentration and mean particle diameter as a function of the
crucible temperature and the volume were measured as shown in Figures 2-2
and 2-3.
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Fig. 2-2  Particle number concentration and mean particle diameter of a
Ar/Pb aerosol (500 ml/min Ar) as a function of crucible temperature

and coagulation vessel volume.
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For efficient transport in a gas-jet, a mean particle diameter of about 100-300
nm and a particle number concentration of about 5-10°1-10” cm™ proved to
be ideal [Web92]. When using a rotating wheel detection system such as
ROMA [SUum84], the particles accumulate on the foils and the resolution
obtained in the back detectors is strongly affected by large amounts of Pb on
the foils. Therefore, an aerosol with a mean particle diameter of only 100 nm
and a particle number concentration <10’ cm™ was considered ideal. Such an
aerosol could be produced at a crucible temperature of about 800 °C and a
coagulation vessel volume of 3 |. A DMA spectrum of such an aerosol is
shown in Figure 2-3.

2.0E+05

Total number concentration:
1.5E+05 8-10° particles/cm?®

1.0E+05 1

5.0E+04 4

Particle number concentration [#/cma]

0.0E+00 T
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Fig. 2-3 DMA spectrum of a Ar/Pb aerosol (500 ml/min Ar) obtained at a
crucible temperature of 800 °C and a coagulation vessel volume of
31
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Abstract

A new gaschromatographic separation system to rapidly isolate heavy ion
reaction products in the form of highly volatile species is described. Reaction
products recoiling from the target are stopped in a gas volume and converted
in-situ to volatile species, which are swept by the carrier gas to a
chromatography column. Species that are volatile under the given conditions
pass through the column. In a cluster chamber, which is directly attached to
the exit of the column, the isolated volatile species are chemically adsorbed to
the surface of aerosol particles and transported to an on-line detection
system. The whole setup was tested using short-lived osmium (Os) and
mercury (Hg) nuclides produced in heavy ion reactions to model future

chemical studies with hassium (Hs, Z=108) and element 112.

By varying the temperature of the isothermal section of the chromatography
column between room temperature and -80 °C, yield measurements of given
species can be conducted, yielding information about the volatility of the

investigated species.
2.3.1 Introduction

Investigations of the nuclear decay properties of the heaviest elements
(transactinides, Z>104) require fast on-line separators with high separation
factors and overall yields. Due to the generally very low production rates of
such elements in heavy ion induced fusion reactions, presently reaching
levels as low as one atom per month [1], any suitable device has to act as a
fillker for the much more abundant, unwanted by-products from transfer

reactions and to detect final products with an efficiency close to 100 %.

Two different classes of devices have successfully been applied, physical

separators and chemical set-ups.

Physical separators for instance take advantage of the different velocities of
wanted fusion products and interfering transfer products. This may be
achieved by a velocity filter (Wien filter) [2] or a gas-filled magnetic separator
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[3], in which velocity dependent charge states of the ions lead to different

trajectories.

Chemical separators employ the difference in chemical properties of the
element to be separated from any unwanted element. Hence, chemical
separators are Z specific. So far, only one on-line technique proved to be able
to continuously isolate the desired transactinide element and forward it to an
on-line detection system. This technique is called on-line isothermal gas
chromatography. Two devices based on this principle have been developed,
the On-Line Gas chemistry Apparatus (OLGA) [4] and the Heavy Element
Volatility Instrument (HEVI) [5], a modified version of OLGA.

Reaction products recoiling from a target are thermalized in helium (He) gas
and adsorbed to the surface of carbon aerosol particles (=10° cm™)
suspended in the He. Within a few seconds, the products are continuously
transported through a thin capillary from the recoil chamber to the OLGA
chemistry device, where the particles are collected on a quartz wool filter kept
at an elevated temperature of up to 1000 °C. Reactive gases and oxygen (O)
are added to convert the carbon aerosol particles to CO, and to form volatile
molecules with the reaction products. The chromatographic separation takes
place in the adjoining isothermal section of the column (usually quartz), kept
at a cooler temperature. Depending on the isothermal temperature setting,
only species reaching a threshold volatility pass through the column. At the
exit of the column, the products are re-attached to new aerosol particles and
then transported to a counting device where the nuclear decay of the
separated nuclides is registered. Rotating wheel systems such as the
ROtating wheel Multidetector Analyzer (ROMA) [6] or the MG-wheel [7], but
also tape devices [8] have proven to be well suited. Typical separation times
with the current version of OLGA, OLGA 1l [9] are about 5 seconds.

One obvious shortcoming of this on-line gas chemistry system is the large
number of steps involved, each having a yield less than 100 %. These include
the thermalization of highly energetic reaction products in a gas, the
attachment of the products in ionic or atomic form to the surface of sub-

micrometer particles, the transport of these particles through a capillary, a
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chemical reaction of the attached species with reactive gases to form volatile
compounds, a gas adsorption chromatography of the compounds with the
surface of the chromatography column, a re-attachment of the molecules
leaving the column to new aerosol particles followed by a transport to the
detection system, and, finally, the deposition of the particles on thin foils via
impaction. The overall yield of all these processes reaches values of only 10
to 20 %.

From this point of view it is highly desirable to develop a technique with a
much simpler reaction scheme between synthesis and detection of final

products. In this work such a device was developed.
2.3.2 IVO, adevice for in-situ volatilization and on-line detection

One obvious shortcoming of the OLGA technique is the aerosol-borne
transport of reaction products from the recoil chamber at the irradiation
position to the chromatography set-up. The adsorption of the thermalized
products to the surface of aerosol particles is poorly understood. The yield of
this process and the efficiency for the aerosol particles to exit the recoil
chamber depend on several parameters such as i) plasma effects caused by
the beam, ii) particle number concentration and size distribution of the aerosol
particles and iii) geometrical constraints (shape and size) of the recoil

chamber.

It is therefore highly desirable to perform the chemical synthesis of volatile
molecules in-situ in the recoil chamber. This approach has already been used
in the very first chemical studies of transactinides [10]. Chlorinating and
brominating agents were added to a carrier gas in order to form volatile
halides of the d elements. Behind the recoil chamber the species entered a
thermochromatography column with a stationary longitudinal negative
temperature gradient. The surface of the column (glass or quartz) served both
for the separation of volatile species as well as for the detection of
spontaneously-fissioning (SF) nuclides via track detection. After each
experiment the tracks were revealed by etching and served as position
markers where molecules which contained SF-nuclides were deposited.



43

Obviously, such a technique has the disadvantage of not yielding any on-line
information during an ongoing experiment. Also, it is now well known that
most of the isotopes of transactinides decay via o-particle emission, a decay
mode which is not detectable with the track technique (at least with quartz
surfaces). In addition, no unambiguous identification of the isolated nuclides is

possible.

To overcome these obvious disadvantages, we developed a new device -
named IVO — where a chromatography column with a cluster unit is directly
coupled to the recoil and reaction chamber. As an option, an additional
chromatography column can be attached which can be cooled to investigate
the volatility of the species by the method of isothermal gas adsorption

chromatography.
2.3.2.1 Technical description of IVO

A schematic drawing of the set-up is shown in Figure 2-4. The heavy ion
beam passes a thin (=0.5-1 mg/cm?) target (¢=6 mm) and induces nuclear
reactions. Similar to other gas-jet devices, the reaction products are recoiling
out of the target into a gas volume (He), called recoil chamber, which is made
of titanium, where they are thermalized. According to the chemical species to
be synthesized, reactive gases, e. g. O,, may be added. Typical recoil ranges
of reaction products are of the order of a few centimetres. The length and
diameter of the cylindrical recoil chamber were adjusted to the expected recoll
ranges and straggling angles of the reaction products (¢=2.8 cm; length=4.5
cm). Beam particles passing through the recoil chamber are dumped in a 3.0
cm thick graphite cylinder, covered by a 5 um thick aluminium (Al) foil. This
foil prevents formation of graphite particles by sputtering processes, which
may act as aerosols and interfere with in-situ chemical reactions, i.e.
preventing the formation of oxides due to their reducing surface. It was
experimentally observed that Al does not form significant amounts of
transportable aerosol particles. The whole device is electrically insulated in

order to enable monitoring of the beam current.
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Fig. 2-4  Schematic drawing of IVO: (1) heavy ion beam, (2) target, (3) recoil
chamber (titanium), (4) carrier gas and reactive gas inlet, (5) beam
stop (graphite), (6) Al foil (5um), (7) oven (Tmax=900 °C), (8) quartz
wool plug, (9) quartz column (i.d.=2 mm), (10) optional cooling, (11)
thermostated cluster chamber (length=95 mm, i.d.=30 mm), (12)
cluster aerosol inlet, (13) teflon capillary, (14) ROtating wheel
Multidetector Analyzer ROMA, (15) PE-foil (30 pg/cm?), (16) PIPS

o detectors, (17) vacuum pump, (18) scrubber, (19) exhaust.

The carrier and reactive gases are fed into the recoil chamber through a small
slit close to the target position. Volatile products, which are formed in-situ
inside the chamber, are swept out through an open quartz chromatography
column, located at a distance of 3.0 cm from the target. The entrance to the

guartz column reaches a few mm into the recoil chamber.

The length of the quartz column (i.d. 2 mm) is 30 cm in order to fit into the

glove box containing the entire set-up at the irradiation position.

Some chemical reactions, e.g. the formation of OsO4, require elevated
temperatures. Therefore, an oven with a length of 8.0 cm is installed at a
distance of 2.5 cm from the recoil chamber, which can be heated up to 900
°C. A quartz wool plug may be placed inside the quartz tube at the position of
maximum temperature. This plug i) serves as a first barrier to retain non-

volatile interfering species, ii) is a filter to remove small amounts of aerosol
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particles which may be produced in the recoil chamber and could transport
non-volatile species to the detection system and iii) removes target material
which is sputtered from the target. Beam stop, target chamber, oven and the

rear end of the quartz capillary are water cooled.

In order to further transport the volatile molecules to a counting device, the
well established gas-jet technique is applied, which bases on the fact that
small aerosol particles of about 100 nm size can easily be transported with
high yield through capillaries and then deposited via impaction on surfaces.
Therefore, a so-called cluster chamber is attached to the exit of the quartz
column. A cluster aerosol, typically KCIl or CsCl in He or argon (Ar), is injected
into the chamber and mixed with the carrier gas containing the volatile
species. The latter are then adsorbed onto the surface of the particles. The
cluster chamber can be heated up to 200 °C in order to overcome a possible
activation energy of the adsorption reaction. Through a PTFE or PFA teflon
capillary (i.d. 2 mm) the particles are then transported to a detection system,
usually ROMA [6] or the PSI tape system [8] where the radioactive decay of
the isolated nuclides is registered. The pressure in the counting chamber is

about 5 mbar.

Aerosol particles can also be injected directly into the recoil chamber instead
of the cluster chamber, thus transporting all nuclear reaction products to the
detection system. By comparing yields of different species, information on the
decontamination factor of IVO can be gained. Usually, carbon aerosol
particles generated via spark discharge between two graphite electrodes (¢=3
mm) are used. The distance between the electrodes is 2 mm. A 12.5 kV/2.5
mMA high voltage supply is used. The current is limited to 2 mA resulting in a
discharge frequency of ~5 Hz. In order to generate a sufficient number
concentration (10° particles/cm®), two generator units are coupled in series.
The particles, which are highly charged, are then fed through a cylindrical
vessel containing in its center a 74 MBq ®°Kr source sealed in a small copper
tube where the charge is equilibrated to minimize the loss of particles in the
polyethylene (PE) tubes used to transport the aerosol particles to the cluster

chamber.
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In order to determine the overall yield of IVO a catcher foil was mounted

behind the target to measure the absolute yield of a given reaction channel.

As an option, an additional quartz column (length=1.5 m; i.d.=2 mm), which
can be cooled between ambient temperature and -80 °C, can be coupled to
the exit of the chromatography column described above. With this device it is
possible to measure the retention time of the volatile species and thus obtain

information on the adsorption behavior on a quartz surface.

The whole system is assembled as a modular set-up, to be easily adaptable

to specific needs of an experiment.

2.3.3 First experiments with volatile osmium tetroxide (OsO,4) to model
a chemistry with Hs (element 108)

The transactinide element hassium (Hs, Z=108) is expected to be a member
of group 8 of the periodic table of the elements and thus a homologue of
osmium (Os) and ruthenium (Ru). The longest-lived known isotope which
decays by emission of a o particle is ?*°Hs with a half-life of about 10 s and a
o-particle energy of 9.2 MeV [11]. It can be produced by the reaction
248Cm(*®Mg, 5n) with an estimated production cross section of about 7 pb [12].
If the chemical properties of Hs are comparable to those of Os and Ru, it
should form a very volatile tetroxide, HsO4. Thus, IVO seems to be an ideal
device for separation and study of HsO,4. On-line investigations of Os-oxides,
which made use of different techniques, had already been conducted earlier,
e.g. at Dubna [13], Berkeley [14] or Darmstadt [15].

2.3.3.1 Experimental

In experiments with IVO at the PSI-PHILIPS cyclotron short-lived Os isotopes
with half-lives of about 20 s were produced by irradiation of a dysprosium (Dy)
target (0.5 mg/cm? Dy, ™°Dy 20 % enriched) with #*Ne in the reaction
1%8py(?*Ne, 6,5n)1">1"30s. The target was electrochemically deposited on a
3.3 mg/cm? thick HAVAR foil. The Ne beam energy in the middle of the
target was 127 MeV and the beam intensity was 0.083 particle-uA. He was

used as carrier gas with a flow rate of 500 ml/min. An admixture of 10 % O,
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served as chemical reagent to synthesize OsO, in-situ. Volatile compounds
were transported with the carrier gas flow through the quartz chromatography
column to the cluster chamber. Heating the reaction oven at the beginning of
the column to 600 °C significantly improved the vyield of volatile OsO,.
Obviously, not all Os-oxides reaching the reaction oven have already been

oxidized to the tetroxide in the recoil chamber.

For further transport an aerosol was produced from molten lead (Pb) in Ar
(500 ml/min), since earlier experiments at FLNR in Dubna [16] and also at PSI
have shown that a lead surface strongly adsorbs OsO,4, presumably via its

reducing surface to form less volatile Os compounds.

