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Summary

The present work describes experiments for the development of a novel concept for the

investigation of the in-situ synthesis of transition metal carbonyl complexes. The study of

the synthesis of carbonyl complexes using the classical transition metals (elements with a

d-subshell that is not completely filled) was also of great importance here in preparation for

experiments with superheavy elements. Typically, chemical properties can be derived from

the number of electrons in the outermost electron shell of an element, including properties

such as ionization energy, electron affinity, how strongly an element interacts with a metal

surface, or how the chemical bonding between two reaction partners can be described. At

the research reactor TRIGA, the lighter homologs of the transition metals can be produced

relatively easily in neutron-induced fission reactions. With the help of these lighter homologs,

studies were carried out on the mechanism of carbonyl synthesis with single fission products.

The fission products, which were produced when the 235U-target was irradiated with neutrons,

were stopped in a gas volume located directly behind the target. The most sensitive step in

the carbonyl synthesis was the subsequent purging of the non-volatile transition metal into a

second, directly connected reaction chamber. The difficulty was that any collision with a

metal surface of the chamber would lead to the loss of the respective fission product, as this

would then deposit on the surface or, if sufficient energy was available, even implant. For

this purpose, various parameters, such as the pressure in the chamber, the flow velocity of the

gases, and the gas composition were investigated or the diameter of the transition channel

between the two chambers was examined to obtain an optimized scavenging efficiency. Sub-

sequently, the chemical reactivity with the injected carbon monoxide was investigated as a

function of its partial pressure in the gas mixture of the reaction chamber. The various partial

efficiencies were determined by positioning filters at different positions in the experimental

setup. The overall efficiency was determined hereafter by the subsequent transport of the

volatile transition metal-carbonyl complex to a carbon filter directly in front of the detector.

For this experiments, the target chamber of the TRIGA Mainz was modified in a way,

that a second chamber could be mounted directly on its exit. This simplified setup was

used to investigate the rinsing behavior of non-volatile (transition metal) fission products by

mounting a 248Cm source. Then experiments with fission products of 235U were carried out,

whereby the formation of the transition metals into their corresponding carbonyl complexes

was investigated.

In order to evaluate the data obtained with respect to each of the proposed sub-steps: (a)

transport of non-volatile elements from chamber 1 to chamber 2 (b) chemical formation of

a carbonyl complex (c) transport of the volatile carbonyl complex to the detector, and to

ensure that the data was correctly interpreted, the flush-out process was modeled with the

help of a Monte Carlo Simulation based on a simplified microscopic model developed by

Zvara, which was combined with TRIM simulation. This procedure allowed a theoretical
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estimation of the flush out efficiency. In various measurements an overall efficiency of up to

49(2) % for the transport of 101Mo could be achieved, including the partial efficiencies of

εFlush = 57(5) % and εChem = 83(8) % for the flush-out and the carbonyl complex formation

step. It could be shown that both the flush-out- and the carbonyl complex formation step

show a strong pressure dependency and that the overall efficiency could be optimized by

means of high partial pressures of CO in the gas mixture. In addition, it could be shown,

that the length and and the shape of the transition piece in between both chambers have a

strong influence on the expected yield, since unwanted turbulences and lateral diffusion of

the non-volatile fission products will immediately lead to large losses in the flush-out process.

In additional experiments with a quadrupole mass analyser, the back diffusion of carbon

monoxide from the second- into the first chamber was investigated. This was particularly

important to exclude the process of back diffusion of CO into the TC, whereby volatile

carbonyl complexes or mixed carbonyl complexes could distort the measured efficiencies. In

this context, the influence of the Gas Purification Systems on the gas purity and the carbonyl

complex formation was examined, whereby it could be shown that the oxisorb cartridge has

the strongest influence on the complex formation. However, it could not be verified, if there

was any reactive species, which was being removed by adding the cartridge into the GPS or

whether the presence of oxygen was the reason for higher overall efficiency using the "less

purified" gas. Whereby it is most likely the case, that the presence of oxygen will lead to the

formation of volatile species with the investigated transition metals, which is disturbing the

measurements. The results indicate that the gas-phase synthesis of single transition metal

carbonyl complexes is not a hot-atom reaction.

The insights gained during the TRIGA experiments were used in the designing phase of

the new target chamber of the JAERI tandem accelerator. In this experiments, a new type

of nozzle system was used as the transition between the two chambers, which combines

the advantages of a short transition channel with an on both sides conical shape in order

to minimize diffusion losses. It could be demonstrated, that with this newly designed two-

chamber design the formation of carbonyl complexes with fusion products is feasible without

physical preseparation. This design maintains a spatial decoupling of beam-environment

behind the target and beam-free environment at the site of chemical complex formation, as it

was established in the previous studies of carbonyl complexes using the approach of phys-

ical preseparation. In these experiments, the successful formation of 173W, 175−178Re and
179Os could be observed, whereby already trace amounts of oxygen impurity in the carrier

gas seemed to have a noticeable influence on the carbonyl complex formation. Whereas

the yield for εTot, Os was distorted in case of Os(CO)5 ≊ 94(10) % by volatile OsO4, the

opposite effect could be observed in case of W(CO)6, εTot, W = 39(6) %, by the formation

of non-volatile oxides. The successful transport of rhenium carbonyl εTot, Re ≥ 20 % in the
natDy(19F, 5n)175−178Re reaction indicates the formation of unsaturated 17 valence electron

carbonyl complexes, which agrees with theoretical predictions. Despite that radical type
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complexes are not common, their existence was reported already in Szilard Chalmers type

experiments leading to the formation of radical-type rhenium pentacarbonyl complexes.

Moreover, these experiments led to the first successful carbonyl complex formation with

fusion evaporation residual nuclei without a physical pre-separation.
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Zusammenfassung

Die vorliegende Arbeit beschreibt Experimente zur Entwicklung eines neuartigem Konzepts

zur Untersuchung der in-situ-Synthese von 4d- und 5d- Übergangsmetallcarbonylkomplexen.

Die Untersuchung der Synthese von Carbonyl Komplexen mithilfe der klassischen Über-

gangsmetalle (Elemente mit einer nicht vollständig gefüllten d-Unterschale) war hierbei auch

für die Vorbereitung zu Experimenten mit superschweren Elementen von grosser Bedeutung.

Typischerweise kann man chemische Eigenschaften aus der Anzahl der Elektronen in der

äußersten Elektronenschale eines Elementes ableiten, dazu zählen Eigenschaften wie die

Ionisierungsenergie, die Elektronenaffinität aber wie stark ein Element mit einer Metal-

loberfläche interagiert oder wie die chemische Bindung zwischen zwei Reaktionspartnern

beschrieben werden kann. Am Forschungsreaktor TRIGA können die leichteren Homologen

der Übergangsmetalle relative einfach in neutroneninuzierten Spaltreaktionen produziert

werden. Mithilfe dieser leichteren Homologen wurden Untersuchungen zum Mechanis-

mus der Carbonylsynthese mit einzelnen Spaltprodukten durchgeführt. Das Spaltprodukt,

welches bei der Bestrahlung von 235U mit Neutronen erzeugt wird, wurde hierzu in einem

Gasvolumen gestoppt, welches sich direkt hinter dem Target befand. Der empfindlichste

Schritt der Carbonylsynthese war der anschließende Ausspülprozess des nicht flüchtigen

Übergansgsmetalls in eine zweite, direkt anschließende Reaktionskammer. Die Schwierigkeit

bestand darin, dass jegliche Kollision mit einer Metalloberfläche der Kammer zum Verlust

des jeweiligen Spaltproduktes führt, da sich dieses dann an der Oberfläche abscheidet oder

bei ausreichender Energie, sogar implantiert wird. Hierfür wurden verschiedene Parameter,

wie der Druck in der Kammer, die Ströumungsgeschwindigkeit der Gase und auch die

Gaszusammensetzung untersucht oder der Druchmesser des Übergansgskanals zwischen

den beiden Kammern untersucht, um eine optimierte Ausspüleffizienz zu erhalten. Im

Anschluss wurde die chemische Reaktivität mit den eingeleiteten Kohlenstoffmonoxid in Ab-

hängigkeit zu seinem Partialdruck im Gasgemisch der Reaktionskammer untersucht. Durch

die Positionierung von Filtern an verschiedenen Positionen im Versuchsaufbau wurden die

verschiedenen Teileffizienzen bestimmt werden. Die Gesamteffizienz wurde hierbei nach

dem anschließenden Transport des flüchtigen Übergangsmetall-Carbonylkomplex zu einem

Kohlefilter direkt vor dem Detektor bestimmt.