Optimum transport yields of OsO4 were found if the molten Pb was kept at
820 °C and then passed through a container of 3 | volume in order to allow the

formation of agglomerates of appropriate size.

After transport through a 6 m long PTFE teflon capillary, the particles were
impacted on 30 pug/cm? polyethylene (PE) foils mounted on the circumference
of a rotating wheel system (ROMA [6]) and moved every 20 s between four
consecutive pairs of PIPS-detectors to register the a-particle decays of the Os
isotopes from the front and the back side of the PE-foils, which were thin
enough to enable o spectroscopy in a 4n counting geometry. In addition, a
HPGe-detector was mounted in one of the counting positions to assess

Yy emitting nuclides.

In order to determine the decontamination factor of the IVO-setup, an
experiment was carried out where all nuclear reaction products were
transported out of the target chamber directly to the detection system without
any specific chemical reaction (except attachment to the surface of the gas-jet
aerosol). Therefore, carbon aerosol particles (~10° cm™) in 1000 ml/min He

were fed into the recoil chamber.

In another experiment, *"**"*0Os was produced in the reaction **?Er(**0, 6-7n)
at a beam energy of 116 MeV in the middle of the target and beam intensities

of 100 particle-nA. The experimental conditions as e.g. gas flow rates were
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the same as in the experiment described above. Again, OsO, was formed in-
situ in the recoil chamber. The compounds were transported via the first
chromatography column and a 5 m long PFA teflon capillary (i.d.=2 mm) to a
second chromatography column (length=1.5 m, i.d.=2 mm) kept at a variable
isothermal temperature. After passing through this column, the molecules
were transported through a 2 m long PFA teflon capillary (i.d. 2 mm) to the
cluster chamber where they were adsorbed on Pb aerosol particles and
transported to ROMA for final counting. The isothermal temperature of the
chromatography (IC) column was varied between ambient temperature and

-80 °C to evaluate the enthalpy of adsorption AHags of OsO,4 on quartz.
2.3.3.2 Results and Discussion

Figure 2-5 shows an o-particle spectrum of the first front detector of an
experiment where a He/carbon aerosol was used to transport all nuclear
reaction products out of the recoil chamber directly to the ROMA. The
following nuclides were identified [17]: *?Os (T%=19.2 s, E,=5.100 MeV);
130s (Ty,=22.4 s, E,=4.938 MeV); **'Po (T,=56 s, E,=6.281 MeV); **™po
(T,=26 s, E,=6.385 MeV); *®Po (T,,=1.76 min, E,=6.185 MeV); *™po
(T,=4.2 min, E4=6.059 MeV); *®°Po (T,=11.5 min, E,=5.863 MeV) and **'"Po
(T,=8.9 min, E,=5.786 MeV). Formation of the Os isotopes occurred in the

reaction *°Dy(**Ne, 6,5n)*"%'30s whereas Po isotopes were produced in the
reaction "*W(**Ne, xn)**"2°'™pg from the W contained in the HAVAR target

backing.
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Fig. 2-5 o-particle spectrum for the reaction ***Dy+%’Ne. The spectrum was
obtained in a direct catch experiment where all reaction products
were transported out of the recoil chamber by means of a
He/carbon gas-jet. o lines of "?'30s produced in the reaction
1Dy (**Ne, 6,5n)'"%1%0s and '°"2%'Mpg are visible. Po isotopes
originate from the reaction of the beam with W contained in the
HAVAR target backing.

Figures 2-6 (a) and (b) show the a-particle spectra of the first detector pair of
an experiment where IVO was used as a chemical separator. The spectrum
(a) has been acquired with the front detector, and (b) with the back detector.
Only peaks at 5.100 MeV (*"?Os) and 4.938 MeV (*"*0Os) were observed. The
energy resolution of the detectors for 5 MeV o-particles was about 35 keV and
75 keV full width at half maximum (FWHM) for the front and back detector,
respectively. No Po was observed under the given conditions. Only very few
events in the range between 5.70-6.60 MeV were detected. If all of these
events are assigned to the decay of Po isotopes, a lower limit for the
decontamination factor with respect to Po of 2x10% is calculated. The chemical

yield of the separator was about 50 %.
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Fig. 2-6  o-particle spectra from the reaction ***Dy+%’Ne from an experiment
where IVO was used as chemical preseparator. Only the lines of
the Os isotopes appear, Po was not volatile under the given
conditions and did not reach the detection system. (a) o-particle
spectrum of the first front detector. (b) o-particle spectrum of the

first back detector.
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In another set of experiments, short-lived Os was produced in the reaction
192Er (180, 7,6n)*"*1"*0s. By means of a coolable second chromatography
column, the method of isothermal chromatography (IC) was applied to study
the adsorption behavior of OsO, on quartz. Using the nuclear half-lives of
1731705 as an internal clock allowed the measurement of the retention time of
the molecules in the column. The retention time in the IC column depends on
the volatility of the compound, which is usually expressed by the enthalpy of
adsorption on the column material AHag4s. At the temperature where the yield
reaches 50 % of the maximum yield, the retention time in the IC column
equals the half-life of the radioactive nuclide contained in the molecule.

Hence, a yield vs. isothermal temperature curve was measured (Figure 2-7).
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Fig. 2-7 Relative yield vs. isothermal temperature curve for "*0sO,
(T,=22.4 s). The solid line is the result of a Monte-Carlo simulation
of the experiment assuming an enthalpy of adsorption AHags Of
-38.0 kd/mol. The dashed lines indicate the 1c-error range of 1.5
kJ/mol.

AHags 0f OsO4 on quartz was evaluated using a thermodynamic method [18]
and a microscopic model using a Monte-Carlo technique [19]. A value of

AHags=(-38.0£1.5) kJ/mol was evaluated in this way. This value is in good



52

agreement with an on-line thermochromatographic investigation of the same
compound by Domanov et al. [13]. Reevaluation of these experiments with the
analysis procedure that has been applied in our experiments yields
AHags=(-39%1) kJ/mol.

The yields of ”**"*0s0, were measured at an isothermal temperature of -30
°C at different beam currents of 0.1, 0.2, 0.3 and 0.4 particle-uA, respectively
(Figure 2-8). The observed linear correlation has a correlation coefficient of
>0.99. This observation is in contrast to [20], where decreasing OsQO, yields

were observed with increasing beam intensities.
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Fig. 2-8 Dependency of the yield of Os-isotopes vs. beam intensity in the
reaction 20+'°’Er (] 1"*0s04; [ ] 1*0s0.). The measured points
can be fitted by linear regression lines with an intercept of 0 with
correlation coefficients of R?=0.9931 (*"*0s0,) and R?=0.9959

(*"*0s0y), respectively.

2.3.4 First experiments with mercury (Hg) to model a chemistry with

elements 112 and 114

Recent experiments gave evidence that elements Z=112 [21] and 114 [22]

have neutron-rich isotopes with lifetimes long enough for their chemical
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characterization. These elements are presumably very noble metals and
expected to be highly volatile. Gas adsorption chromatographic investigations
in the elemental state seem to be feasible [23, 24]. These superheavy
elements are predicted to have rather high adsorption enthalpies on metal

surfaces such as palladium (Pd) or platinum (Pt) [23].

Therefore, on-line experiments with Hg nuclides, serving as a model element
for element 112, and Pd aerosol particles were carried out to investigate the

adsorption, transport, and sample preparation.

Pd is the favoured adsorption material for volatile s- and p-metals (thus also
for elements 112 and 114) if stable surface bonding is essential [25]. The
calculated enthalpy of adsorption AHa4s(calc) of Hg on a Pd surface amounts
to -194.4 kJ/mol [26]. In thermochromatographic experiments with carrier-free
amounts of Hg AHags=-17145 kJ/mol [25] was determined.

The aerosol was generated by spark discharge between two Pd electrodes in
a He/Ar gas flow (500 ml/min each). A single generator unit was used. The
electrodes consisted of rolled Pd foils with a thickness of 100 um and had a

diameter of 2 mm.

Suitable Hg nuclides were produced by irradiation of an ytterbium (Yb) target
(**8Yb, 21 % enriched) with ?Ne (E=129 MeV, 0.083 particle-uA) at the PSI-
PHILIPS cyclotron in the IVO set-up in the reaction **®Yb(**Ne, xn)****Hg. The
recoiling Hg isotopes were thermalized in He atmosphere and swept through
the isothermal quartz column (Tieaction oven=800 °C) by the carrier gas (600
ml/min). The gas flow reached the cluster chamber where it was mixed with
the aerosol carrier gas (500 ml/min He and 500 ml/min Ar) containing Pd
aerosol particles. Adsorbed to the Pd aerosol particles, Hg could be
transported to the detection device (ROMA) through a PTFE teflon capillary
(length=6 m, i.d.=2 mm), impacted on 30 ug/cm? PE-foils in the collection
position and turned periodically to the detection position. Collection and

measuring times were 10 s; one experiment lasted 30 min.
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Figure 2-9 shows an o-particle spectrum from the first front detector. The
following nuclides were identified [17]: ***Hg (T+,=8.8 s, E4=5.905 MeV); ***Hg
(T,=30.6 s, E,=5.54 MeV) and **Hg (T,,=49 s, E,=5.65 MeV). A resolution of
40 keV FWHM and 90 keV FWHM was achieved in the front and the back

detectors, respectively.
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Fig. 2-9 o-particle spectrum from the reaction **®Yb+?’Ne. The isotopes ***
185Hg produced in the reaction ®®Yb(**Ne, 5-7n) are visible. No
other o-particle emitting nuclides with o energies in the range

between 3.0 and 10.0 MeV were detected.
These model experiments proved that:

-highly volatile metals such as Hg can be transported in He gas flow systems
without aerosol particles and then rapidly and irreversibly adsorbed on metal
aerosol particles if the enthalpy of adsorption is sufficiently large (as e.g. for
Hg on Pd) and

-the bonding of Hg to the surface of Pd is sufficiently strong to enable gas-jet
transport and o spectroscopic measurements at low pressures (5 mbar) at

room temperature.
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We therefore consider such a technique suitable for experimental
investigations of chemical and nuclear decay properties of other d- and p-
elements including the transactinides with Z=112-117, provided a high overall

yield can be achieved.
2.3.5 Conclusions

A new chemical separator set-up was built to separate volatile elements or
molecules containing short-lived nuclides produced in heavy ion reactions
which was tested with short-lived nuclides of Os and Hg in the form of OsO,
and elemental Hg, which served as model species for HsO, and element 112,
respectively. The chemical yield of the separator in the Os experiment was
about 50 % and the lower limit of the decontamination factor from Po was
2x10*. According to the test results, the apparatus is expected to be well
suited for the isolation of transactinides produced in heavy-ion induced fusion

reactions from interfering byproducts.
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2.4  The Cryo On-Line Detector COLD

Usually only few events are recorded in transactinide experiments. IC requires
experiments at different temperatures. A first experiment is usually conducted
at a temperature higher than the expected Tsoy. It is assumed that the
retention time at this experimental temperature is short enough to ensure that
almost each species of interest entering the column reaches its exit. In
another experiment, the temperature is lowered to prevent any of the atoms or
compounds of the element under investigation from reaching the detection
system. Hence, chemical information is only gained at the expense of
information on the decay properties. Since the absence of only one expected
atom is not statistically significant, a great amount of (expensive) beam time is

"sacrificed" to measure "zero".

In contrast, in a TC experiment every single decaying species yields chemical
information, namely the deposition temperature on the surface material.
However, it is usually impossible to apply an on-line detection system in TC
experiments due to the maximum detector operating temperature of about 40
°C. Therefore, on-line TC can only be used to investigate highly volatile
species. This condition is fulfilled in the case of OsO, and presumably also
HsO,4 and it seemed advantageous to attempt to investigate HsO,4 using the
TC technique. The major drawback is that the lifetime of the mother nuclide
cannot be measured because there is no initial signal of its deposition.

In past transactinide experiments where TC was applied [Zva66, Zva71l,
Zva76, Tim96, Zva98] the chromatography column usually consisted of mica
(or quartz), and SF decaying short-lived nuclides were identified by etching
the chromatography column after an experiment to make the fission fragment
tracks visible. However, a-decaying nuclides could not be detected. SF is an
unspecific decay mode and a definite proof that none of the much more
abundant SF decaying transfer products caused these tracks was very
difficult. In the past these facts led to controversies, e.g. in the discovery of
element 104 [Bar92].
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With the availability of high-resolution o-particle/fission-fragment detectors in
various geometries and with inert surface, the development of an on-line TC
apparatus working in a temperature range between ambient temperature and
-100 °C became possible. The idea of using an on-line TC set-up for chemical
identification was first proposed at a LBNL workshop in Berkeley by Turler
[TUr97]. As a consequence a first device was then developed by Kirbach
[Kir02]. This device was called Cryo-Thermochromatographic Separator
(CTS) and permitted on-line detection of a- and SF-decaying nuclides. The
inner surface of CTS consisted of a narrow channel formed by silicon PIN
photodiodes serving both as chromatography column and detectors for
registering the nuclear decay of the investigated species. In test experiments
with short-lived Os isotopes, CTS was shown to quantitatively adsorb OsO,
and detect its nuclear decay with rather high efficiency [Kir02]. Based on
these encouraging results, an improved version called Cryo On-Line Detector
(COLD) was built. The schematic of COLD is shown in Figure 2-10. Volatile
tetroxides formed in IVO are transported through a PFA Teflon® capillary (1)
and enter the chromatography column installed inside a copper bar (2). Along
this bar a negative longitudinal temperature gradient is established by means
of a heat medium circuit (3) controlled by a thermostat kept at -20 °C on the
"warm" entrance side and a container (4) filled with liquid nitrogen (LN>). This
is connected via a vacuum insulated cold finger (5) to the copper bar at the
exit resulting in a minimum temperature of =-170 °C. The container was
vacuum insulated. The temperature profile was monitored by means of five
thermocouples installed along the copper bar. To prevent the formation of ice
layers inside the column and freezing of the electrical contacts, the whole
device was placed inside a vacuum tight housing (6) flushed with dry N purge

gas with a water vapor concentration below 1 ppm.

The enlarged cut-out (Figure 2-10) on the right shows the construction of the
column. A PTFE Teflon® coated copper bar (2) with 36 recesses suited to
hold pairs of PIN-photodiodes with an active surface of 1x1 cm? manufactured

by DT Detection Technology, Inc, Micropolis (Finland). The outermost layer of
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Fig. 2-10 Schematic of the Cryo On-Line Detector COLD. For explanation

see text.

the active surface consisted of SizNs. One diode pair was placed in each
recess. The diodes were placed on uncoated supportings (7) of 9.3 x 10.6
mm? with a height of 0.3 mm to ensure proper thermal contact. The second
recess shows a silicon PIN-Photodiode (8). Another PIN-diode was glued on
top (10) with an insulating epoxy glue specially tailored for low temperature
application in semiconductor technology using two T-shaped spacers (9)
made of silicon (as shown in the third recess) thus forming a narrow channel
(11) of 8.6 x 1.5 mm? cross section. A series of 36 pairs of diodes was
mounted in the copper bar. By means of the spacers, the gas flow was
confined to the active detector surface. Every three consecutive top (T) or

bottom (B) diodes were electronically connected, forming one spectroscopy



61

channel. COLD therefore consisted of 12 detector pairs. Each spectroscopy
channel had one SMC connector for the T detector (12) and another for the B
detector (13) for connecting it to the electronics system. The cover of the bar
(14) was made of PTFE Teflon® coated copper and was screwed with 26

screws to the bar.

The geometrical efficiency for detecting a single o-particle emitted by a
species adsorbed within the detector array was 77 %, corresponding to the

following probabilities to see x a-particles of a a-o-o-a-decay chain:

Tab. 2-2 Probabilities to detect x o-particles of a 4-a-particles decay chain in
COLD.

Probability [96]
35
42
19
4
0

O L N W~ X

The detectors of the COLD array were on-line calibrated with o-decaying
?19Rn and its daughters ?*°Po and ?*'Bi using a %*’Ac source. The determined
energy resolution was about 50-70 keV (FWHM) for detectors 1 to 8 and
about 80-110 keV (FWHM) for detectors 9 to 12.

2.5 Test experiments with COLD

2.5.1 Short-lived a-decaying Os isotopes

In several experiments, the proper functioning of COLD was demonstrated. In
the reaction *°Dy(*°Ne, xn)*"®*Os, short lived Os isotopes were produced.
They were converted to OsO4 and forwarded to COLD using IVO. The gas
composition was 1.4 I/min He and 100 ml/min O,. Figure 2-11 shows the
obtained thermochromatogram and the integrated chromatogram for the two
nuclides *®0s (T, = 2.1s) and "®0s (T, = 22.4 s). The enthalpies of
adsorption were determined to (-37+1) kJ/mol for ***0s and (-39.5+1.5) kJ/mol

for 130s. Both values agree well with the value determined in Chapter 2.3 of



62

Relative Yield [%]

Integral Yield [%]

Detector

1 2 3 4 5 6 7 8 9 10 11 12

50

N
o
]

w
o
1

N
o
1

104

--100
--120

Temperature [°C]

L 140
L 160

-180

Detector

Fig. 2-11 TC and integrated TC of **0s (Ty, = 2.1 s) and 1"*Os (T, = 22.4 s)

at a total gas flow rate of 1.5 I/min. The bars (TC) and squares
(integrated TC) represent experimental values: dark grey: *°®Os;
light grey: 1*Os. The thick lines represent the results of Monte
Carlo simulations (details on this method are given in Chapter
3.4.1) assuming an enthalpy of adsorption of -37 kJ/mol (***Os,
black) and -39.5 kJ/mol (*”°Os, grey). The thin lines indicate the
error margins of +1 kJ/mol (**®0s) and +1.5 kJ/mol (*"0s),
respectively. The thin solid line in the TC represents the

temperature gradient (right hand scale).
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(-38.0£1.5) kd/mol and with literature values [Dom84, Kir02] determined under
similar experimental conditions (on-line experiments). The influence of a
different surface (SisN4 in COLD, SiO, in all other experiments) seems
minimal. This is to be expected, since for physisorption processes on
dielectric surfaces, such as silicon oxides or nitrides, the influence of the

surface material should be negligible.

Although the half-life of both nuclides differs by a factor of ten and that of
%80s is as short as 2.1 s, the obtained peak-shape indicates that a
chromatographic process has taken place within the column, and COLD is

applicable to nuclides with half-lives of a few seconds or even less.
2.5.2 Detection of fission fragments of °*Cf

Fission fragments originating from spontaneously fissioning 2°°Cf were
measured with a PIN-diode as used in the COLD. The experiment was

performed at ambient temperature. The obtained spectrum is shown in Figure

2-12.
100 4
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Fig. 2-12 Intensity vs. fragment energy spectrum of 2*2Cf fission fragments
acquired with a single PIN diode as used in COLD at room

temperature.

The obtained spectrum resolves the double humped distribution which proves

that the diodes register the full energy of the fission fragments.
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3. The experimental identification of hassium

In the following, the Hs experiment is described as well as its analysis. It was
conducted in May 2001 at GSI.

3.1 The IVO-COLD set-up

The IVO-COLD system as described in Chapter 2 was used. The test
experiments were performed at PSI using a stationary target in contrast to the
Hs experiment at GSI where a rotating target was used. The distance from the
target to the exit of the quartz column was 40 mm in the Hs experiment at
GSI, resulting in a slightly larger volume of the recoil chamber (34 ml,
compared to 28 ml at PSI) due to an adapter flange inserted to connect IVO to
the GSI beamline.

3.1.1 Calibration of COLD

A #*"Ac source which permanently emanated ?*°Rn (T, = 3.96 s) was installed

in a by-pass of the gas line before IVO. It was periodically switched on to

Bi-211
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>
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Fig. 3-1 Calibration spectrum of the COLD. Detectors 2 to 9. Resolution at
6500 keV (FWHM) for single units: ~80 keV.
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enable a thorough calibration of each detector. The daughters of *°Rn, ?*Po
and ?MBi, are both non-volatile and decay at the same place where the Rn
precursor did. Therefore, in all detectors a pattern similar to the one shown in
Figure 3-1 was visible. The few events observed at about 8.8 MeV are

assigned to ?*?Po originating in environmental ?°Rn.
3.1.2 Operation of the IVO-COLD system

Using an adaptation flange, IVO was installed at an irradiation position of the
UNIversal Linear ACcelerator (UNILAC) at GSI. COLD was connected via a
10 m long PFA Teflon® capillary installed inside of a PA tube flushed with N,
with a water vapor content <1 ppm. In order to prevent the diffusion of water
into COLD, a slight overpressure (~30 mbar) was maintained inside the COLD
using a butterfly valve at the exit. The whole system was flushed for at least
30 min (but usually >1 h) with dry gas (as used as carrier gas in the
experiment) before COLD was cooled down. As soon as the temperature was

stable, data acquisition was started and the beam switched on.

The experiment was twice interrupted in order to defrost COLD. The dew point
of the carrier gas was always below -75 °C (corresponding to a water vapor
concentration <1 ppm). Formation of layers of ice would have been
observable causing deterioration of the energy resolution. No such effects
were observed, not even at a temperature corresponding to the dew point.
However, the current of the respective diodes was higher than usual,
indicating that trace amounts of water had deposited on the diodes. No such

effects were observed at temperatures above -75 °C.

Data was acquired during 64.2 h. A total of 10'® Mg particles passed through
the 2**Cm target (isotopic composition 2**Cm 95.8%, ***Cm 4.2%) having an
average thickness of 554 pg/cm? The beam energy inside the target material

was 143.7-146.8 MeV. The target system is described in detail in Chapter 3.3.
3.1.3 Data acquisition

The data acquisition software TANDEM [SchlI89] was used. It allowed for a

guasi on-line control of the experiment.
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The continuously acquired data was stored on a harddisk. Every four hours
acquisition was stopped and the respective file closed. A new file was created
and the acquisition instantly resumed. Thus, a first rough data analysis and
preliminary search for correlated events could be performed immediately after

acquisition.
3.2 Analysis of the data and identification of Hs isotopes

After the experiment, a thorough calibration of all spectra was performed and
correlated decay sequences were looked for. Since detector unit 1 B did not
operate due to a technical failure, section 1 was excluded from the data

analysis.
3.2.1 Alphaspectra

The following figures show cumulative spectra of detectors 2T and 2B (Figure
3-2), 3T and 3B (Figure 3-3) and 2 to 9 (T and B detectors) (Figure 3-5).
Detectors 2T and 2B: Visible are o-lines of ?*°Rn and its daughters **Po and
11Bj. These nuclides originate in the *?’Ac source. In addition, ***At (T, = 7.2
h) and its daughter *'Po are visible. ?**At is formed in a transfer reaction of
Mg with #*®Cm.
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Fig. 3-2 Cumulative o-spectrum of detectors 2T and 2B (Beam dose: 10'®

Mg particles).
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Fig. 3-3 Cumulative a-spectrum of detectors 3T and 3B (Beam dose: 10*®

Mg particles).

Detectors 3T and 3B: Again, the nuclides originating in the **’Ac source are
identified. Hardly any #'At is observed. The spectra of the detectors 4 to 9
were similar. The temperatures of detectors 11 and 12 were low enough to
partly adsorb Rn. A TC of Rn (identified via the o-line of the daughter *°Po

which is separated from all other o-lines) is shown in Figure 3-4.
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Fig. 3-4 Thermochromatogram of **Po, the daughter of ?*°Rn.

No other a-decaying nuclide was detected. In Figure 3-5, the sum spectrum of

detectors 2 to 9 is shown.
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Fig. 3-5 Cumulative a-spectrum of detectors 2 to 9 (T and B). Beam dose:

10'® Mg particles.

Small amounts of *?Po originating in environmental *’Rn are visible.

However, the interesting energy range >8.0 MeV was relatively clean.
3.2.2 Fission fragments

Throughout the whole experiment, only very few fission fragments were
detected. A threshold value of 50 MeV was set for an event to be considered
as originating from a fission fragment. Four coincident fissions (i.e. one
fragment in a T detector in coincidence with a fission fragment in the
corresponding B detector) and 5 single fragments were observed. All these
events occurred in detectors 2 to 4. All other detectors registered zero fission
fragments, except for one fission fragment being observed in the operating

side of detector 1.
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Tab. 3-1 Observed fission fragments.

Date Time Detector Fragment energy
[MeV]
12-May-2001  02:33:34 2T /2B 94 /93
12-May-2001  14:43:12 4T 85
12-May-2001  14:51:08 4T / 4B 88 /80
12-May-2001  14:59:42 4B 53
12-May-2001  17:09:23 4T | 4B 94 /92
12-May-2001  18:42:33 2T 106
12-May-2001  21:50:43 4B 62
12-May-2001  22:00:45 3T/3B 94 /85
12-May-2001  23:22:50 1T 60
14-May-2001  07:09:04 3T 108

In the following publication, the result of the correlation analysis and the decay

chains assigned to Hs isotopes is described.
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Abstract

The nuclides #*°Hs and ?"°Hs were produced in bombardments of a ?**Cm
target with 143.7-146.8 MeV *°Mg ions. After chemical isolation, Hs
atoms were identified by observing genetically linked nuclear decay
chains. Three chains originating from ?*Hs confirmed the decay
properties observed previously in the decay of ?7112. Two chains
exhibited the characteristics expected for the new nuclide ?"°Hs, which

was predicted to be the next heavier "doubly-magic” nucleus after 2®Pb.

+0.70 +0.8

From the measured E,=(9.16""""930 MeV) an a-decay half-life of 3.6"".1 4

s was estimated.

Element 108 (hassium, Hs) was discovered in 1984 by Munzenberg et al. [1]
using the reaction *°®Pb(*®Fe, 1n)***Hs. Until today, *****'Hs and **°Hs have
positively been identified [1-5]. Furthermore, ***Hs as a daughter of 26’110 [6]
and one spontaneous-fission (SF) decay of *’’Hs as decay product of 29114
have been reported [7]. Three decays of ***Hs have been observed in the
decay chain of 27112 [5,8]. In macroscopic-microscopic calculations
increased stability was predicted at and near N=162 and Z=108 [9,10]. This
new area of increased stability corresponds to gaps in the single-particle
spectra which appear only at deformed shapes. By using a larger deformation
space and a dynamic treatment of the fission barriers, Patyk et al. [9,10]
analyzed the single-particle spectra of heavy nuclei and predicted *’°Hs to be
a relatively strongly bound "doubly-magic" deformed nucleus. They predicted
rather long SF half-lives in this region. Therefore, >’°Hs is expected to decay
predominantly by o-particle emission with Q,=9.44 MeV [10]. In the most
recent work this value was slightly reduced to Q,=9.13 MeV [11], resulting in a
partial o-decay half-life of about 6 s, whereas the partial SF-decay half-life
was predicted to be 1.8 h [12]. Decay energies of Q,=8.7-9.9 MeV have been
derived from mass models [13-15], Q,=9.0 MeV was calculated in the
framework of the relativistic mean-field theory [16]. It is therefore of great
interest to experimentally establish the decay properties of this nucleus. We
report here on our experiments to chemically identify Hs, which resulted in the

observation of ?®*Hs and evidence for the production of the new nuclide ?"°Hs.
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In our experiments ?"°Hs and ?**Hs were produced via the ***Cm(**Mg, 4n)
and ***Cm(**Mg, 5n) reactions. The Universal Linear Accelerator (UNILAC) at
the Gesellschaft fur Schwerionenforschung, Darmstadt, provided very intense
beams of up to 6.6-epA 192.7-MeV **Mg°*. The beam entered the target
chamber through a rotating 3 segment 3.68 mg/cm? Be vacuum window and
the 2.82 mg/cm? Be target backing, before passing through the target
material. The 3 banana shaped ?**Cm targets (***Cm 95.8 %, *°Cm 4.2 %)
with an average thickness of 239 pg/cm?, 730 ug/cm?, and 692 ug/cm? were
prepared on Be foils by molecular plating. The ?**Cm target material was
obtained by chemical separation from a 2°2Cf neutron source [17]. The rotating
vacuum window allowed for pressures of up to 1.3 atm in the target chamber.
The target wheel rotated in the gaseous atmosphere of the target chamber
with 2000 rpm. The rotation was synchronized with the beam pulses of the
UNILAC in order to evenly distribute each 6-ms beam pulse over one of the
three segments of the wheel. The 192.7-MeV beam energy of **Mg°* from the
accelerator resulted in projectile energies in the ?*®Cm targets of 143.7-146.8
MeV.