Für diese Experimente wurde die Targetkammer des TRIGA Mainz so modifiziert, dass eine

zweite Kammer direkt am Ausgang montiert werden konnte. Dieser vereinfachte Aufbau

wurde verwendet, um das Ausspülverhalten nicht flüchtiger (Übergangsmetall-) Spaltpro-

dukte mithilfe einer 248Cm-Quelle zu untersuchen. Anschliessend wurden Experimente

mit Spaltprodukten von 235U durchgeführt, wobei die Carbonylkomplexbildung der Über-

gangsmetalle untersucht wurde.

Um die erhaltenen daten hinsichtlich der einzelnen Teilschritte: (a) Transport nicht Flüchtiger

Elemente von Kammer 1 zur Kammer 2 (b) Bildung eines Carbonyl Komplexes (c) Trans-
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port des flüchtigen Komplexes zum Detektor, korrekt interpretieren zu könnnen, wurde

der Ausspülprozess von der ersten- in die zweite Kammer mit Hilfe einer Monte-Carlo-

Simulation modelliert, die auf einem von Zvara entwickelten vereinfachten mikroskopischen

Modell basiert, das mit der TRIM-Simulation kombiniert wurde. Dieses Verfahren er-

möglichte eine theoretische Abschätzung der Ausspüleffizienz. In verschiedenen Messungen

konnte eine Gesamteffizienz von bis zu 49(2) % für den Transport von 101Mo erreicht werden.

Dies schliesst die jeweiligen Teileffizienzen von εFlush = 57(5) % und εChem = 83(8) % für

den Ausspül- und den Carbonylkomplexbildungsschritt mit ein. Es konnte gezeigt wer-

den, dass sowohl der Ausspül- als auch der Carbonylkomplexbildungsschritt eine starke

Druckabhängigkeit aufweisen und dass die Gesamteffizienz durch hohe CO-Partialdrücke

im Gasgemisch optimiert werden kann. Darüber hinaus konnte gezeigt werden, dass die

Länge und Form des Übergangsstückes zwischen beiden Kammern einen starken Einfluss

auf die erwartete Ausbeute haben, da unerwünschte Turbulenzen und die laterale Diffusion

der nichtflüchtigen Spaltprodukte sofort zu großen Verlusten im Ausspülprozess führen.

In weiterführenden Experimenten mit einem Quadrupol-Massenanalysator wurde die Rückd-

iffusion von Kohlenstoffmonoxid aus der zweiten- in die erste Kammer untersucht. Dies war

besonders wichtig um den Prozess der Rückdiffusion von CO in den TC auszuschliessen,

wodurch flüchtige Carbonylkomplexe oder gemischte Carbonylkomplexe die gemessenen

Effizienzen verfälschen könnten. In diesem Zusammenhang wurde auch der Einfluss des

verwendeten Aufreinigungssystems auf die Gasreinheit und die Carbonylkomplexbildung

untersucht, wobei gezeigt werden konnte, dass die Oxisorb-Kartusche den stärksten Ein-

fluss auf die Komplexbildung hat. Es konnte jedoch nicht gezeigt werden, ob durch das

Hinzufügen der entsprechenden Patrone zum Reinigungssystem eine reaktive Spezies ent-

fernt wurde oder ob die Existenz von Sauerstoff der Grund für ein höhere Gesamteffizienz

unter Verwendung des "weniger gereinigtem" Gases war. Wobei es am wahrscheinlichsten

ist, dass die Anwesenheit von Sauerstoff zur Bildung flüchtiger Spezies mit den untersuchten

Übergangsmetallen führt, welche die Messungen störte. Die Ergebnisse zeigen, dass die

Gasphasensynthese von Carbonylkomplexen mit einem Übergangsmetall keine "hot-atom

reaction" ist.

Die während der TRIGA-Experimente gewonnenen Erkenntnisse wurden ascnhliessend

für den Entwurf einer neuen Targetkammer für den JAEA-Tandembeschleuniger verwendet.

In diesen Experimenten wurde ein neuartiger Typ einer Düse als Übergang zwischen den bei-

den Kammern verwendet, der die Vorteile eines kurzen Übergangskanals mit einer beidseitig

konischen Form kombiniert, um Diffusionsverluste zu minimieren. Es konnte gezeigt werden,

dass mit diesem neu entworfenen Zweikammerdesignes die Bildung von Carbonylkomplexen

mit Fusionsprodukten ohne physikalische Trennung möglich ist. Dieses Design ermöglicht

eine räumliche Entkopplung der Strahlumgebung hinter dem Target und der strahlfreien

Umgebung am Ort der Bildung chemischer Komplexe bei, wie dies in früheren Studien

zu Carbonylkomplexen unter Verwendung des Ansatzes der physikalischen Präparation
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genutzt wurde. In diesen Experimenten konnte die erfolgreiche Bildung von 173W,175−178Re

und 179Os beobachtet werden, wobei bereits Spuren von Sauerstoffverunreinigungen im

Trägergas zu einem merklichen Einfluss auf die Carbonylkomplexbildung führten. Während

die Gesamteffizienz für die Bildung von Osmiumpentacarbonyl εTot,Os bei ungefähr 94(10) %

lag und durch flüchties OsO4 zu hohe Ausbeuten verfälscht wurden, wurde der gegenteilige

Effekt im Fall von Wolframhexacarbonyl εTot,W = 39(6) % beaobachtet, da die Bildung

nichtflüchtiger Oxide zu keinem Transport aus dem Zweikammersystem führt. Der erfolgre-

iche Transport von Rheniumcarbonyl εTot,Re ≥ 20 % in der natDy(19F, 5n)175−178 Reaktion

weist auf die Bildung ungesättigter 17-Valenzelektronen-Carbonylkomplexe hin, was mit

theoretischen Vorhersagen übereinstimmt. Obwohl Komplexe vom Radikaltyp nicht üblich

sind, wurde ihre Existenz bereits in Experimenten vom Typ Szilard Chalmers berichtet, die

zur Bildung von Rheniumpentacarbonylkomplex-Radikalen führten. Darüber hinaus führten

diese Experimente zur ersten erfolgreichen Carbonylkomplexbildung mit Fusionsverdamp-

fungsrestkernen ohne eine physikalische Vorseparation.
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Introduction 1
The periodic table is the basic scheme for ordering the elements by their respective atomic

numbers and their associated number of electrons. This leads to elements in a specific

group typically exhibiting similar chemical properties. Nevertheless, the predictive power of

periodic table is affected by relativistic effects, as they influence the electronic structure of

an element and therefore affect trends established by lighter homologs, thus affecting the

predictive power of the periodic table [1]. These effects scale with Z2 and are hence most

pronounced in the heaviest elements. The reason for the relativistic effect lies in the mass of

the electron, which increases for heavier elements compared to the electron rest mass m0,

e.g.: m/m0 = 1.000027 for H and exceeds by 10% for elements of the sixth period onward

and reaches values of 1.70 for Fl and 1.95 for Og, with v is the velocity of the electron and c

the speed of light [2, 3]:

m =
m0

[1− (v/c)2]
1
2

(1.1)

The relativistic effects can be divided into two categories as shown in Fig. 1.1. As the Z

of the heavy elements increases, the stronger attraction causes a faster movement of the

electrons around the core and therefore, the resultant mass of the electron increases which

is leads to a decreases in the effective Bohr radius aB = a0
B[1− (v/c)2]1/2. This so called

direct relativistic effect can be described as an orbital contraction and stabilization of the

spherical s and p1/2 electrons. This effect goes hand in hand with the the indirect relativistic

effect, which is the expansion of outer d and f orbitals, which is caused by the more efficient

screening of the nuclear charge. Since the electrons, which are sitting in the orbitals far away

from the core, will see less positive attraction of the core, these orbitals will expand and

destabilize. The third relativistic effect is the spin-orbit splitting of levels with l>0 [3, 4].
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Fig. 1.1: Schematic of the direct and indirect relativistic effect and the influence of the radial
distribution of the 7s valence electrons in element 105, Db. The relativistic calculations are
shown as solid line, whereas the non-relativistic distribution is shown as dashed line. Figure
adapted from [3].