In order to investigate the chemical properties of Hs, the gas chromatographic
separation system IVO (In situ Volatilization and On-line detection) was
developed and tested with short-lived a-particle emitting Os isotopes [18].
Element 108 is expected to belong to group 8 of the periodic table (like Os)
and to form stable HsO, molecules, which should be volatile even at room
temperature [19]. Nuclear reaction products recoiling from the target are
stopped in He containing 7.7% O,. Os and presumably Hs are converted in
situ to volatile tetroxides. The recoil chamber was continuously flushed at a
flow rate of 1300 ml/min. At the exit of the recoil chamber the gas passed
through a quartz column containing a quartz wool plug which was heated to
873 K. This quartz wool plug served as a filter for aerosol particles and
provided a surface to complete the oxidation reaction of Os and Hs. Volatile
species were then transported through a 10 m long teflon (PFA) capillary (i.d.

2 mm) to an on-line detection system.
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In order to efficiently detect the nuclear decay of isolated Hs nuclides, as well
as to obtain chemical information about the volatility of the investigated
compounds, a cryo thermochromatography detector was used [20]. The gas
mixture containing volatile HsO, molecules is flowing through a narrow
channel formed by a series of planar silicon diodes. Along this channel a
longitudinal negative temperature gradient is established. The position at
which the characteristic o-particle decay chain originating from the decay of a
Hs nuclide is registered is indicating the deposition temperature of this
molecule on the diode surface. Due to the close proximity of the silicon diodes
facing each other, the probability to register a complete decay chain is rather
high. A drawback of our method in comparison to kinematic separators is the
lack of an initial implantation signal of the mother nucleus, which allows to
measure the lifetime of the mother nuclide. In our apparatus the time at which
a deposition of a HsO4 molecule took place could not be detected, only the
lifetimes of the daughter nuclei were measured. A cryo
thermochromatography system named COLD (Cryo On-Line Detector) using
an array of 2x36 PIN-diodes (Positive Implanted N-type silicon, 10x10 mm
active area) was built. The COLD detector is an improved version of the Cryo-
Thermochromatographic Separator (CTS) [20] which was pioneered at
Lawrence Berkeley National Laboratory. Two PIN-diodes mounted on ceramic
supports (XRA-100, Detection Technology, Inc.) were glued together facing
each other. Two T-shaped spacers made from silicon confined the gas flow to
the active surface of the diodes. The gap in the channel was 1.5 mm wide.
Always 3 neighboring PIN-diodes were electrically connected to form one
detector unit. The COLD array consisted therefore of 12 sections each
containing one pair of detector units, denoted with top (T) and bottom (B). The
temperature ranged from 243 K down to 93 K. The detector units of the COLD
array were calibrated with o-decaying *°Rn (and its daughters ?**Po and
211Bj) emanating from a ?*’Ac source. The resolution was about 50-70 keV
(FWHM) for detector units 1 through 8 (T and B) and about 80-110 keV
(FWHM) for detector units 10 through 12 (T and B). The usually better
resolution of PIN-diodes was degraded due to two effects. First, by electrically
coupling 3 diodes together and, second, by the fact that about 30% of the
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registered a-particles were emitted by nuclides adsorbed on the opposite
detector unit. Therefore, the energy of these a-particles was degraded by the
He/O, atmosphere in the gap between the diodes. This energy loss was
typically about 40 keV unless the o-particles were emitted under very shallow
angles to the diode surface. The uncertainties of the a-decay energies in this

+70

work amount to typically """.3p keV. A typical a-particle spectrum of section 3 is

shown in Figure 3-6.
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Fig. 3-6  a-particle spectrum of section 3 recorded during 64.2 h of beam
(1.0x10"® Mg ions).

In the course of the experiment, data was collected during 64.2 h and a beam
integral of 1.0x10*® *®*Mg ions was accumulated. The count rate in all sections
was very low. Only #°Rn, °Rn, ?**At and their decay products were identified
as background activities. While #'At and its decay product **Po was
deposited mainly in the first two sections, *Rn and #°Rn and their decay
products accumulated in the last three sections, where the temperature was
low enough to condense Rn. Since detector unit 1B was not operating, section
1 was excluded from the data analysis. The average count rate per section
was 0.6 h™ in the relevant energy window E,=8.0-9.5 MeV in sections 2
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through 10. The data analysis revealed one four-member- and 4 three-
member decay chains each having a length <70 s. The four-member decay
chain could unambiguously be attributed to the decay of ***Hs. The remaining
4 three-member decay chains, each having a similarly low probability to be of
random origin, must for chemical reasons be attributed to an isotope of Hs.
From the calculated excitation functions of the reaction *Mg+*¥Cm [21] these
are **Hs or ?’°Hs at a beam energy of 143.7-146.8 MeV. Based on the poorly
or unknown decay data of ?**?"°Hs and their decay products, two of the
remaining 4 decay chains were attributed to ®°Hs and two were tentatively

assigned to the decay of the new nuclide ?"°Hs (Figure 3-7).
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The first decay chain of *°Hs consisted of four o-particles occurring within
62.3 s in section 3. Based on the count rate in the energy window E,=8.0-9.5
MeV in this section, the expected number of random four-member decay
chains within 62.3 s not related to the decay of ®*Hs was calculated as
Ngr<2x10°°. The first o decay with E,=9.18 MeV was followed by E,=8.69 MeV
(At=4.4 s), in good agreement with the expected decay properties of 2°°Sg.

Decay energies between E,=8.69-8.94 MeV and a half-life of 7.4%3

27 S have
been measured for this nuclide [22,23]. The chain continued through **'Rf
(E,=8.50 MeV, At=2.4 s) and ®’No (E,=8.21 MeV, At=55.6 s). The last decay
agrees well with literature data for ’No [24]. However, %*'Rf is known to
decay by the emission of 8.28 £0.02 MeV a-particles [25] with a half-life of
78 "4 s [26]. While in these earlier works the observation of 8.5 MeV o-
particles could not be ruled out due to the presence of contaminants, the work
of Lazarev et al. [27], where 69 **'’Rf->*’No correlations were registered,
clearly showed no evidence for this o-decay energy. Nonetheless, the
properties of our decay chain are in very good agreement with the ones
observed for **Hs in the first two decay chains of 2’'112 produced in the
reaction 2®®Pb("°Zn, 1n) [5]. There, o-decay energies of 9.17 and 9.23 MeV
were observed for *°Hs. A striking feature was the observation of E,=8.52
MeV for ?°'Rf in the second 2""112 decay chain with a relatively short lifetime

of 4.7 s [5], which now has also been observed in this work.

Two further decay chains attributed to ?*°Hs were observed in the same
section 3, i.e. at the same deposition temperature. In one decay chain the
decay of 25’No was missed. This chain started with E,=8.88 MeV, which is a
relatively low decay energy for 2**Hs. Since it was not possible to determine
on which side of the detector sandwich **°HsO, was deposited, it is
conceivable that this a-particle lost a considerable part of its energy in the
He/O, atmosphere. The decay chain proceeded through *°Sg (E,=8.90 MeV,
At=17.1 s) and through *®'Rf (E,=8.50 MeV, At=846 ms) (Ng<7x107). It
appears, as if in the decay of *°Hs a different state of ?°’Rf is populated. This
is corroborated by the third observed decay chain, which is very similar to the
first one, but is terminated by SF of ?*'Rf (At=7.9 s) (Nr<7x10®). The energies
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of the fission fragments have not been corrected for pulse height defects in
the detectors and for neutron emission. The decay data of this chain is again
in good agreement with a third decay chain observed recently for 27112,
which was also terminated by SF of *°'Rf with a lifetime of 14.5 s [8]. For the
so far known 78-s ?°'Rf an upper limit for SF of <10% was established [25].
Since E,=8.52 MeV fits better into the systematics of ground-state a-decay
energies, Hofmann et al. [8] tentatively assigned the two o-decays and the
one SF event measured in their 2’7112 decay chains to the ground state of
261Rf. With the three additional events observed in this work, a half-life of
7.3**%,1 s and a SF-branch of about 33 % is calculated for the decay of *°'Rf,

whereas the previously known 78-s state should be denoted with 2**™Rf.

In our experiment, two decay chains exhibiting the expected decay
characteristics of 2’°Hs were observed. The so far unknown *’°Hs is expected
to decay via o-particle emission to the known nuclide ?*°Sg (E,=8.63+0.05

MeV) [22] which decays to %°’Rf (T,,=2.1+0.2 s), a short-lived SF nuclide [28].
The first decay chain with E,=9.16 MeV, followed by E,=8.66 MeV (At=25.7 s)

and SF (At=199 ms) occurred in section 2 (Ng<8x10°). Nearly identical

energies were measured for both fission fragments. A similar decay chain
starting with E,=8.97 MeV followed by E,=8.64 MeV (At=11.9 s) and SF
(At=1.2 s) was observed in section 4 (Nr<5x107). Again, nearly identical
fragment energies were measured. In both decay chains the o-decay energy
attributed to ?°°Sg is in agreement with literature data [22]. The short
correlation times of both SF events and the symmetric energy division among
the fragments point to 2°°Rf as terminating nuclide. The nuclide 2°?Rf is known
to fission symmetrically [28]. From the measured E,=9.16"%% 40 MeV
attributed to ?°Hs, Q,=9.30%%%" ;43 MeV was calculated in good agreement
with predictions [10,11]. Using the relationship between Q,, of ground state to
ground state o-decays of even-even nuclides and the nuclear half-life by Buck
et al. [29], resulted in T%,(*"°Hs)=3.6"%%, 4 s. The formula of Buck et al. [29]

reproduces the half-lives of known even-even nuclides within a factor of ~2.
Since only about 77% of the inner surface of the COLD channel consisted of

active detector surface, detection of a few incomplete decay sequences is
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expected. Two o-SF correlations were observed in sections 3 and 4 that still
have a rather low random probability, but could not be assigned with certainty
to either *°Hs or ?"°Hs. These were in section 3: E,=9.14 MeV followed by SF
(108 MeV, only 1 fragment, At=42.6 s) (Nr<4x10™) and in section 4: E,=8.72
MeV followed by SF (53 MeV, only 1 fragment, At=3.1 s) (Ng<2x10™). Also, 4
uncorrelated SF decays with fragment energies >50 MeV were registered in
detectors 2, 3, and 4. All other sections 5 through 12 registered zero SF
events. This may point to a SF branch in either ?*°Hs or ?’°Hs. Also, no three-
member a-decay chains were observed in sections 5 through 10 with a length
<300 s.

Assuming an overall efficiency of ~40%, a production cross section of 4 pb for
a-decaying ?°Hs and of 6 pb for a-decaying ?®°Hs was calculated at 143.7-
146.8 MeV beam energy. The cross sections are reported with an estimated
accuracy of a factor of ~3. The isotopes ***Hs and presumably >"°Hs were
identified after chemical separation by observing genetically linked decay
chains. The lower end of the decay chain of ’’112 was clearly reproduced
and our work strongly supports the claim of Hofmann et al. [5] that in their
work indeed the new element 112 had been produced. The efficiency and
sensitivity of chemical methods competed favorably with physical separator
systems and showed that chemical methods allow to work on the 1 pb cross
section level. The chemical implications of our experiment are discussed in a

separate publication [30].
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3.4  Evaluation of the enthalpy of adsorption of HsO,4 on the

detector surface material (SizNy)

The distribution of the seven decay chains along the TC column of the COLD,
as well as the temperature gradient are shown in Figure 3-8. The distribution

of 12050, (T, = 19.2 s) is also given.
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Fig. 3-8 Merged thermochromatogram of "?0sO, and the decay chains
attributed to 2°9?"°Hs0,.

The maxima of the deposition distributions were found at temperatures of

(-82+7) °C for 1"20s0,4 and at (-44+6) °C for all events attributed to Hs.

Mobile adsorption, without any superimposed chemical reaction, occurs in the
case of OsO4 on a quartz column as shown in Chapter 2.3.3. Owing to the
even greater stability of HsO4, the same transport mechanism was assumed
for this compound on SisN4s. The enthalpy of adsorption on the column

material (SizsN4) was evaluated using two independent models:

a) A Monte Carlo simulation (MCS) of the trajectories of single molecules

travelling along a chromatography column [Zva85].

b) A thermodynamic approach using the model of mobile adsorption [EiB82].
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3.4.1 Monte Carlo simulation

In this section, a brief introduction to the model is given. A complete
description can be found in [Zva85]. Using the Monte Carlo technique, the
trajectories of single molecules travelling along a chromatography column are
simulated using the real experimental parameters such as temperature profile,
gas flow rate or half-life of the species. The chromatographic process is based
on the reversible adsorption of the species on the column surface. The mean

time T, a molecule spends in the adsorbed state 1, is described by the

Frenkel equation [Fre24],
Ta=To'€XP(-AHags/RT) (3-1)

where 1p is the period of oscillations of the molecule in adsorbed state
perpendicular to the surface [s], R the universal gas constant [J/mol-K], and T
the absolute temperature [K]. The entropy of adsorption AS,gs IS not taken into
account in this model, in contrast to the model of mobile adsorption, which is
discussed in Chapter 3.4.2. In the desorbed state, the molecule is carried
along the column by the carrier gas flow. The probability density distribution of
the length of displacements n is approximated by the following physical
picture: (i) once the molecule encounters the surface, it generally experiences
a series of adsorption-desorption events proceeding without a change in the
coordinate along the column length; (ii) these sequences are intermittent with
rather long downstream jumps. The mean length of these jumps strongly
depends on the diffusion coefficient. The change of the coordinate of the
molecule due to (i) is neglected in the simulation; only the time between type
(ii) events is taken into account. The probability distribution of the jump length

n of type (ii) events is exponentially decreasing:

p(n)=(1/7)-exp(-n/N) (3-3)

The model proved suitable to describe both off-line and on-line experiments
(IC and TC) and is well suited to evaluate thermochemical data from
experiments with high gas-flow rates (~I/min) (see e.g. [TUr96]). However, a

circular column is generally assumed and, since a column with a rectangular
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cross section (8.6 x 1.5 mm?) could not be modeled, simulations assuming
different column diameters were performed. The gas flow rate was scaled with
the ratio of the real cross section to that used in the simulation. The

distribution of OsO,4 was simulated applying three different parameter sets:

() a tube with a diameter of 4.053 mm, corresponding to the same cross
section as the COLD channel. The simulated gas flow rate remained

unchanged.