As mentioned before, the relativistic effects are most pronounced in the transactinide el-

ements (elements with atomic number Z≥104) which can only be produced by nuclear

fusion reactions. The synthesis of these "superheavy" elements can be classified as cold

fusion or hot fusion, depending on the target-projectile combination, which can result in

significantly different excitation energies of the compound nucleus. In these accelerator

based experiments, the Coulomb barrier between the two approaching positively charged

nuclei has to be overcome, which is the reason for the fused system to carry a certain amount

of excitation energy. Typically cold-fusion reactions are characterized by low minimum

excitation energies of about 10-15 MeV, whereas hot fusion reactions can be characterized by

minimum excitation energies of about 40-50 MeV [3, 5]. Depending on this excitation energy,

the compound nucleus has to undergo several neutron-evaporation steps, before the nucleus

has finally cooled, whereby this step competes with the predominantly strong nuclear fission

process in the deexcitation process, which leads to small production rates. Therefore, the

studies of the chemical properties of transactinide elements (Z≥104) are challenging due to

small production rates and short half-lives [6]. Transactinides are produced in nuclear fusion

reactions at rates of single atoms per minute, day, or even week, and the typical half-lives

are in the range of minutes at most, with very few exceptions [7]. Therefore, studies of the

heaviest elements of the periodic table require the development of appropriate methods to

isolate single atoms with half-lives of a few seconds at most.

1.1 Transactinide carbonyl chemistry outline

Current fast chemical-isolation procedures are suitable for studies of nuclei with half-lives

of about one second or more. Despite of these challenges, basic chemical properties of
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many transactinide elements have been studied [6, 8, 9]. For the liquid-phase chemistry

experiments, separation of transactinides is typically performed in batch-wise operations

[10], coupled with the detection of characteristic α-signals or the spontaneous fission (sf)

fragment energy measurements. Chemical studies of transactinides in the aqueous phase

has been performed for elements up to seaborgium, Z=106. For heavier, mostly more short-

lived elements, gas phase chemistry is still the method of choice. Therefore, gas phase

chromatographic approaches have proven especially powerful as they are fast and efficient.

Typically, for elements up to hassium volatile and thermally stable inorganic compounds

such as halides, oxyhalides, hydroxides, or oxides have been studied [3, 11–13] as shown in

Fig. 1.2.

Fig. 1.2: Periodic table of elements. The transactinices (Superheavy elements, Z<104) are
shown in red. Elements, for which successful gas- and liquid phase experiments have been
performed are indicated by violet and blue boxes. Elements supposed to be accessible with
carbonyl experiments are indicated with green boxes.

The production of transactinide carbonyl complexes could diminish the existing gap between

element 108 (hassium) and element 112 (copernicium), as for the elements 109 (meitnerium)

up to element 111 (roentgenium), no chemical experiments have been performed so far[14].

The accessibility of volatile transition metal carbonyl complexes could be shown by the

synthesis of Mo(CO)6 from the irradiation of a mixture of Cr(CO)6 and U3O8 according

to Cr(CO)6 + U(n,f) 99Mo→ 99Mo(CO)6, which was reported in [15] and described as a

Szilard-Chalmers-type reaction. In these kind of reactions, isotopic nuclides produced by

nuclear reactions can be separated by chemical methods from the target nuclides due to the
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chemical effects of the nuclear reactions, such as changes in the oxidation state or other

chemical changes. These kind of reactions are applicable to elements existing in different sta-

ble oxidation states or forming substitution-inert complexes. However, experiments with the

lighter homologues of the transition metals show that the formation of carbonyl complexes is

feasible for elements of group 6 to 9 [16]. In case of transactinide elements, the existence

and volatility of such complexes was predicted by theoretical calculations of the molecular

properties in e.g.: M(CO)4 (M = Rh, Ir, Mt) with Density Functional Theory (DFT) and

Couple-Cluster methods (CCM)[2, 17–20].

Carbonyl complexes of single short-lived transition metal isotopes have become experi-

mentally accessible [21], employing gas phase formation in a carbon-monoxide containing

atmosphere. This technique also proved successful in studies of Sg carbonyl complexes [22].

This prompted many follow-up experiments on several d elements. Typically, 4d elements

can be produced in nuclear fission processes (thermal neutron induced fission of, e.g., 235U

or 249Cf, or spontaneous fission of 248Cm or 252Cf) [21, 23–26], whereas the carbonyl com-

plexes of 5d elements are only available in fusion-evaporation reactions in accelerator-based

experiments [27–29]. Isothermal chromatography studies for the interaction of the volatile

compounds with a quartz or gold surface were reported by Even et al. [21, 26, 27], Cao

et al. [24] and Wang et al. [25], where the formation of volatile carbonyl compounds of

several 4d- and 5d-elements, were reported. The thermal decomposition was studied by

Usoltsev et al. [30, 31]. Studies on the most stable species in single atom chemistry of group

7 carbonyl complexes deduced from the laser-ablation time-of-flight-mass-spectrometric

investigation of Re(CO)5 were reported in [29]. Theoretical calculations on the properties of

single ion carbonyl complexes can be found in the work of Nash et al. [32], Davidson et al.

[33], Pershina et al. [34, 35] and Iliaš et al. [17]. The yield of gas phase carbonyl complex

formation as a function of different parameters including total gas pressure as well as carbon

monoxide partial pressure was studied, indicating that high CO partial pressure is beneficial

for high yields. For accelerator-based experiments, the technique of physical preseparation

[26, 27, 29, 36] was applied. In this technique, the beam and unwanted side products are

removed from the product trajectory inside the physical preseparator. This ensured that the

carbon monoxide filled gas-volume is not exposed to the intense heavy-ion beam needed

for the production of the isotopes of interest. Experiments, in which no preseparator was

employed and carbonyl complex formation was attempted in a recoil gas volume directly

behind the target showed substantial decomposition of the carbon monoxide [25, 37]. This is

due to the formation of a plasma induced by the beam. The presence of the decomposition

products prohibited the study of carbonyl complexes.
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1.2 Motivation

The synthesis of carbonyl complexes with transactinide elements in single-atom reactions is

a powerful tool to investigate the influence of relativistic effects on the chemical behaviour

of these elements [1]. The metal atom in carbonyl complexes typically remains uncharged,

whereas the relativistic effects are affecting the chemical bond structure (details see Sec. 2.4).

Therefore, the M-CO bond can be used to investigate the influence of relativistic effects on

chemical bonding, whereby the σ - and π-bond is directly influenced by these effects (for

details see Sec. 2.4.2). The carbonyl complexes of the heaviest elements are solely accessible

in nuclear fusion reactions with heavy ion beams. Isotopes with long enough half-lives for

chemical studies are produced in hot fusion reactions with comparatively light ion beams

and suitable actinide targets. Successful techniques include the thermalization of the nuclear

fusion products in a gas-filled recoil chamber behind a physical preseparator [7].

The physical preseparation [36, 38] of the evaporation residues from the primary beam

coupled with the subsequent thermalization in a gas-filled volume behind such a recoil sepa-

rator [39] turned out to be a suitable method for the investigation of more fragile compounds,

e.g., carbonyl complexes of transition metals. Nevertheless, such a physical preseparation

step comes with some limitations. The evaporation residues of asymmetric fusion reactions

(reactions with comparatively light projectiles and heavy targets), as they are employed for

the production of comparatively long-lived isotopes of seaborgium and also of bohrium and

hassium, have relatively large angular and energy spreads. This leads to a low transmission in

a recoil separator. In case of the studies of Sg(CO)6, which were performed at the GAs-filled

Recoil Ion Separator (GARIS) at RIKEN, Wako, Japan, this partial efficiency is on the order

of only 13 % for 265Sg produced in the 248Cm (22Ne,5n)265Sg [40] reaction. Consequently,

only 18 decay chains attributed to 265Sg were observed in this study in 14 days of beamtime

[22], despite the cross section of this reaction being comparatively large, e.g.: σ (265Sg) =

380+90
−70 pb in the 22Ne + 248Cm reaction.
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Fig. 1.3: Schematic of the experimental setup used for the 248Cm (22Ne,5n)265Sg reaction at
the recoil separator GARIS at RIKEN. The reaction products are transported through GARIS,
and slowed down in the recoil transfer chamber (RTC), where they react with the carbon
monoxide. The resulting Sg(CO)6 products are transported to the thermochromatography
apparatus COMPACT for analysis. Picture is taken from [22].