(i) a tube with a diameter of 8.6 mm, corresponding to the length of the COLD
channel. The gas flow rate was increased by a factor of 4.503 (corresponding
to 5853.9 ml/min) to achieve the same gas flow velocity as in the experiment.

(i) a tube with a diameter of 1.5 mm, corresponding to the width of the COLD
channel. The gas flow rate was scaled down by a factor of 7.300

(corresponding to 178.08 ml/min), again to match the gas flow velocity.

In Figure 3-9, the resulting distribution of 100°000 molecules for each of the
three different approaches is shown in comparison to the experimental data.
As a result of the MCS the one value for AHags was chosen for which a Tsge
value (shown in the integrated TC) resulted that best described the

experimental data.

As can be seen, the results of the simulation (iii) (thick solid line) best describe
the experimental data. This result is in agreement with the observations made
in experiments with the CTS [Kir02] which seems reasonable because the
mean distance from the surface is approximately the same in the COLD
column and in a column wused in (ii). The resulting value of
AHags(HSO4)=(-3911) kJ/mol is again in good agreement with that obtained
with the IC method described in Chapter 2.3.3 and with literature values
[Dom84, Kir02]. Therefore, this geometry was also used for the evaluation of
AHags(HSOy).

An important parameter in the whole simulation process is the half-life of the
species. In the present experiment, the lifetime of the mother isotope could

not be determined. The half-life of 2°Hs has not yet been measured; a value
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of 4 s was estimated by applying a-systematics [Buc91l] (see Chapter 3.3).
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Fig. 3-9 TC and integrated TC of }"?Os. Indicated are the experimental data
(bars and squares, respectively). The thin solid line in the upper
panel indicates the temperature profile (right-hand scale). The lines
are the results of the MCS assuming the following geometries and
adsorption enthalpies: assumption (i) (dashed line) -43 kJ/mol,
assumption (ii) (dash-dotted line) -46.5 kJ/mol, and assumption (iii)
(thick solid line) -39 kJ/mol, respectively. The indicated error
margins (thin solid lines) are +1 kJ/mol (for geometry (iii)).
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From three detected decay chains, the half-life of ***Hs was determined to
11*%, s [Hof96, Hof00]. Therefore, only the three events attributed to ***Hs

were used for the evaluation of AHags(HSO4). The maximum of the deposition

distribution of these three events was found at a temperature of (-44+6) °C.

Tab. 3-2 Parameters used for the MCS in this work.

Parameter Value
Mass of the gases [g/mol] He 4
0, 32
Density of the gases at their He 0.122
boiling points [g/cm3] 0O, 0.804
Density [g/cm?] 0s0, 4.906
HsO, 6.8°
Molecular weight [g/mol] 12050, 236
**Hs0, 333
Half-life [s] 1%80s 2.1
120s 19.2
1%0s 22.4
26945 11+15_4
Period of oscillation of SizN, [s] SizN, 3.2.10%2
SiO, 2.101%2
Length of the column [m] 0.4183
Diameter of the column [m] 0] 0.004053
(i) 0.0086
(iii) 0.0015
Gas flow rate [ml/min] 0] 1300
(i) 5853.9
(iii) 178.08
Pressure inside the column [Pa] 760 torr
& calculated using the Lindemann-formula from [EiB0OQ]
® estimated

For the evaluation of the adsorption enthalpy of ?**HsO, on the surface
material, the MCS routine was slightly modified. The history of only three
molecules was simulated and the position where they decayed was
registered. If all three decays occurred in detector number 3 (as was the case
in the experiment), the respective simulation was considered successful. For
each adsorption enthalpy, 100'000 such simulations with 3 molecules each
were carried out in steps of AHags of 0.5 kd/mol. In Figure 3-10, the fraction of
successful simulations is given for each value of AH,4s. Simulations were

carried out using a half-life of 11 s (as was determined for 2°°Hs), 7 s (T:-10),
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and 26 s (Tyt1lc). The results were then superimposed according to the
gaussian distribution: The weight of the 11 s-simulation was 1, the weights of
the two other simulations were 0.607 (=e®?) which is the value of the
gaussian distribution at 1 o. The result of this superposition is the dotted
curve. The solid line is a gaussian fit to this curve. The mean value of the
gaussian is -45.91 kJ/mol and the standard deviation ©=1.83 kJ/mol.

Therefore, AHa4s(HsO4)=(-46+2) kJ/mol (68 % c.i.).
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Fig. 3-10 Evaluation of the adsorption enthalpy of *°HsO,. For explanations

see text.

MCS with 100'000 events using the values -44, -46 and -48 kJ/mol for
AHags(HSO,4) were then performed and are shown with the experimental
distribution of *®*Hs in the COLD column (3 events in detector 3) in Figure
3-11.



88

Detector
1 2 3 4 5 6 7 8 9 10 11 12
100 ~ - -20

90 —_\

80

- - -60
70
60 ] - -80
50 L -100
407 - -120
30

. L -140
20
10 -'/ 160

0 t t t t > ¥ ' ' ' + ' -180
100 — L i L L -

90- ,
80_- -
70_- -
60_- -
50_- -
40 .
30_- -
20_- -
10_- -

Relative Yield [%]
Temperature [°C]

/

Integral Yield [%0]

1 2 3 4 5 6 7 8 9 10 11 12
Detector

Fig. 3-11 Results of the MCS of **°*HsO,. Shown are the TC in the upper
panel and the integrated TC in the lower panel. Experimental result:
gray bar (upper panel) and black squares (lower panel). In the
upper panel, the temperature gradient is indicated (right hand
scale). The result of the MCS using AHags=-46 kJ/mol is
represented by the thick solid line, thin solid lines indicate the

uncertainty of +2 kJ/mol.
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3.4.2 Model of mobile adsorption

The application of the model of mobile adsorption [EiB82], a thermodynamic
model which describes the adsorption as a transition of a monatomic gas with
three transitional degrees of freedom into the adsorbed state with two
translational and one vibrational degrees of freedom, is an independent way
to evaluate AH,gs Of a species on a column material. The model, as well as its
limitations are discussed is in detail in [EiB82]. In order to verify the data
obtained with the Monte Carlo simulations, AH,4s Was calculated for HsO4 and
for OsO,4 using the same three different geometries of the chromatography

column. The following parameters were used:

Tab. 3-3 Parameters used for the evaluation of AHags of OsO, and HsOg4

applying the model of mobile adsorption.

Parameter 12050, 9450,
Standard temperature [K] 298 298
Start temperature [K] 250 250
Deposition temperature [K] 191+7 2296
Oscillation period of the surface [s] ® 3.2-:10™ 3.2.10%
Molar mass [g/mol] 236 333
Temperature gradient [K/m]:
Detectors 2-4 -305
Detectors 5-7 -354
Column diameter [m] ()" 0.004053 0.004053
(i) 0.0086 0.0086
(iii) 0.0015 0.0015
Gas flow rate [m*/s] (i) 2.1666-10° 2.1666-10°
(ii) 9.7565-10° 9.7565.10°
(iii) 2.968-10° 2.968-10°
Pressure in the column [Pa] 101325 101325
Experiment duration [s] © 27.7 16+%41

& calculated using the Lindemann-formula from [EiB0O]

® geometry used (cf. Chapter 3.4.1)

¢ lifetime of the nuclide

dcalculated from three measured lifetimes of [Hof96, Hof0OQ];
uncertainties according to [Schm84]

For both compounds, AH,4s was evaluated using the three different
geometries described in Chapter 3.4.1 which are denoted with (i)-(iii). The

gradient used was calculated for the region where deposition of the respective
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compound was detected, i.e. detectors 2-4 for HsO, and detectors 5-7 for
0OsOq. In Table 3-4, the results are summarized.

Tab. 3-4 Evaluated adsorption enthalpies using the model of mobile
adsorption including uncertainties of the deposition temperature
(0s04, HsO,) and the half-life (***Hs0,). (1o errors are given)
Geometry used AHa35(0OsO,) [kd/mol]  AHags(HSO4) [kd/mol]

() -39.8+1.5 -46.8+1.9
(ii) -41.1#+1.5 -48.3+2.0
(iii) -38.2+1.5 -44.9+1.9

The entropy of adsorption AS,4s on silicon nitride was calculated according to
model of mobile adsorption (eq. 12 in [EiB82]) to -168.4 J/mol-K.

The difference in AHygs of OsO,4 and HsO, is about 7 kJ/mol, independent of
the geometry used. The results are also in close agreement with those
obtained by the MCS method and confirm the validity of the geometry (iii)

used.

The half-life of ?°Hs can be estimated as similar to that of ?**Hs from the
observed deposition distribution (one event in Detector 2 and one in Detector

4) which is similar to that of **Hs (three events in Detector 3).
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The periodic table provides a classification of the chemical properties of
the elements. However, for the heaviest elements, the transactinides,
this role of the periodic table reaches its limits because increasingly
strong relativistic effects on the valence electron shells can induce
deviations from known trends in chemical properties™. In the case of
the first two transactinides, elements 104 and 105, relativistic effects are
indeed influencing their chemical properties®, while elements 106 and
107 both behave as expected from their position within the periodic
table®’. Here we report the chemical separation and characterization of
only seven detected atoms of element 108 (hassium, Hs), which were
generated as isotopes ?**Hs (refs. 8,9) and *°Hs (ref. 10) in the fusion
reaction between **Mg and ?*®Cm. The hassium atoms are immediately
oxidized to a highly volatile oxide, presumably HsO,, for which we
determine an enthalpy of adsorption on our detector surface that is
comparable to the adsorption enthalpy determined under identical
conditions for the osmium oxide OsO,4. These results provide evidence
that the chemical properties of hassium and its lighter homologue
osmium are similar, thus confirming that hassium exhibits properties as

expected from its position in group 8 of the periodic table.

The discovery of Hs was reported in 1984 (ref. 11) with the identification of the
nuclide **Hs with a half-life of T,, = 1.5 ms (refs. 11,12). In 1996, the much
longer-lived isotope ?**Hs, with a half-life of about 10 s, was observed in the
a-decay chain of 277112 (ref. 8). Recently, evidence for the existence of the
neighboring nuclide ?”°Hs was found and a half-life of about 4 s deduced from
its measured o-decay energy’®. The latter two Hs isotopes might be
sufficiently long-lived to allow their chemical characterization. Suitable
reactions for their direct production are ***Cm(*®*Mg, 5,4n)?**?"°Hs, for which

formation cross sections of a few picobarn have been estimated®®.

The periodic table suggests that Hs is a member of group 8 and thus
chemically similar to its lighter homologues ruthenium (Ru) and osmium (Os),
which are known to form highly volatile tetroxides. Therefore, Hs is expected

to also form a very volatile tetroxide (HsO,4) suitable for gas-phase
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1,14-16

isolation , even though two earlier attempts to chemically identify Hs in

the tetroxide form proved not successful'’*2,

Fully relativistic density functional calculations'® for the tetroxides of the group
8 elements indicated that the electronic structure of HsO, is very similar to
that of OsO,, with covalent bonding being somewhat more pronounced in the
former. The stability of the gaseous tetroxides was found'® to increase in the
order RuO4<0s04<HsO,, in agreement with extrapolations within group 8 of
the periodic table®. The density functional calculations, in conjunction with a
surface interaction model, suggest adsorption enthalpies of HsO, and OsO,
on a quartz surface of (-35.9+1.5) kJ mol* and (-38.0+1.5) kJ mol?,
respectively. Extrapolations of the volatility of group 8 tetroxides suggest
almost identical adsorption enthalpies of (-46+15) kJ mol™ and (-45+15)
kJ mol™ for HsO, and OsO,, respectively, while a physisorption model yields
identical values of (-47+11) kJ mol™ for both tetroxides. Overall, the theoretical
values suggest fairly similar adsorption behavior for HsO, and OsO4 on
guartz. Although the present experiment uses detectors covered with a silicon
nitride layer, we expect a direct analogy between theory and experiment
because we observed comparable adsorption interactions of OsO,4 with quartz

and silicon nitride.

The expected high volatility of group 8 tetroxides allows excellent separation
from heavy actinides and lighter transactinides as well as from Pb, Bi and Po,
which is important because several isotopes of these elements are formed
with high yield as byproducts of the nuclear fusion reaction. These nuclides
often decay via emission of a-particles and, therefore, severely interfere with
the unambiguous detection of the nuclear decay of the investigated Hs

nuclide.

On-line investigations of Os oxides have already been conducted
earlier™>???, Using the In situ Volatilization and On-line detection apparatus
(IVO) carrier-free 1*0s0, (T,=22.4 s) could be separated and detected with
an overall efficiency of (40+10)%. Decontamination from Po (>2-10% was

excellent?!.
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The experimental set-up, schematically shown in Figure 3-12, involves
mounting the **Cm target® on a rotating wheel and bombarding it with up to
8x10'? ®Mg°>* particles per second, delivered by the UNILAC accelerator at
the Gesellschaft fir Schwerionenforschung mbH. The particle beam first
passed through a rotating 3 segment 3.68 mg/cm? Be vacuum window which
allowed for a pressure up to 1.3 atm in the recoil chamber. The 192.7 MeV
beam energy delivered by the UNILAC resulted in ®Mg projectile energies of
143.7-146.8 MeV inside the **Cm target. Nuclear reaction products recoiling
from the target were thermalized in the gas volume (34 ml) of the IVO device®
flushed with dry (measured water vapor concentration <1 ppm) 1.2 I/min
helium (He) and 100 mil/min oxygen (O2). The reaction products were
transported with the carrier gas through a 30 cm long quartz column (i.d. 4
mm) containing a quartz wool plug at a distance of 6.5 cm from the recoil
chamber. This plug was heated to 600 °C and served as a filter for aerosol
particles and provided a surface to complete the oxidation reaction of Os and
Hs to their tetroxides, which were further transported through a 10 m long
perfluoroalkoxy (PFA) Teflon® capillary (i.d. 2 mm) to the detection system.
The capillary was installed inside of a polyamide (PA) tube flushed with dry
No.