To progress to heavier elements a more efficient concept is highly desirable as production

rates for elements beyond Sg fall drastically, as follows from cross sections of σ (265Sg) =

380+90
−70 pb in the 22Ne + 248Cm reaction, σ (266Bh) 57+14

−14 pb in the 23Na+248Cm [41] and

58+33
−15 pb in the 22Ne+249Bk reactions [42] and σ (269Hs) = 7.0+3.3

−2.8 pb in the 26Mg+248Cm

reaction [43] and σ (270Hs) = 16+13
−7 pb in the 48Ca+226Ra reaction [44]. The cross sections for

248Cm(X,5n) based nuclear reactions are shown in Fig. 1.4, where the decrease in production

cross section is illustrated.
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Fig. 1.4: Production cross sections for the 248Cm(X,5n) reactions for the elements nobelium
up to meitnerium. Cross sections were taken from references [40, 43, 45–49].

With the cross sections depicted in Fig. 1.4 and estimated efficiencies in a similar range as

that for the measured 248Cm(22Ne,5n)265Sg reaction, the detection rate of 266,267Bh would

be expected to be ≲ 0.4 events/day. Therefore, the synthesis of carbonyl complexes beyond

seaborgium by the method of physical preseparation can still be feasible but will demand

long beamtimes. However, the need of adequate statistics makes a more efficient and less

beamtime-demanding concept highly desirable. In this thesis an exploration to find a more

efficient way to synthesize carbonyl compounds is described.

The method is based on the spatial decoupling of the evaporation residue production and the

subsequent thermalization from the chemical bond formation step. This idea builds up on an

approach, which has already been used at FLNR Dubna in the investigation of (oxo)chlorides

of group 4-6 elements including Rf, Db and Sg [50–53]. By this method, the very harsh

ionizing conditions caused by the highly intense primary beam, which heats up the gas and

creates a plasma in the recoil chamber, will be avoided in the carbonyl complex formation

step [54].

In this thesis, the performance of a novel concept aimed at superseding the efficiency-

limiting component of physical preseparation, using single short-lived radioisotopes of 4d

elements obtained as fission fragments, and 5d elements obtained as fusion evaporation

products, is described. These experiments reproduce the conditions under beam-influence

for the heavier homologues and therefore, they are ideally suited to study the transfer of
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the isotopes of interest from the thermalization chamber into the reaction chamber and the

formation of volatile carbonyl complexes, thus providing a basic validation of this approach

before experiments with transactinide elements are conducted.
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Theoretical fundamentals 2
2.1 Stability of the heaviest nuclei

Each atomic nucleus consists of neutrons and protons, whereby the atomic core carries more

than 99% of the mass of an atom, whereas it only occupies a small fraction (dNuc≈10−15 m)

of the atomic volume. Despite their repulsive nature, the protons are held together by strong

short-range nuclear cohesive forces. Nevertheless, with an increasing number of protons (Z),

the Coulomb repulsion of the protons inside the nucleus will also increase and at a certain

number of protons, will exceed the binding energy of a nucleus. This energy is described by

the Liquid Drop Model (LDM), which was first proposed by Weizsäcker [55] and Bethe [56].

2.1.1 The Liquid Drop Model (LDM)

In this model, the nucleus is described as a charged droplet of an incompressible liquid of

constant density. The phenomenon is analogous to a liquid drop in which the molecules

are subjected to the same van der Waals forces, independent of the size of the drop. The

semi-empirical mass formula quantifying mass defect or nucleon binding energy is called

the WEIZSÄCKER equation shown in Eq. 2.1. In this approach, the nucleon binding energy

is described by cohesive and repulsive forces as a derivative of the mass number A and the

individual numbers of protons Z and neutrons N responsible for that value of A. The positive

contributions to binding energy are depicted in red and negative contributions are depicted in

blue:

BE(A,Z) = avA − a f A2/3 − ac
Z(Z−1)

A1/3 − as
(A−2Z)2

A ±Ep (2.1)

with

Ep =


+Ep N,Z both even

0

−Ep N,Z both odd

(2.2)

The volume energy (avA) describes the way each nucleon contributes to the binding energy.
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Bound nucleons are of lower potential energy compared to the non-bound situation. It can be

described as the energy which is gained, whenever a nucleon is getting bound. This energy

depends exclusively on A and is according to a direct proportionality. This can be explained

by the short range of the nucleon-nucleon interaction, where a nucleus in the interior is only

bound the its nearest neighbors resulting in A bindings where the fit parameter av is the

energy by which each nucleon is bound.

The surface energy (−a f A2/3) considers, that nucleons at the surface are less bound, due to

their reduced numbers of direct neighbours, since they do not feel the attractive nuclear force

on all sides. The surface of a nucleus is 4πR2 with R2 ∼ A2/3.

The coulomb energy (−ac
Z(Z−1)

A1/3 ) describes the Coulomb repulsion between the positively

charged protons. The Coulomb energy of a uniformly charged sphere is proportional to Z2/R.

The asymmetry energy (−as
(A−2Z)2

A ) comes from a quantum-mechanical origin, which

is related to the difference in binding energy of a nucleus with N ̸=Z and one with N = Z. It

reflects the increased stability of nuclei with approximately equal numbers of protons and

neutrons. The change in energy required for the transformation of an N = Z into an N̸=Z

is p2D = (N−Z)2D/4 with D∼1/A to take care of the level spacing, which gets smaller as

the total number of nucleons increases.

The pairing energy (Ep) describes the enhanced stability of paired nucleons in an even-

even nucleus and the relatively low stability of odd-odd nuclei. It considers the overall spin

quantum numbers and that non-paired nucleons contribute to weakening the binding energy

[57, 58]. This effect is also reflected in the abundance of stable nuclei in the chart of nuclides,

with 158 even-even nuclei, compared to the relatively small number of stable odd-odd nuclei

of only 6. The influence of the pairing energy can easily understood by taking a closer look

on the β -decay of the isobars with the mass number 64 as shown in Fig. 2.1. There the

semiempirical mass equation is written as a function of Z in the form of:

BE(A,Z) = aZ2 +bZ + c± d

A
3
4

(2.3)

The binding energy for a fixed mass number, plotted as a function of Z gives two parabola of

different energies, where the binding energy is consistently higher for the even-even nuclei

[6, 59]. Consequently, the most stable nuclei lie at the bottom of the parabola. Nuclides on

the left hand of the parabola are unstable to β− decay, whereas isobars to the right of the

valley of stability are unstable to β+ emission. The most stable nuclei 64Ni (largest binding

energy), shows a positive contribution of (Ep) to the binding energy.
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Fig. 2.1: Binding energies and β decays of nuclides with even mass number. 64Ni (even-even),
is the minimum of the mass parabola, which undergoes no further decay as a stable nucleus.
Data adapted from [10].

2.1.2 Shell structure and shell effects

The overall behaviour of masses and binding energies can be described with the LDM

Sec. 2.1.1, whereby the theoretical predictions are correlating well with experimental obser-

vations. Nevertheless, at certain numbers of protons or neutrons (2, 8, 20, 28, 50 and 82)

differences from calculated LDM values that are most pronounced can be observed as shown

in Fig. 2.2. These numbers are typically knows as the magic numbers for "Zmag" and "Nmag".
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Fig. 2.2: Differences between experimental atomic masses and the LDM drop model masses
as a function of their proton (top)- and neutron (bottom) numbers. A noticeable difference is
pronounced at the numbers 28, 50, 82 and 126. Picture taken and adapted from [10].

Nuclei with one or even two magic numbers generally show more stable isotopes or isotones

compared to non-magic nucleon compositions. The additional binding energy and the en-

hanced stability of these magic or doubly-magic nuclei can be explained by the nuclear shell

model, which considers each nucleon to be moving in a single-particle orbit with the nucleus.

In the shell model, nuclear binding energy has to be considered. Considering the approach

of a neutron of low kinetic energy closely approaches a nucleus. Since the uncharged nature

of a neutron, it is not affected by the Coulomb field and may approach close to the nucleus

without interaction until it is close enough (rn) to experience a strong attractive force at close

ranges which leads to adsorption of the neutron. This adsorption is caused by an attraction

from the nearest-neighbour nucleons, which will pull the neutron into the nucleus, as shown

in Fig. 2.3. This attraction will increase rapidly in the surface region as the nucleon comes in

contact with other nucleons until it is surrounded by nucleons and is in the interior of the

nucleus [60]. This decrease in energy is commonly referred as a potential well [57, 61] and

the nucleons can occupy different levels in such a potential well.
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Fig. 2.3: The approach along the x-axis of a neutron (orange) to a 116Sn nucleus. The single-
neutron levels in the potential well are indicated. The neutron is trapped at a certain energy
level. The distannce rn indicates the range of the cohesive forces at which the approach
neutron is adsorped and pulled inside the potential well. Adapted from [62].