Using gas phase adsorption thermochromatography?®, the temperature at
which HsO, deposits was measured, using a chromatographic column along
which a stationary negative temperature gradient is maintained. The
chromatographic column, the Cryo On-Line Detector (COLD), also served as
detection system for the identification of decaying atoms of ***?"°Hs. COLD
consists of 12 pairs of silicon PIN-photodiodes of 1x3 cm? active area
mounted at a distance of 1.5 mm via two spacers made from silicon. PIN
diodes are well suited for detection of o-particles or fission fragments. The
diode pairs were installed inside of a copper bar. A temperature gradient from
-20 °C to -170 °C was established along the detector array. The efficiency for
detecting a single o-particle emitted by a species adsorbed within the detector
array was 77%. To avoid formation of ice layers on the detector surfaces, the

whole device was placed inside a vacuum tight housing flushed with dry N..
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Fig. 3-12. Schematic drawing of the IVO-COLD set-up used to produce

and isolate Hs isotopes in form of the volatile HsO,.

The ?®Mg-beam (1) passes through the rotating vacuum window
and *®Cm-target (2) assembly. The target consisted of three
banana-shaped segments (1.9 cm? area each) covered with 239
ug/cm?, 730 pg/cm?, and 692 ug/cm? **®Cm, respectively. The
248Cm (isotopic composition *°Cm: 4.2%; ***Cm: 95.8%) was
deposited on 2.82 mg/cm? beryllium (Be) backings by molecular
plating. The target-window assembly rotated in the adjacent gas
volume with 2000 rpm and was synchronized with the beam
macrostructure of the accelerator in order to distribute each 6-ms
beam pulse evenly over one target segment. In the fusion reaction
26927015 nuclei are formed which recoil out of the target into a gas
volume (3) and are flushed with a He/O, mixture (4) out of the
chamber. The gas was passed through a cartridge containing P,Os5
as a drying agent before injecting it into IVO. This way, the water
vapor concentration was reduced to a measured value of <1 ppm
throughout the experiment. The gas was injected into a quartz
column (5) containing a quartz wool plug (6) heated to 600 °C by
an oven (7). There, Hs is converted to HsO4 which is volatile at
room temperature and transported with the gas flow through a 10 m
long perfluoroalkoxy (PFA) Teflon® capillary (8) to the COLD

detector array registering the nuclear decay (oo and spontaneous



96

fission) of the Hs nuclides. The array consists of 24 detectors
arranged in 12 pairs (9). A temperature gradient was established
along the detector array by means of a thermostat (10) at the
entrance and a liquid nitrogen cryostat (11) at the exit. The
temperature was monitored by 5 thermocouples installed along the
copper bar. Depending on the volatility of HsO,4, the molecules

adsorb at a characteristic temperature.

COLD is an improved version of a previous set-up called the Cryo-

Thermochromatography Separator (CTS) developed at Berkeley?.

The detectors of the COLD array were on-line calibrated with o-decaying
219Rn and its daughters ?**Po and ?*'Bi using a #*’Ac source. The determined
energy resolution was 50-70 keV (FWHM) for detectors 1 through 8 and 80-
110 keV (FWHM) for detectors 9 through 12.

The proper functioning of the IVO-COLD system was checked at the
beginning and after the end of the Hs experiment by mounting a 800 pg/cm?
152Gd (32% enr.) target to produce short-lived Os isotopes in the reaction
152Gd(**Mg, 6n)'"?0Os. The beam intensity was 1x10 s and the beam
energy in the middle of the target 153 MeV. All other experimental parameters
including gas composition and flow rate were identical to those of the Hs
experiment. In the COLD detector array the a-decay of *"?Os was registered.
1720s has a half-life of 19.2 s and a 1.0% o-decay branch with E,, = 5.10 MeV.

The experiment to produce Hs isotopes lasted 64.2 h during which a total of
1.0x10'® **Mg-particles passed through the target. Only o-lines originating
from #*At, ?*%?%Rn and their decay products were identified. While ?**At and
its decay product **!Po were deposited mainly in the first two detectors,
219220Rn and their decay products accumulated in the last three detectors,
where the temperature was sufficiently low to partly adsorb Rn. One side of
detector pair 1 did not operate due to a technical failure and, therefore, this
detector unit was excluded from the data analysis. During the experiment, 7
correlated decay chains were detected (see Figure 3-13). All correlated o-

decay chains were observed in detectors 2 through 4 and assigned to the
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Fig. 3-13 The seven nuclear decay chains originating from Hs isotopes
that were detected in the course of the experiment allowing an
unambiguous identification of hassium after chemical

separation.

Indicated are the energies of a-particles and fission fragments in
megaelectronvolts (MeV) and the lifetimes in seconds (s). The
detector in which the decay was registered is indicated in
parenthesis where T stands for top detector and B for bottom
detector. For each chain the date and time of its registration are
given. The lifetime of the mother isotope could not be determined
with the applied thermochromatography technique since the

deposition time is not measured.
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decay of ***Hs or ?°Hs. The characteristics of the first three decay chains
agree well with literature data®® on ?*Hs and its daughter nuclides, while two
other decay chains can be attributed'® to the decay of ?"°Hs. The last two
decay chains were incomplete and a definite assignment to *°Hs or ?"°Hs
could not be made. No additional three-member decay chains within <300 s
were registered in detectors 2 through 10. The background count-rate of o-
particles with energies between 8.0 and 9.5 MeV was about 0.6 h™ per
detector, leading to very low probabilities of <7x10° and <2x107 for any of the
first five chains and any of the last two chains, respectively, being of random
origin. In addition, four uncorrelated fission fragments with energies >50 MeV
were registered in detectors 2 through 4. All other detectors registered no
fission fragments, except for one fission fragment being observed in the

operating side of detector 1.

As depicted in Figure 3-14, the a-decay of one Hs atom was registered in
detector 2, the decay of four atoms in detector 3 and the decay of two atoms
in detector 4. The maximum of the Hs distribution was found for a temperature
of (-44+6) °C. The deposition distribution of OsO, measured before and after
the experiment revealed a maximum in detector 6 at (-82+7) °C. The
adsorption enthalpy (AH.gs) of the compound on the stationary phase is
extracted from the measured deposition distribution by using Monte Carlo
simulations of the trajectories of single molecules as they move along the
column under real experimental conditions®®. The only free parameter in the
simulations is AH,q4s, but the half-life of the nuclide is a crucial parameter. For
this reason, and because the half-life of ?’°Hs has not yet been measured,
only decays assigned to **°Hs were used to evaluate the adsorption enthalpy
of the compound on the silicon nitride surface. The results that best reproduce
the experimental data are shown in Figure 3-14 (solid lines) and suggest a
value of AHags=(-46%2) kJ mol™ (68% c.i.), which was inferred using a Tu,

15, s for ?®*Hs (refs. 8,9). The given uncertainty reflects the width

value of 11
of the measured deposition peak. The adsorption enthalpy of OsO,4 on silicon
nitride deduced from this experiment was (-39+1) kJ mol™, which is in good
agreement with the adsorption enthalpy obtained in earlier investigations

using quartz surfaces™>?%,
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Fig. 3-14 Merged thermochromatogram of HsO, and OsOa,.

Indicated are the relative yields of HsO4 and OsQO, for each of the
12 detector pairs. Measured values are represented by bars: HsOy:
dark grey; OsO,: white. For Hs, the following distribution was
measured: ®*Hs: 3 events (all in detector 3); ?°Hs: 2 events (one
in detector 2 and one in detector 4); Hs (isotope unknown): 2
events (one in detector 3 and one in detector 4). For Os, the
distribution of 1x10° events of *"?0Os0Q, is given. The dashed line
indicates the temperature profile (right-hand scale). The maxima of
the deposition distributions were evaluated as (-44+6) °C for HsO4
and (-82+7) °C for OsO, where the uncertainties indicate the
temperature range covered by the detector which registered the
maximum of the deposition distribution. Solid lines represent
results of a Monte Carlo simulation of the migration process of the
species along the column with standard adsorption enthalpies of
-46.0 kJ mol™* for ***Hs0O, and -39.0 kJ mol™ for *?0s0;,.

The experimentally derived adsorption enthalpy of HsO, is thus lower than

that of OsO,, while the predictions suggest either similar values? or a slightly
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higher value®® for HsO4. However, the theoretical values and experimental
values have associated uncertainties. Moreover, the low value of the AHags
determined for the hassium oxide species clearly suggests that it is HSOg,
given that by analogy with the known properties of the Os oxides, other Hs
oxides are all expected to be less volatile and unable to reach the detection
system. The observed formation of a very volatile Hs molecule, presumably
HsO4, in a mixture of oxygen and helium thus provides strong qualitative
evidence that Hs is an ordinary member of group 8 of the periodic table that

behaves similar to its lighter homologue Os.
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ABSTRACT

Recently, an experiment to chemically characterize for the first time a
compound of the transactinide element hassium (Hs, Z=108) has been
performed. Based on the assumption that Hs will belong to group 8 of the
periodic table and will thus be homologous to ruthenium (Ru) and osmium
(Os), the presumably very volatile HsO, was isolated by gas adsorption
chromatography. The experiment allowed the determination of the enthalpy of

adsorption (-AH."") of HsO,4 on a silicon nitride surface.

In this work, the trend in standard enthalpies of sublimation (AHs*?%®) of
group 8 element tetroxides established by Ru tetroxide and Os tetroxide was
extrapolated to Hs tetroxide. AHs?®*®(HsO,4) was found to be very similar to
AHs?@®®(0s0,4). Based on an empirical correlation between the sublimation
enthalpies and the enthalpies of adsorption of oxide (and oxyhydroxide)
molecules on quartz surfaces -AH.2"(HsO.) was predicted to be (46+15)
kd-mol*. A trend for the values of the adsorption enthalpies of
Ru0O4=0s04=HsO,4 was found.

A different theoretical approach makes use of the relation between the
interaction distance of a physisorbed, non-polar molecule on a dielectric
surface and the interaction energy. From literature values of the adsorption of
noble gases on metal surfaces it was found that this distance is independent
of the adsorbed species as well as of the adsorbent material. Using this
universal interaction distance, -AH.""(OsO,) was calculated only from
molecular geometries of OsQ,, the polarizability and the first ionization
potential and was found to agree with experimental results found in gas
adsorption chromatography experiments. -AH.>™ of RuO4 and HsO. were
calculated using the same procedure; where no experimental values of
molecular properties were available, these were extrapolated or published
values obtained from density functional calculations were used.
-AHLD(HsO,) = (47+11) kJ-mol* is predicted, in agreement with the

extrapolated value.
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4.1 Introduction

The experimental chemical characterization of transactinide elements (Z>104)
is an extremely challenging task since these elements can only be produced
at accelerators on a “one-atom-at-a-time” scale.! In addition, even the longest-
lived known isotopes of these elements have half-lives of only a few minutes
or seconds. Due to the minute production rates, experiments to investigate
their chemical properties are very time consuming. To date, the heaviest
chemically characterized element is bohrium (Bh, Z=107).? In order to
proceed to the next heavier element hassium (Hs, Z=108) it is necessary to

carefully evaluate the expected chemical stability of Hs containing molecules.

The first successful identification of three atoms of Hs after physical
separation was reported in 1984 when the nuclide **Hs (T, = 1.55 ms) was
produced in the heavy ion induced fusion reaction of *®Fe and ?®*Pb at the
Gesellschaft fir Schwerionenforschung mbH in Darmstadt.> A much more
long-lived isotope with mass number 269 was identified* in the o decay chain
of 277112 in 1996. A half-life of about 10 s was measured*® making this

nuclide feasible for chemical investigations.

The elements in each group of the periodic table have a similar electronic
structure and therefore exhibit similar chemical properties. Hs is expected to
be a member of group 8 of the periodic table and should thus behave
homologous to Os and partly also like Ru. Well-known volatile compounds of
Ru and Os are their tetroxides. Hence, also for Hs the formation of a volatile
tetroxide may be expected. Indeed, recently it was possible to show that in an
oxygen containing gas a very volatile molecule of Hs, most likely HsO,, could
be produced.® The experiment yielded an adsorption enthalpy of
-AH"M(HsO,) = (46+2) kJ-mol™ on silicon nitride surfaces based on only 7
detected atoms. It was concluded that the interaction of HsO, with a dielectric
surface is significantly stronger than the one of 0s0..° The influence of the
surface material appeared to be negligible for physisorption processes on

dielectric surfaces such as silicon oxides or nitrides as was concluded from
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comparable adsorption enthalpies of OsO,4 on these two surfaces.® In order to
interpret thermochemical data of transactinides it is instrumental to make
predictions based on the knowledge of homologous compounds. One
approach is to perform relativistic density functional calculations of molecular
properties as was recently reported for group 8 tetroxides.” Application of
semiempirical models for the interaction of HsO4 with a quartz surface’

predicted a sequence RuO,>0s0,>HsO, for -AH>.

In this work predictions on the stability and volatility, i.e. the sublimation
enthalpy of oxide compounds of group 8 elements are made based on
thermodynamical extrapolations. In a second part the adsorption behavior of
tetroxide molecules of group 8 elements on quartz surface is predicted
assuming physisorption on a dielectric surface. Finally, the predicted

adsorption enthalpies are compared with experimental data.

4.2  Extrapolation of chemical properties from RuO,; and
0Os0O, to HsO,

Within the groups there exist trends in chemical properties that usually are
followed when going from one period to the next one. As an example, the
standard enthalpies of sublimation (AHs”®*®) of mononuclear oxides of d
elements with the highest possible oxidation states of the metals exhibit
trends for the elements of groups 4 through 8 (see Figure 4-1). The data
depicted in Figure 4-1 are differences of the standard formation enthalpies of
the solid and the gaseous species. The reason for the observed increasing
sublimation enthalpies with atomic number is that the stability of the solid state
increases more strongly than the stability of the gaseous state. However, this
trend holds only for group 4, 5 and 6 oxides. For group 7 and 8 oxides
AHS"?®® seems to be independent of the atomic number. Based on this
simple picture it is expected that AHs"®*® of HsO,4 should be very similar to
that of OsO,4 and RuQa,.