In difference to neutrons, protons experience a strong, long range repulsive nuclear force

when they approach at the nucleus due to the Coulomb interaction, which leads to a different

behaviour. The nucleus will repel the approaching proton until the proton approaches that

closely to the nucleus that the strong attractive forces will exceed the Coulomb repulsion and

pull the proton in the potential well. The proton will then be surrounded by nucleons as in

the neutron case, but since the proton will always feel a net repulsion from other protons, the

proton well will never be as deep as the neutron well. The shape of the potential well can

be assumed to be similar to a harmonic oscillator potential which features equally-spaced

energy levels. By applying spin-orbit coupling to the harmonic oscillator, the relativistic

participles will align their orbital and intrinsic angular momenta (spins), which leads to a

further splitting in energy of the given levels according to the alignment of the orbital and

the intrinsic spin [63, 64]. With increasing angular momentum number (l) the magnitude of

the splitting increases, which leads to the well known energy gaps, see right hand panel in

Fig. 2.3. If all shells in between two gaps are filled with nucleons, the nucleon shell can be

considered to be filled, which leads to enhanced stability of the nucleus.

2.1.3 The influence of shell deformation

The classical shell model described in Sec. 2.1.2 can be used to describe particles moving in

a spherically symmetric central potential. Additional insights were proposed by Strutinsky et

al. who proposed a method to extend the harmonic oscillator potential to deformed nuclei

[65, 66].
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In his model Strutinsky show that shell corrections for a given nucleus must not occur

only as a function of nucleon number. Furthermore, shell corrections can also be referred as

a function of shell deformation. Indeed, most nuclei are deformed, whereby the energy of the

nucleus is minimized by arranging the nucleons in a deformed configuration. In Fig. 2.4 the

energies of a deformed harmonic oscillator as a function of the deformation are shown. In

the spherical model the gaps for the initial shell occupancy or the basic harmonic oscillator

can be seen (cf. Fig. 2.3). Due to deformation, the basic levels are changing their energies

and new shell gaps will occur.

Fig. 2.4: Single-particle levels of a deformed harmonic oscillator as a function of the
deformation. The graph is taken from [10].

Whereas the classical (collective) model gives is accurate for even-even nuclei, there is some

discrepancy between observed spins and the spin values expected from the single-particle

shell model. In the classic model, a nucleon can move freely in a symmetrical potential

well, an assumption which is sufficiently accurate for nuclei near closed shells. However,

the angular momentum of an odd-numbered (deformed) core is based on both, the angular

momentum of the deformed core and of the odd nucleon and as a consequence, the energy

levels for such a nucleus are differen from those of the symmetric shell model.

For this occasion, Nilsson developed a shell model, in which the energy levels are cal-
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culated for odd nuclei as a function of the nuclear deformation. In case of the Nilsson states,

the spherical states (deformation parameter: εD = 0) with angular momentum j will split

into j+1/2 levels, since the nucleons will no longer moving freely in a fully symmetrical

potential well. If the deformation increases, this can lead to a reversal in order for some

levels, which is called the cross-over of the Nilsson states. This cross-over can be seen at

a deformation parameter εD ≈ ±0.6, which corresponds to an axis ratio of 2:1 leading to

so called super-deformed nuclei. Nuclei with magic numbers are spherical and have sharp

boundaries. As the values of N and Z depart from the magic numbers the nucleus increases

its deformation. Fig. 2.5 shows the oblately and prolately ellipsoidal-distorted nuclei:

Fig. 2.5: Schematic representation of the prolate and oblate deformations, compared to a
spherical nucleus.

The macroscopic-microscopic model combines the liquid-drop model Sec. 2.1.1 with shell

corrections. Therefore, the shell effects are considered to be small deviations from the

original energy level distribution. The new total energy is calculated by considering the

discussed necessary correction as a sum of the macroscopic liquid-drop model energy (ELDM)

and the microscopic shell(δU)- and pairing corrections(δP) as follows [10]:

E = ELDM +∑
n,p

(δU +δP)︸ ︷︷ ︸
EShell

(2.4)

The shell corrections increase consistently from uranium to meitnerium, reaching a maximum

of up to 6 MeV (compared to 12 MeV for the doubly magic lead). This stabilization is

due to the energy levels in the atomic nucleus, which are still quite easy to calculate for

symmetric systems. In deformed nuclei, however, a changed nuclear potential is present

and the symmetry is lost. As a consequence, the degenerated energy levels are split. In
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Fig. 2.6 this process is shown schematically. The raising and lowering of the energy levels

with increasing deformation leads to (a) a very dense arrangement of the core levels and

(b) to regions with gaps between the energy levels, which are corresponding to regions of

increased stability. This effect was already shown in Fig. 2.4 and describes deformed shells

and changes with increasing core deformation.

The energy, mandatory to deform a nuclei, is an expression for the stability of the nu-

cleus against fission. In Fig. 2.6 the fission barrier as function of εD is shown. The most

stable form against fission is the spherical shape with no deformation. After deforming the

nuclei to a certain point (saddle point), the nuclei can not return to the original (spherical)

shape and fission occurs.

Fig. 2.6: Double humped fission barrier (solid line) as a function of the deformation parame-
ter εD. The fission barrier equals the deformation energy and can be calculated as shown
in Eq. 2.4. ELDM shows the deformation of the nucleus, which leads a split in energy levels,
shown by EShell . The sum of these two energies gives the fission barrier and characterizes
the stability of the nucleus against fission. For details, see text above. Picture adapted from
[10].

In the case of the transuranic elements, the core deformation leads to a lowering of the

energy. This is equivalent to the fact that the nuclei are in a deformed state in the ground

state and are not spherical. In Figure Fig. 2.7 the fission barriers for the elements plutonium,

rutherfordium and flerovium are shown. It can be seen, that the contribution to the fission
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barrier from the LDM is decreasing strongly with increasing Z. For element 114, flerovium,

the stability of the nuclei is almost exclusively distributed from the shell stabilisation effects.

Therefore, the transactinides are exclusively shell stabilized elements. Experimentally, this

effect can be understood by looking at the fission half-lives. The actinoids up to uranium have

a fission barrier, which is stabilized by a contribution of the droplet barrier. The decrease of

this contribution to the fission barrier with increasing nuclear charge (Z>92) leads to shorter

half-lives and a reduced stability against fission.

Fig. 2.7: Double humped fission barrier (solid line) as a function of the deformation parame-
ter εD. The fission barrier equals the deformation energy and can be calculated as shown in
Eq. 2.4. Picture adapted from [10].

The stability of the deformed cores can also be understood by theoretical calculations. Here,

spherical nuclei are assumed, which are deformed to ellipsoids as shown in Fig. 2.5. In reality,

however, this deformation is much more complex, since the nuclei oscillate in complicated

shapes. These oscillations can be calculated by quadrupole deformations and hexadecapole

deformations. The result is a region of low level density (gap) at N = 152, 162 and 182

[67, 68]. Theoretical calculations with spherical nuclei made in the the middle of the 1960s

concluded that element flerovium (Z=114, N=184) could be a candidate for a closed shell

configuration [69, 70]. The nuclear shell model states that nuclei are most stable when both

protons and neutrons fully occupy closed shells (double magic nuclei). This predictions were

adopted in enhanced calculations of deformed shell structures in the 1980s [70]. Relatively

long half-lives were predicted by several modern theoretical approaches, using Hartree-Fock

or relativistic mean-field theory [71, 72] which can also be explained with the large shell

effects. In Fig. 2.8 some theoretical calculations of EShell are given. This figure also shows

that a new region of shell-stabilized, deformed superheavy nuclei with similarly high shell

stabilization has formed between the double-magic spherical nuclei (298
114F) and isotopes
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with N>152 at the upper end of the nuclide chart.

Fig. 2.8: Excerpt from the upper end of the Chart of Nuclei and the shell corection energies
calculated for the given area of interest. Estimated magic numbers are highlighted in red.
Picture adapted from [73] with calculations taken from Möller et al. [74, 75].

To estimate the half-lives of these isotopes, the level of deformation has to be considered. In

case of 250Cf the ground state is deformed s shown in Fig. 2.6, the double humped fission

barrier is strongly influenced from ELDM. Going to elements with higher Z like 106Sg, the

influence of ELDM is so small that it only contributes marginally to stabilization, as shown

for 106Sg in Fig. 2.9. In this case, the second hump of the shell stabilization is disappearing

and a high but thin stabilization caused by the shell effect remains [76].
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Fig. 2.9: Calculated fission barriers for 250Cf (actinide), 268Sg (transactinide) and 298Fl
(spherical transactinide). The macroscopic fission barrier is shown as a red dotted line.
The ground state deformation is shown based on calculations performed by A. Sobiczewski.
Pictured adapted from [77].

From the width of the fission barrier (shown as shaded area in Fig. 2.9), the lifetime of the

corresponding radioisotope can be estimated. For fission to occur, the nucleus must tunnel

through the fission barrier. If the barrier is high and wide (actinides), the tendency to fission

is comparatively small and the nuclides have long lifetimes. If the height of the barrier

remains comparable, but decreases in width as the macroscopic portion of the stabilization

(ELPF) is disappearing, the half-lives decrease rapidly (transactinides). In this view, it is

then irrelevant whether the core is deformed or spherical in the ground state, the half-lives

are then roughly similar.

2.2 The production of Super Heavy Elements (SHE)

The heaviest element known to occur commonly in nature is uranium which contains 92

protons, putting it far below the heaviest elements in the periodic table. All transuranium

elements have been discovered in the laboratory with neptunium and plutonium later also

discovered in nature, formed by neutron capture in uranium ore with subsequent beta decay:
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238U + n → 239U → 239Np → 239Pu. However, all elements heavier than plutonium are

entirely synthetic and created in nuclear reactions.

The neutron capture process followed by the subsequent β−decay in a high neutron flux

nuclear reactor can be used for the synthesis and production of transuranium elements with

Z up to fermium (Z=100). The even heavier transfermium elements can only be produced in

heavy ion accelerators based nuclear fusion reactions [78].

The reason for this lies in the nature of the neutron capture process. The elements einsteinium

and fermium were produced in 1952 after a first test thermonuclear explosion (code name

Mike) at Eniwetok Island in the Pacific. The strong neutron flux during the short explosion

of Mike had been so intense that it resulted in capture by 238U of as many as 17 neutrons.

This multi-neutron capture ended as the device blew apart and was followed by a sequence

of β− decays [79]. Such strong neutron fluxes might also be provided by nuclear reactors or

supernova explosions in nature. However, the "fermium gap", consisting of the short-living

fermium isotopes 258−260Fm located on the β stability line and having very short half-lives

for spontaneous fission, impedes the formation of nuclei with Z > 100 by the "weak" neutron

fluxes realized in common reactors. In case of fast neutron capture e.g.: within nuclear- or

supernova explosions this gab may be bypassed if the total neutron fluence is high enough

and the neutron capture can occur faster than the competing fission [80].

Fig. 2.10: Plot of the observed cross section for the production of heavy elements by cold
and hot fusion reactions with Z ≥ 102 in the 1n (cold fusion) and 5n (hot fusion) evaproation
channel. Figure taken from [12] and adapted with values from Ref. [81]

In a simplified model, fusion can be considered to start at the touching point of the two nuclei,

when the nuclear forces become effective and drive the dinuclear system (DNS) towards a

mono-nucleus. For the synthesis of superheavy elements (Z ≥ 104), the minimum in kinetic
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energy of the projectile has to exceed the Q-Value needed for the formation of the compound

system. After a successful fusion, the compound nucleus will be created above ground state

and the excitation energy is dissipated by fission or by particle-evaporation (neutron- and γ

emission).

Fig. 2.11: The sketch of the sequences of the nuclear reaction mechanism in heavy ion
collisions. When the projetile (P) collides with the Target (T), the formation of a compound
nucleus (CN) competes always with other reaction channels, e.g.: nucleon transfer, quasi-
fission and fission [82]

Unfortunately, the de-excitation process is strongly dominated by fission. Typically the

collision between target and projectile will not exclusively be central collisions and therefore,

the compound nucleus will be produced carrying an angular momentum, which can limit

fusion probabilities by fission. In general the fusion-evaporation can be described as a

three-step process whereby the production cross section σp is defined by the caption cross

section σcap, the probability of forming a compound nucleus PCN and the survivability Psurv

of the excited intermediate compound nucleus as shown in Fig. 2.11:

σp = σcap ·PCN ·Psurv (2.5)

In general, the chance for a successful fusion is relatively low due to the high probability of re-

separation in the entrance- and the high probability of fission in the exit-channel. Therefore,

Psurv can be described as the fraction of compound nuclei, which reach de-excitation by

neutron evaporation. Since this neutron evaporation has to be repeated a couple of times,

depending on the amount of excitation energy of the compound nucleus and therefore as

long as its remaining excitation energy is higher than the energy threshold for the competing

fission process, the survivability can be described as shown in Eq. 2.6 for the evaporation of
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x neutrons [83, 84]:

Psurv =
x

∏
i=1

Γn

Γ f
(2.6)

with

Γn

Γ f
= exp

(
B f −Bn

T

)
(2.7)

The process is strongly influenced by the difference between the height of the fission barrier

B f and the neutron binding energy Bn of the compound nucleus, T is the temperature of the

nucleus associated with its excitation energy[85, 86].

2.3 Chemical experiments with SHE

Chemical experiments with SHE are very different from the classical chemistry experiments

due to some significant requirements and limitations. Typically, unique experimental meth-

ods have to be developed due to the constant competition against the nuclear decay of the

investigated nuclei and their short half-lives. Additionally, the artificially production of

of SHE will only provide single atoms (one-atom-at-a-time), which requires performing a

chemical experiment with just one atom, in a highly efficient and rapid kind of reaction,

coupled with a highly selective separation method and a sensitive detection method.

Already the production of SHE is a very difficult process, with special challenges being

involved in the study of chemical properties because of their typical short half-lives, low

production rates, the presence of many unwanted activities and the necessity for producing

them with high-intensity beams. For chemical studies often the longest-lived known isotope

of the element is used, since this studies require use of an isotope with a half-life long enough

to permit chemical separation and a reasonable production and detection rate. In case of

transactinide elements this may range from a few atoms per minute (e.g.: Rf) to only one

atom a week (e.g.: Hs) [87]. This also requires exotic and highly radioactive target nuclides

such as e.g. 249Bk or 249Cf, which are bombarded with intense ion beams. The production

of the SHE elements with Z geq 112 is usually followed by a physical preseparation step to

deliver clean products. Since during the bombardment of a traget with a heavy ion beam,

not exclusively fusion will be observed. Usually a multitude of different reactions will

take place, depending on how the projectile collides with the target as shown in Fig. 2.12

[88], which will populate a lot of different exit channels, leading to unwanted side products.

This makes it difficult to unambiguously identify a single decay of interest of a SHE in a

detection system, even when very sensitive detectors are used. These sensitive detectors are

also damaged by high energy fluxes of ions, therefore the irradiation of such a detector with

the ion beam should be avoided. The physical preseparation with gas -filled separators or
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vacuum separators are used to realize chemical experiments with transactinide elements [38].

Fig. 2.12: Classification of heavy-ion collisions. Figure adapted from Ref. [88]

The investigation of chemical properties of transactinides was realized by the development

of new experimental techniques such as computer-controlled systems to enhance the repro-

ducibly of experiments like e.g., large numbers of chromatographic separations in the liquid

phase. In addition to liquid phase chemical experiments a variety of gas-phase experiments

have been performed in conjunction with theoretical modeling of chemical species with

improved quantum-chemical codes [18, 20, 89–91].

Considering the low production rates shown in Tab. 2.1 it is quite unlikely that more than a

couple or in some cases just one single atom is available at a time. Therefore, in the following

chemical reaction Eq. 2.8, the change of the Gibbs free energy ∆G for a reversible reaction

can be described in macroscopic quantities as shown in Eq. 2.9:

aA+ eE ⇌ xX + zZ (2.8)

∆G = ∆G0 +RT
[X ]x[Z]z

[A]a[E]e
(2.9)

For the chemistry reactions with only one available atom available, this atom cannot be con-

stituent of A and X simultaneously and at least one of these activities will be zero. Therefore,

we can no longer talk about a chemical equilibrium with a single atom. Guillaumont et al.