The standard enthalpy of sublimation AHs"®*® is a measure for the volatility of

a compound. Gas phase experiments with carrier free amounts have clearly

proven that excellent linear empirical correlations exist between AHg’*%®
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values for a given class of compounds (e.g. oxides) and measured retention
temperatures.® From the latter, adsorption enthalpies (-AH."") may be

calculated and hence, AHs?®*® and -AH,*" can be directly linked.’

10097 Gr. 4 (MO
r.
900 - (MO,)
800 -
5 7007 Gr. 5 (MO,)
E i r- 2
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= 500 -
& 400 -
I i
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Fig. 4-1 Standard sublimation enthalpies calculated from standard formation
enthalpies as a function of the atomic number of mononuclear d
element oxides of groups 4 through 8 where the metal is in the
highest possible oxidation state. Data from refs 30-36.

4.2.1 Stability and volatility of oxides

Standard formation enthalpies and standard entropies of O, O,, Ru and Os
and their oxides and some other physico-chemical data used in this work are
summarized in Tables 4-1 and 4-2.

Empirical linear correlations were found between different thermochemical
properties and molecular characteristics (e.g. molar volumes or radii) of
compounds in several groups of the periodic table, e.g. groups 6 (including
seaborgium (Sg, Z=106))*° and 7 (including Bh).*

As a reference for the extrapolation of formation enthalpies, the standard

enthalpies of the gaseous monatomic elements AH®®(M), were used.
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Tab. 4-1 Standard formation enthalpies and standard entropies of oxygen,
ruthenium, osmium, ruthenium oxides and osmium oxides used in

this work.

Compound AH% [kJmol®] ref  AS%[J-mol™ K™ ref

@) (9) 249.2+0.1 37 160.95+0.02 37
O, (9 0 205.0 37
Ru  (s) 0 26.86 37
Ru (g) +6485+54 38 186.5 38
RuO (s) - -

RuO (g) +372+42 31 242 31
RuO, (s) -313.52+0.08 39 46.15+0.05 40
RuO, (g) +119+10 31,41 265 +5 31
RuO; (s) -251 38 79.5+6 38
RuO; () -70.8+6.6 31 285.8+8.4 31
RuO,; (s) -244.4+£4.4 31 154.0+1.1 31
RuO, () -192.7+40 31 290.6+0.6 31
Os (s) 0 32.7 35,40
Os (g) 784.6+3.8 38 191.8+2.5 38
0sO (s) - -

0sO (g) >+448 42 -

0sO, (s) -295.96+0.08 39 49.8+0.2 39
0sO, () +193 42 -

0sO3 (s) -190.5 42 -

OsO; (g) -167.5+12.6 35 276 35
0sO, (s) -394 18 35 13748 35
0sO, (g) -337+8 35 293.9+0.3 35

Because an accurate prediction of AH*@®(Hs), is difficult, a realistic range
limited by two values for AH*®®(Hs), denoted by Hs | and Hs II, was
chosen. AH*®®)(Hs 1), = 790 kJ-mol™* was predicted by Eichler'? based on a
linear extrapolation. Another calculation performed by Fricke!® vyielded
AH’®®)(Hs 1) = 842 kJ-mol™. A value nearly identical to AHY®*®)(Hs 1) of
791 kJ-mol ™ has been calculated by lonova et al.'* based on a semi-empirical
model which is primarily based on the estimation of trends in AHs?®*® in the

transactinide series. The trends were shown to be governed by the ground
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Tab. 4-2 Compilation of relevant physico-chemical data used in this work.

Compound

RuO,

ref 0OsO,

ref HsO, ref

Polarizability o. [cm?]

(7.92+0.15)-10%* 2

8.17-10%

43 8.46:10% 7°

1% jonization potential 12.33+0.23 44 12.97+0.12 44 12.27 7

1P, [eV]

Molar weight 165.1 30 254.2 30

M [g-mol™]

Density p [g-cm™] 3.29 30 5.1 30

Critical volume 156.93 45

V. [em®mol™]

Critical density 1.62 45

pc [g-cm”]

Subl. enthalpy 51.7+5.9 31° 57+11 35°¢

AH"®® [kJ-mol™] 59.95+0.25  35¢

Symmetry group Ty 37 T4 37

Distance M-O [nm] 0.171+0.0003 37 0.171+0.0003 37

Angle O-M-O [deg] 109.5 37 109.5 37
SiO;

Dielectric constante  3.81 46

1% jonization potential

IP; [eV] 11.7+0.5 42

2 this work

b adjusted value, see text
¢ calculated from formation enthalpies cited therein

4 experimental

state electronic configuration of the atom in the free and the metallic state. (In

ref 15 a value of 628 kJ-mol™ is erroneously cited from ref 16 as AH*@*®(Hs),,

instead of correctly AG®®®)(Hs) ).

In the next step the atomic formation enthalpies of the gaseous and solid

oxides AH (MOy)4.s) Were determined with

AH'(MOy) ) = AH*®P(MO,)g) — AH*®F(M)g) — x- AH*®*®(0) )  (4-1)

AH'(MOy)s) = AH®*F(MO,) ) — AHY®*® (M) () — x-AH®*P(0) )  (4-2)

and are shown in Figure 4-2 as a function of the standard enthalpy of the

gaseous metals (AH*®*®(M) ). Also included are linear extrapolations for Hs |
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and Hs II. The slopes and intercepts of the extrapolations are listed in Table

4-3.
2500
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) N —— MOz

£ 1000 | ¢
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Fig. 4-2 Atomic formation enthalpies of the gaseous and solid oxides of
group 8 elements as a function of the standard enthalpy of the
gaseous metals (slopes and intercepts are summarized in Table
4-3). MO and MOg3) are unknown.

Tab. 4-3 Constants of the linear regression analysis between atomic

formation enthalpies of oxides (s, g) and the atomic formation

enthalpy of the gaseous metal.

MOyg MOyq MOsg MOy MOy MOy
Slope 0.44 0.46 1.71 2.06 0.87 2.10
Intercept [kJ-mol™] 239.30 731.05 357.64 501.93 895.59 530.28

Since the AH’®*®M), values are already included in the quantities of

AH*(MOX)(g,S), the stability of the compound MOy increases with increasing

atomic number if the slope of the correlation of AH*(MOX)(g,S) against

AH®@®)(\) .,y for elements of a given group is larger than one. It therefore

follows for the gaseous and solid tetroxides that the stability increases from

RuO,4 to OsO,4. Consequently, HsO, is expected to be thermodynamically

even more stable as has also been predicted in ref 7.
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AH?®®® can be deduced from the atomic formation enthalpies as
AHg"#® (MO,) = AH'(MOy)g) — AH'(MOx)¢s) (4-3)

which yields AHs"®*®)(HsO,) = (57+11) kJ-mol™* and (58+13) kJ-mol™ for Hs |
and Hs Il. These values agree within the error limits with the AHs®*® values

for OsO, of 57 kJ-mol™ and 60 kJ-mol™* (see Table 4-2).
4.2.2 Relation between sublimation enthalpy and adsorption enthalpy

A good empirical linear correlation was found between the standard
sublimation enthalpy (AHs®®*®) of macroscopic amounts of a number of
oxides and oxyhydroxides and their respective adsorption enthalpy on quartz
surfaces (-AH.2"), measured for carrier free amounts.® An updated

correlation that takes into account also more recent experiments resulted in®
-AH2M = (6.3+7.8)+(0.680+0.028)- AHg"?®) (4-4)

Applying eq (4-4) to the values for AHs°®*® listed in Table 4-2 for OsO, and
RuO, yields -AH.’" values of (45+15) kJ-mol™* and (41+12) kJ-mol™. These
values agree reasonably well with literature values from gas adsorption

chromatography experiments (Table 4-4).

Using the average value for Hs | and Hs Il for AHs’®*®(HsO,) and applying eq
(4-4), -AH’M(HsO,) = (46+15) kJ-mol™ is derived. The following trend for the

volatility of the group 8 tetroxides is therefore expected: RuO4~0s04=HsO;,.

4.3 A model for the physisorption of volatile molecules on

dielectric surfaces

In the following, an independent approach is made to describe the adsorption
of a group 8 tetroxide molecule with a physisorption model and an assumed
equivalence of the sorption process to that of noble gases.
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Tab. 4-4 Enthalpies and entropies of adsorption of RuO; and OsO,
evaluated in gas adsorption chromatography experiments with
carrier-free amounts described in literature. The surface material
was SiOs in refs 8,26-29,47 and SisN4 in ref 6. The standard states

were the same in all refs except in ref 29.

Compound -AH." [kJ-mol™] AS,%™ [J-mol™-K™] Experimental Method ref

RuO, 55.0+4.2 -168.7+0.5 Off-line TC 47

10.7+1.7 -139.9+3.1 IC 29
0s0, 39+1 -170.52 On-line TC 6
5045 -180° Off-line TC 8

4142 -180° On-line TC 26

57 +4 -180° Off-line TC 26

9.8+2.0 -157.5+6.8 IC 29

38.0+1.5 -170.52 IC 27

40.2+1.5 On-line TC 28

% calculated according to the model of mobile adsorption (ref 20)
P assumed as -180 J-mol™*-K* for the evaluation of -AH"

4.3.1 Adsorption of polarizable molecules

The interaction energy of molecules without a permanent dipole moment with
a dielectric solid involves mainly dispersion forces. Attraction due to

physisorption forces can be written in the form®’
E, =——2% (4-5)

where Eg: interaction energy [eV]
Ci1: VAN DER WaALS constant between two systems (1) and (2)
r: interaction distance [cm]

The total interaction energy between a molecule and a two-dimensional
surface of infinite extent can be obtained by a summation over all molecule-
molecule interactions.” This summation can be replaced by a triple

integration.*” Eq (4-5) then has the form*’
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E, = —(E\'N'cli (4-6)

where N: number of atoms per cm?®.

Generally for two different types of interacting molecules (1) and (2), C; is®

c,=3 ¢, a, om0 o)

. @)

EDT(l) + EDT(2)
where o: polarizabilities of the molecules (1) and (2) [cm?]
Ept: average dipole transition energy of the molecules [eV].

The polarizability of quartz can be calculated from the well-known equation for

solids’
OCZ:4-2-N'((:J:;)) (4-8)
where €:  dielectric constant of the solid.
Introducing eqgs (4-7) and (4-8) into eq (4-6) yields
_3-a (8—1), Eorg Eor (4-9)

° 16.1° (€+2) Epry +Eprgy

Pauling empirically found the average dipole transition energy Epr to be a

function of the first ionization potential IP4:*°
Epr = 1.57:1P; (4-10)
where |P;: first ionization potential [eV]

Eg cannot be measured directly, but in gas adsorption chromatographic
measurements -AH."" of the species on the surface material is usually
evaluated (Table 4-4). The relation between AH,%™ and Eg can be understood
as follows (Figure 4-3): in order to remove a molecule with zero degree of

freedom (no translatory or vibrational degrees of freedom, i.e. “frozen state



116

approximation”) from the surface to an infinite distance, the energy Eg is
needed. If the molecule then is released from its frozen state into the gaseous
phase three translatory degrees of freedom have to be added, requiring an
energy of 1.5-R-T. In the model of mobile adsorption®® (right-hand side of
Figure 4-3), an energy of AH,’" is gained when a molecule from the gaseous
phase is adsorbed to the surface. This adsorbed state differs from the frozen
state approximation by having one vibrational and two translatory degrees of
freedom. The energy of the vibrational degree of freedom amounts to R-T and

the energy of each translatory degree of freedom amounts to 0.5-R-T.

E
I Y “r
y l 3/2.RT
- 4 ------
AHLM
Es 2
v ‘
_____ -~ y
2RT
_‘ . 4 Y o e e - -
Frozen Model of Mobile
State Adsorption
Model

Fig. 4-3 Relation between Eg and AH.(". For explanations see text.
Therefore,

Eg = -AHL "D + 0.5-R-T (4-11)
4.3.2 Calculation of the adsorption distances of noble gases

The distances of noble gases adsorbed on metal surfaces were calculated®®

2122 of the noble gases Ne, Ar, Kr, Xe and

using experimental adsorption data
Rn on 15 different metal surfaces. The results are summarized in Table 4-5
and show that r is independent of the noble gas and the adsorbent metal.

Thus, the assumption of a mean value of r = (0.247+0.020) nm seems to be
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justified and we therefore assume this universal adsorption distance for

symmetrical molecules and noble gas atoms.

Tab. 4-5 Adsorption distances of noble gas atoms on metal surfaces using
data from refs 21,22.
Noble Gas Meanr Std.dev. Number

[nm] [nm] of values
Ne 0.2342 0.0036 3
Ar 0.2533 0.0198 5
Kr 0.2636 0.0197 14
Xe 0.2393 0.0188 29
Rn 0.2452 - 1
Mean 0.247 0.020 52

4.3.3 Application of the model to OsO,4

Due to the coordinative saturation of the metal ions in symmetrical molecular
geometries such as the tetrahedral group 8 tetroxides, the interaction of these
compounds with surfaces is dominated by physisorptive forces. We therefore
assume that this process can be treated similar to the sorption process of
noble gases to surfaces. The universal distance r given above is slightly larger
than the "size" of the OsO, molecule characterized by the VAN DER WAALS

radius ryqw (ref 23)

1
3b )
oy =| ——0 4-12
vaw (16%“0) (4-12)

with rvaw: VAN DER WAALS radius [cm]
b: VAN DER WAALS constant b [cm?]
No: Avogadro's number (6.022-10%)

The value of the VAN DER WAALS constant b can be derived from:%®
b=—¢ (4-13)

with V. critical molar volume [cm*mol™]
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For OsO, with a VAN DER WaALs constant b of 52.31 cm®mol?,
rvaw(OsO4) = 0.1731 nm is obtained. Comparison with data of the noble

24,25

gases shows that rygw(Xe)<rygw(0OsO4)<rvaw(Rn).