[110, 111] described the chemical specification at a tracer scale, in which concentrations

are replaced with probabilities for finding a single atom in a given state and a given phase.

The consequence for single atom chemistry is that the studied atom must be subjected to a

repetitive partition experiment to ensure a statistically significant behaviour.
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Tab. 2.1: Target(Tar.) and projectile(Proj.) combinations for the synthesis of nuclides from
nuclear fusion reactions used in transactinide chemistry are shown with their cross sections
(σ ), neutron evaporation channels(NEC) and estimated production rates (Prod. rate).

Nuclide T1/2 Tar. Proj. NEC σ Prod. ratea Ref.
257mRf 4.1 s 208Pb 50Ti 1 n 10 nb 2 min−1 [92]
259Rf 2.5 s 238U 26Mg 5 n 1.6 nb 0.5 min−1 [93]
261aRf 78 s 248Cm 18O 5 n 10 nb 2 min−1 [94]
261bRf 3.0 s 248Cm 26Mg 5 n, 2 α 6 pb 3 day−1 [43, 95]

248Cm 18O 5 n 11 nb 2 min−1 [96]
262Db 34 s 249Bk 18O 5 n 6 nb 2 min−1 [97]

248Cm 19F 5 n 1 nb 0.5 min−1 [98]
263Db 27 s 249Bk 18O 4 n 10 nb 2 min−1 [97]
263aSg 0.9 s 249Cf 18O 4 n 0.3 nb 6 h−1 [99]
265aSg 9.0 s 248Cm 22Ne 5 n 0.2 nb 4 h−1 [40, 100]
265bSg 16 s 248Cm 26Mg 5 n, α 6 pb 3 day−1 [100]

248Cm 22Ne 5 n 0.18 nb 3.5 min−1 [40]
266Bh 0.7 s 248Cm 23Na 5 n 50 pb 1 h−1 [101]

248Cm 23Na 5 n 57 pb 1.1 h−1 [40]
267Bh 17 s 249Bk 22Ne 4 n ≈70 pb 1.5 h−1 [102]

248Cm 23Na 4 n 14 pb 0.3 h−1 [40]
269Hs 9.0 s 248Cm 26Mg 5 n ≈6 pb 3 day−1 [103]
270Hs 23 s 248Cm 26Mg 4 n ≈3 pb 1.5 day−1 [43, 95]

238U 36S 4 n 2.9 pb 1.5 day−1 [104]
271Hs 4.0 s 248Cm 26Mg 3 n ≈3 pb 1.5 day−1 [43, 95]
283Cn 3.8 s 242Pu 48Ca 3 n ≈3 pb 1.5 day−1 [105]
285Nha 3.3 s 243Am 48Ca 2 n ≈1.5 pb 0.8 day−1 [106, 107]
289Fl 1.9 s 244Pu 48Ca 2 n ≈5.3 pb 2.7 day−1 [108, 109]

Assuming values of 0.8 mg/cm2 target thickness and 3 x 1012s−1 beam particles.
a Not directly produced: Nihonium will be recieved by α-decay of moscovium

2.4 Carbonyl chemistry with transition metals and SHE

Carbonyl complexes were discovered already more than 130 years ago, when Mond reported

on the synthesis of nickel tetracarbonyl [6]. The industrial and also scientific importance of

these compounds is reflected in their large number [7, 8, 120]. Even in radio-pharmaceutical

applications, carbonyl complexes are a focus of interest [121-122].

Carbonyl compounds are commonly synthesized involving high carbon monoxide pres-

sure [16], either in direct reactions of metals with carbon monoxide Eq. 2.10 or the reduction

of metal salts and oxides Eq. 2.11.

Fe+5 CO 100bar, 175◦C−−−−−−−−→ Fe(CO)5 (2.10)
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CrCl3 +Al+6 CO 300bar, 140◦C−−−−−−−−→ Cr(CO)6 +AlCl3 (2.11)

These stable, binary, mononuclear, neutral and volatile metal carbonyl complexes are formed

by almost all transition metals [112–116]. In addition to these mononuclear complexes, a

huge variety of polynuclear compounds can be formed with metal carbonyls, like the dimetal

decacarbonyl complexes of group 5 elements, the tetrametal dodecacarbonyl complexes

of cobalt and iridum, or the octarhodium hexadecacarbonyl complexes, as shown in table

Tab. 2.2. Neutral, binary complexes of some of the more noble transition metals like

palladium, platin, silver or even gold were only observed in matrix isolation experiments at

low temperatures [117, 118]. Due to the ability of being easily exchanged by Lewis bases,

olefins or arenes, metal carbonyls can also form mixed carbonyl complexes with ligands like

nitrosyl, hydrogen or oxygen as known for transition metals of almost all groups.

Tab. 2.2: Stable, neutral binary metal-carbonyl complexes. Data taken from [16].
Group in PSE

4 5 6 7 8 9 10 11
Ti V(CO)6 Cr(CO)6 Mn2(CO)10 Fe(CO)5 Co2(CO)8 Ni(CO)4 Cu

Fe2(CO)9 Co4(CO)12
Fe3(CO)12 Co6(CO)16

Zr Nb Mo(CO)6 Tc2(CO)10 Ru(CO)5 Rh2(CO)8 Pd Ag
Tc3(CO)12 Ru3(CO)12 Rh6(CO)16

Hf Ta W(CO)6 Re2(CO)10 Os(CO)5 Ir4(CO)12 Pt Au
Os6(CO)18 Ir6(CO)16

2.4.1 Bond structure of carbonyl complexes

Pauling (1935) [16] described the bonding in transition metals in their resonance structure,

which leads to a bonding order in between of one and two for the metal-carbon bond,

following the principle of electro neutrality as shown in Eq. 2.12

M− C O+ M C O (2.12)

In Fig. 2.13 the molecular orbital diagram (MO diagram) of carbon monoxide is depicted.

Mostly relevant for the M-CO bond are the so called frontier orbitals with 2 π as the

lowest unoccupied molecular orbital (LUMO), 5 σ as the highest occupied molecular orbital

(HOMO) and and 1 π as another group of frontier orbitals. The LUMO is shown with a weak
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anti bonding character.

Fig. 2.13: (left)Schematic of the molecular orbital diagram of carbon monoxide before and
after s-p mixing. With quantum mechanical calculations the contour-line (right) diagrams
for the orbitals can be visualized, which are used to describe the shape of the M-C-O bond.
Picture adapted from [16].

Typically the transition metal carbonyl bond is described with a donor-acceptor interaction

between the (a) HOMO (5 σ∗) of the carbon monoxide molecule with an empty transition

metal atomic orbital (AO), which fits the σ -symmetry (e.g., dz2) and (b) an occupied π type

d-orbital of the transition metal and the degenerated 2 π∗ LUMO of the carbon monoxide

[119]. During the M-C bond formation, three different bonds can be discussed as shown in

Fig. 2.14.

• σ -donation from the carbon monoxide to the transition metal

• π-donation of the carbon monoxide to the transition metal

• π-backbonding of the carbon monoxide
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Tab. 2.3: The change of bond length d and stretching frequencies ν , when the CO molecule
is getting bonded to a transition metal. CO describes the ground state (X1Σ+), whereas CO∗

describes the electronically excited state in a
′3Σ+ (TS), and a3Πr (TP). Data taken from

[130]
Species Configuration d(C-O) ν(CO)

/ pm / cm−1

CO (5σ2) 113 2143
CO+ (5σ1) 111 2184
CO∗ (5σ1)(2π1)TS 124 1489
CO∗ (5σ1)(2π1)TP 121 1715
N2 (5σ2) 110 2330

In Fig. 2.14 a schematic representation of the transition metal carbonyl orbital (M-C-O)

interactions is depicted following the (DCD) Dewar-Chat-Duncanson [120] model. After

binding to a transition metal, the electronic structure of the carbon monoxide will be changed,

whereby the frequency of νCO will be shifted hypsochromic. Removal of an electron out of

the carbon-centred 5 σ MO will leave the carbon positively charged, which will strengthen

the C-O bond, by lessening the charge difference between the carbon and oxygen atom

(5 σ∗ has a slightly anti-bonding character). In addition, π-backbonding from the metal

to the carbon monoxide will move an electron into the 2 π∗ orbital, which has a strongly

anti-bonding character and therefore, will lessen the C-O bond strength [16].