Using r = (0.247+£0.020) nm, Eg(OsO,) can be evaluated with eq (4-9) using
data from Table 4-2 as Eg(OSO4)cac = (0.47+0.11) eV. Subsequently
-AH"M(0s04)carc = (47+11) kJ-mol™ is calculated using eq (4-11). This value

6.26-28 htained in on-line

agrees within the error limits with experimental values
gas-chromatography experiments on silicon oxide and silicon nitride
summarized in Table 4-4 which yielded an average value of -AHaO(T)(OsOLl)exp
= (39.6+1.3) kJ-mol™* and also with the value (45+15) kJ-mol™ deduced in

Section 4.2.2.
4.3.4 Extrapolation of the adsorption enthalpies for RuOsand HsO4

There exists no experimental information on the polarizability of RuOa..
Comparison of the bond lengths, the molar volumes and the volatilities shows
that RuO, closely resembles OsO4. The polarizability of RuO,4 can therefore
be estimated under the assumption that it is proportional to the molar volume,
the bond length, and the sublimation enthalpy normalized to those of OsO,.
Averaging the three values followed by multiplication with the polarizability of
0s0;, yields o(RuO4) = (7.92+0.15)-10%* cm?®. In ref 7, a(RuO,4) has been

calculated by different methods as 6.48:10%* cm® and 6.77-10%* cm?.

With o = (7.92+0.15)-10%* cm?® -AH.X™(RuO,) = (44+11) kJ-mol™* is obtained
with egs (4-9) and (4-11) using the values given in Table 4-2 and assuming an
“universal” r of (0.247+0.020) nm and subsequently AHs?®*®(Ru0,) = (55+28).

Pershina et al.” calculated IP1(HsO,) = 12.27 eV and a(HsO,) = 6.26:10%
cm?®. Since the agreement of a(OsQ,) calculated by the same procedure with
experimental data was rather poor, the obtained values have been adjusted
by the authors by using the experimental value of a(OsO,) as a reference.
a(HsOy) = 8.46-10%* cm?® is therefore recommended in ref 7. Using this value
and r(HsO.) = (0.247+0.020) nm, -AHLD(HsO.) = (47+11) kJ-mol? is

calculated. From this value AHs®®*®(Hs0,) = (60+28) kJ-mol™* follows with eq
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(4-4). These values agree within the error limits with the ones obtained by the
linear extrapolation method in Section 4.2.2.

4.4 Conclusions

Two independent methods were applied to predict the adsorption behavior of
HsO,4 on quartz surfaces. The first bases on a thermodynamic extrapolation of
sublimation enthalpies of group 8 tetroxides from which adsorption enthalpies
are deduced based on an empirical correlation. The second approach
describes the sorption process with a physisorption model of polarizable
molecules, assuming an “universal” adsorption distance. Table 4-6
summarizes the adsorption enthalpies for OsO4 and HsO,4 from this work in
comparison with literature values based on a fully relativistic calculation as

well as with a recent experiment.

Tab. 4-6  Summary of theoretical and experimental values for -AH.>™ of

0s0O,4 and HsOq4.

Method -AHL/D (0s0,)  -AHLXV (HsO,)  ref
[kJ-mol™] [kJ-mol™]

Linear extrapolation 45+15 46+15 this work

Physisorption model 47+11 47+11 this work

Relativistic DFT+Interaction Model  38.0+1.5? 35.9+1.5 7

Experiment 39.6+1.3" 46+2 6

% value (experimental result from ref 27) used as reference point
P average value of on-line experiments (refs 6,26-28)

As can be seen, the values derived in this work agree with each other within
the error limits as well as with those found in ref 7 and experimental results.
However, there seems to be a systematic difference of the experimental
values depending on the technigue used. While all experimental
-AHM(0s0,) values obtained in the on-line regime lie around 40 kJ-mol™

(refs 6,26-28), the ones obtained in off-line experiments®®®

are higher by
about 10-15 kJ-mol™ (except the ones of ref. 29 where a different standard
state was used). Probably, the sticking coefficient (probability of a species
hitting the surface to adsorb) is smaller than one. This influence is more

pronounced in experiments with high gas-flow rates (on-line experiments). It is
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therefore important to compare only -AH.>"P-values obtained under similar

experimental conditions.
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5. Outlook and closing remarks

The present experiment yielded the first chemical information on hassium,
even though the isotopes 2°*?"°Hs produced in this study were formed in the

*Mg+2*8Cm reaction at a cross section level of only a few picobarn.

Hs was shown to form a highly volatile oxide, presumably HsO,. It therefore

behaves similarly to Os and is a member of group 8 of the periodic table.

Via direct comparison to OsQq it was shown that the interaction of HsO4 with a
silicon nitride surface is significantly stronger than that of OsO4. However, the
interpretation of this result is not trivial. So far, the properties of HsO4 have
been investigated theoretically in only two papers [Jon02, Per02a]. A volatility
similar to that of OsO, was predicted by Pershina [Per02a] who performed
fully relativistic density functional theory (DFT) calculations of the electronic
structure of the group 8 tetroxides and calculated the enthalpy of adsorption
applying physisorption models similar to the ones used in the "noble gas"
model described in this work in Chapter 4.3. The decision whether relativistic
effects are expressed dominantly is not easy. Both the DFT calculations
(which fully include relativistic effects) as well as the extrapolation of the trend
within group 8 (which naturally includes relativistic effects already manifested
in the lighter homologues, but not nonlinear effects due to the strong increase
of the Coulomb forces in heaviest elements which are proportional to Z?
[EiB99]) pointed to the formation of HsO,. In both approaches, its stability was
estimated to be higher than that of OsO,4, and its interaction with a dielectric
surface was also predicted to be similar for both these compounds. Different
consequences of relativistic effects are e.g. (i) smaller ionic radii, (ii) smaller
polarizability, and (iii) higher ionization potential (always compared to non-
relativistic calculations) [Per02b]. In a measured interaction energy with a
surface these partly cancel each other. Hence measurement of the volatility of
HsO, is not adequate to judge the influence of relativistic effects in the
chemistry of Hs. It is also difficult to conclude which property is mainly
responsible for the higher adsorption enthalpy of HsO, compared to OsO,.

Since relativistic effects are more pronounced in neutral atoms (i.e. elemental
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Hs) than compounds containing charged Hs cations (even if the effective
metal charge of Hs in HsO, is only +1.39 [Per02a]) it would be advantageous

to investigate Hs in lower valent (or even elemental) state.

Comparison of the experimental result with the prediction based on the trend
in group 8 established by RuO, and OsO, does not reveal any unexpected
behavior of Hs. Like its two lighter homologues it forms a highly volatile
compound with oxygen, presumably HsO, and can therefore be oxidized to
the (formal) 8+ state. However, small deviations from the trend cannot be
detected since the accuracy of the extrapolation is rather low. This is due to
two reasons: (i) the thermodynamic data of the homologous tetroxides are not
known accurately enough, and (i) the correlation linking microscopic
guantities with macroscopic ones (e.g. AHags and AHg, eq 4-4) established by
a great number of less volatile oxides and oxyhydroxides which interact with a
surface via chemisorption is not accurate for highly volatile species. It seems
therefore desirable to search for a correlation linking microscopic and
macroscopic quantities of species whose interaction with surfaces is

dominantly governed by physisorptive processes.

With the discovery of relatively long-lived isotopes of elements 112 [Oga99a]
and 114 [Oga99b, Oga99c] which are produced on a cross section level of
approximately one picobarn, chemical investigation of these elements
appears possible (and will probably be performed before elements 109-111
are characterized). Thus the question of the atomic number at which
relativistic effects severely change chemical properties (i.e. lead to a behavior
of the element totally different from that of the lighter "homologues") seems
answerable. First attempts to investigate element 112 have been reported
[Yak01, Yak02a]. Different groups are performing preparatory studies to the
chemical characterization of element 112 [EiR02a, Sov02, Yak02a] and
experiments with element 114 are planned [EiRO2b, Yak02b]. The decay
chains of these nuclei end in an unknown region of the chart of nuclides and
hence unambiguous proof that nuclei of new elements have actually been
observed is not possible from observation of decay chains alone. Thus,
independent confirmation of the atomic number is valuable to fulfill the criteria
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established by the IUPAC to recognize the discovery of a new chemical
element [TWG91]. Nuclear chemistry investigations of relatively long-lived
members of these decay chains are vital tools to identify their atomic number.
Besides 223112, which was already used in chemical studies on element 112
[Yak01, Yak02a], the nuclide ?"’Hs which was the last member of the decay
chain starting at #°114 [0ga99c] is a possible candidate. It was produced in
the reaction ***Pu(**Ca, 3n) with a cross section of 1 pb. So far, only one
event was observed which decayed after a lifetime of 16.5 min by SF with a
total deposited energy of about 190 MeV. [Oga99c]. As shown in the present
work, the separation of Hs nuclides from other spontaneously fissioning
nuclides is excellent in the oxygen system. All fission fragments observed in
this experiment were registered in detectors 2 through 4. Observation of
fission fragments in the relevant temperature range in an IVO-COLD
experiment using the reaction **Ca+?**Pu would give strong evidence that a
Hs isotope was indeed present and would support the claim by the Dubna

group that the long-sought "superheavies" were detected in their experiments.

Another possible application of the IVO-COLD system is the search for %°®Hs,
which is yet unknown and predicted to decay mainly by emission of o-
particles. In the literature, the estimated half-life ranges from a few tens of ms
[Pat91, Roy02] to almost 20 s [lwa96, Md6I97]. From trends in the chart of
nuclides, a value of a few hundred ms seems reasonable and would probably
be sufficient to detect this nuclide applying the technique used in this work.
Suitable production reactions would be ***Cm(**Mg, 4n) or **Cm(**Mg, 5n)

with cross sections of about 1 pb and 3 pb according to HIVAP calculations.

In our experiment, presumably both nuclides, 2*°Hs and ?’°Hs were produced,
but an unambiguous assignment of the observed decay chains to either of
these was not possible in all cases due to similar decay properties of the
daughters as well as of the grand-daughters of both isotopes. An experiment
with the IVO-COLD system at a lower beam energy of about 135 MeV (where
the maximum cross section of the 4n evaporation channel is predicted by the
HIVAP code, see Figure 1-7) would probably indicate whether ?”°Hs was
really discovered in the present experiment. The production of **Hs is very
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unlikely at such a low beam energy and the decay chains detected in such an
experiment could be assigned to ?"°Hs with much higher probability.

Another recent development which opens up new possibilities in the field of
experimental investigations of transactinides is the application of physical
preseparators which deliver isolated EVR to a chemistry apparatus and
separate transfer products and the intense heavy-ion beam. A first separator
of this kind is the Berkeley Gas-filled Separator (BGS) [Gre00]. The power of
such a device for heavy element chemistry was recently demonstrated for the
first time [Omt02] in studies of Rf with the SISAK system [Omt98], a liquid-
liquid extraction system where the detection of the nuclear decay is
accomplished by liquid-scintillation counting. This method is sensitive to the
high B-background usually present in transactinide experiments not using a
preseparator. The development of a new physical preseparator dedicated to
chemistry experiments was proposed in a workshop at GSI in April 2002.
Such a device is considered mandatory for the chemical identification of
element 112 [EiR02a] by correlated decay chains in gas phase experiments.
Without a preseparator, these will probably be masked by short-lived «-
decaying Rn isotopes and their daughters that are produced in nuclear
transfer reactions with rather large cross sections. Another application of such
a separator will be gas chemical investigations of the lighter transactinides.
Only few inorganic molecules of the Ilatter (e.g. halides, oxyhalides,
hydroxides or oxides) have so far been investigated. The limiting factor with
respect to more “"complicated” molecules was the plasma in the recoil
chamber caused by the intense beam. For example, any organic ligand would
immediately be destroyed. With the beam separated, the synthesis of
organometallic compounds and their investigation in gas phase experiments
becomes feasible and opens up a new field in transactinide chemistry. Let us
chose the group 8 elements as an example. Several classes of organometallic
compounds are volatile at moderate temperatures. The metallocenes M(cp).
(cp=cyclopentadienyl) look especially suitable. The sublimation enthalpy of
Os(cp)2 is only 75 kJ/mol [Fis59]. All group 8 metallocenes have 18 electrons
and are relatively stable compounds. Decomposition only occurs above 470
°C for all group 8 metallocenes, and Ru(cp), is the most thermostable of all



129

known metallocenes [Fis59]. Baumgartner et al. observed the formation of
carrier-free Ru(cp), after irradiation of a mixture of Fe(cp), and UsOg with
neutrons. Ru isotopes produced in the fission of U were found to have
replaced Fe in ferrocene molecules, and a pure Ru(cp); fraction was obtained
[Bau6l]. Another promising system is that of the pentacarbonyles M(CO)s.
Recently, Ono et al. reported on the separation of Ru isotopes produced in the
spontaneous fission of 2°2Cf from other fission products in the form of dpm
complexes (dpm=dipivaloylmethane) produced at 350 °C which were volatile
below 300 °C [Ono02].

The availability of radioactive ion beams of high intensity [VEg99, Gue02,
Nol02] allows the hope of extending the chart of nuclides to heavier elements
and more neutron rich (and probably longer-lived) nuclei as the next spherical
neutron shell at N=184 is approached. Chemical investigations of a multitude
of compounds would then seem possible.

In the next decades, many experiments including heavier elements and more
complex compounds will hopefully become feasible. The thrilling work at the

upper ends of the periodic table and the chart of nuclides will continue.
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Appendix

Pictures of the experiment

Fig. A-2 The water-cooled
target chamber

(1) Target
i _ : chamber
Fig. A-1 IVO installed at the beamline at PSI (2) Exit to the
(1) Beam-stop guartz column

(2) Oven
(3) Cluster chamber

Fig. A-2 IVO installed at the beamline at GSI
(open position to have access to the target)
(1) IVO
(2) Carrier gas inlet
(3) Rotating window-target system
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Fig. A-5 A single PIN diode
and a sandwich pair
as installed in COLD

Fig. A-4 The rotating 3-segment target

Fig. A-6  (a) The PTFE Teflon® coated Cu bar that served as holder for

the PIN diode pairs
(b) Enlarged cut-out

. o .
Gl | [ ST ANy

Fig. A-7 PIN-Diodes installed Fig. A-8 The COLD housing
inside the copper bar (1) Housing
(2) Gas outlet
(3) Pre-amplifiers
(4) LN2-container
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