Fig. 2.14: Scheme of synergistic σ -donation, π-donation and π-backbonding in the transition
metal carbon monoxide bonding. The bond strength of the C-O bond is influenced by the
difference in charge between the oxygen and carbon atom, therefore moving electrons away
in a donation to the transition metal will strengthen the C-O bond, whereas the addition of
electrons has the opposite effect. Picture adapted from [16].

In quantum mechanical calculations it can be shown that the most significant contribution to

the M-C-O bond is distributed by the π-backbonding, which agrees with qualitative models

such as the popular DCD. Davidson et al. calculated with density functional theory (DFT)

and extended transition state method (ETS) that the strength of the π-backbonding arises

from the penetration of the 5 σ (lone pair) electrons of the carbon, into the transition metal

valence shell [33]. Nevertheless, the influence of the π-backbonding would not explain
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the bond stabilization in the positively charged carbonyl complexes. In Tab. 2.3 the (C-O)

stretching frequencies of carbon monoxide are shown, whereby the existence of M(CO)n
m+

complexes with stretching frequencies higher than free CO were observed. Theoretical

investigation by Frenking and Szilagyi using the (CDA) charge decomposition analysis [121]

of the structure and bonding of isoelectronic hexacarbonyls M(CO)6
q showed, that the C-O

stretching frequency increased with the positive charge on the transition metal. In addition,

the first bond dissociation energy (FBDE) was found to show a reversed U-shaped curve

form (Mq = Hf2−, Ta−, W, Re+, Os2+, Ir3+) with its minimum at the un-charged complex,

shown in Fig. 2.15, indicating stabilizing effects for positively charged carbonyl complexes.

Fig. 2.15: Calculated Bond dissociation energies (kcal/mol) as a function of the charge of
the complex for isoelectronic M(CO)6

q (Mq = Hf2−, Ta−, W, Re+, Os2+, Ir3+) hexacarbonyl
complexes [122].

The influence of the charge of the complex on the M-C-O bond strength can be explained by

an increasing influence of the σ -donation to the bond energy in case of carbonyl cations or

by an increased electrostatic interaction in positively charged species. In case of negatively

charged complexes, a larger π-backbonding contribution to the bonding energy is expected.

In general, in an octahedral complex (ML)6 the σ -donation from the ligand to the transition

metal involves empty d(σ ), p and s orbitals of the metal, with t1u, eg and a1g symmetry, while

π-backbonding arises from orbitals with t2g symmetry as shown in Fig. 2.16.
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Fig. 2.16: Splitting of the orbital energy levels of an octahedral d6 transition metal complex
ML6, where the ligand L has occupied donor orbitals with σ symmetry and empty acceptor
orbitals with π symmetry [16].

In case of transition metal carbonyl complexes, the bond energy can be described by several

contributions as shown in Eq. 2.14. In the octahedral ligand field (c.f., Eq. 2.13), the carbon

monoxide building a cage surrounding the transition metal:

M+nCO−> M(CO)n (2.13)

Based on calculations of Davidson et al. [33], the bond energy ∆E can be described with

∆EM as the promotion energy, necessary to promote the ground state transition metal into

the complex, ∆ECO as the energy necessary for changing the carbon monoxide bond length,

∆ECage as the energy necessary to build an octaeder with the carbon monoxide molecules

against the van der Waals repulsion and ∆EBond, as the basic bonding energy.

∆E = ∆EM +n ∆ECO + ∆ECage + ∆EBond (2.14)

The energies shown in red are endothermic in their nature and only ∆EBond causes the energy

to be lowered. ∆EBond can be divided into two different parts:
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(1) Introduction of the 5 σ electron pair into the 3 s,p,d-electron shell of the transition

metal, which leads to an expansion of the M(t2g) orbitals, e.g., by a mixture with the 4d-

orbitals. This will enhance the 2 π interaction with the carbon monoxide ligand orbitals. (2)

Correlation of the 5 σ orbital from the carbon monoxide (HOMO) with the LUMO of the

transition metal M3d(t2g), which can be split into a σ -donation via the t1u and the a1g-orbitals

and a π-backbonding contribution via the t2g orbitals. In the negatively charged complexes,

as well as the neutral tungsten complex, the π-backbonding contributes the major fraction to

∆E, while the positively charged complex has a stronger σ -donation.

Fig. 2.17: Orbital interaction diagram of the splitting d, s, p valence orbitals of a transition
metal in an octahedral ligand field [16].

Typically the strength of the M-CO bonds can be described by its bond dissociation energies

(BDEs). This energies can be calculated , e.g.: in case of hexacarbonyls for the loss of one

CO ligand yielding TM(CO)5
q and CO as shown in Eq. 2.15

TM(CO)6
q→ TM(CO)5

q +CO+BDE(CO) (2.15)

In Fig. 2.17 the orbital interactions of the decomposition of M(CO)6
q are depicted [119]. In

case of the positively charged complexes like Ir(CO)6, a energy contribution to ∆E arises

solely from the relaxation of the ligand orbitals. With no metal orbitals available in t1g and t2u

symmetry, the orbital interactions existing with t1u symmetry can be split into two different

contributions: (1) σ -donation into the p(σ )-orbitals of the metal and a π-donation from the

filled π-orbital of the carbon monoxide in the p(π) orbitals of the metal, which is also shown
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in Fig. 2.14 as a π-donation interaction. Therefore, positively charged carbonyl complexes

are stabilized by the π-donation interaction of the carbon monoxide. However, the influence

of the π-donation is mostly neglected and rather small.

In order to calculate the corresponding BDEs, it is mandatory to understand what influ-

ence the M-CO bond dissociation has on ∆EBond and in which state the TM(CO)5
q complex

remains after the removal of one carbon monoxide ligand. Typically the M-CO bond can have

two different kind of natures: (1) A covalent bonding nature (∆Ecov) and (2) a electrostatic

bonding nature (∆Eels):

Fig. 2.18: Trend of the covalent- and electrostatic energy contributions to the interaction
energy between TM(CO)5

q and CO. The numbers in brackets indicate the interatomic
distances. Data taken from [122].

In In Fig. 2.18 it can be seen that for Hf(CO)6
2− and Ir(CO)6

3+, the covalent bonding

contribution to the interaction energy is larger than the electrostatic bonding. This result

indicates, that the complex with the highest charge have the smallest degree of ionic character

in the M-CO bond. Furthermore it can be seen that, ∆Eels follows the trend of the bond length

of the M-CO bond and is clearly smaller in its absolute value than for the Re(CO)6
+ and

Os(CO)6
2+ and therefore, the increased bond dissociation energy for the Ir(CO)6

3+ complex

shown in Fig. 2.15 cannot be explained by only the charge within the complex.

The stabilization of the carbonyl complex to TMq←CO σ -donation increases from Hf(CO)6
−

to Ir(CO)6
3+, while the TMq→CO π-backdonation shows the opposite trend. Therefore,
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the latter one is stronger for the negatively charged complexes, whereas the σ -donation

exhibits a stronger influence for the positively charged complexes like Ir(CO)6
3+. This trend

can be explained with the lowering of the orbital energies of the π HOMO and σ LUMO.

In Fig. 2.19 the HOMO and LUMO energies of the pentacarbonyls are shown. The large

difference of more than 30 eV explains the difference in stabilization by matching orbital

energies, whereby the π-HOMO of hafnium pentacarbonyl (Z=72) sits at high energy and

the σ -LUMO of the iridium pentacarbonyl (Z=77) is considerably low.

Fig. 2.19: Trend of the frontier orbital energy levels of the pentacarbonyls. Data taken from
[122].

As a result of this matching orbital energies, the σ -donation will increase with an increasing

positive charge on the carbonyl complex: [M(CO)6]q with 3+>q>2−, whereas with an

increasing negative charge, the π-backbonding will be preferred, as is, e.g.: visible in νCO of

1757 cm−1 in [Hf(CO)6]2− compared to 2254 cm−1 in [Ir(CO)6]3+ [16, 119]. Therefore, the

charge of the complex will be de-localised, whereas the transition metal remains partially

negatively charged and the remaining charge will be distributed to the ligands.

2.4.2 The influence of relativistic effects on the carbonyl bond structure

The first transactinides (Z= 104 to 112) were assigned to the group of the transition metals

in the periodic table of elements (cf. Fig. 1.2), as their chemical behaviour is characterized

by the filling of the 6d-orbitals. The electronic structure of the transition metal influences

the interaction of the metal atom with the carbonyl ligands in terms of σ - and π donation,

as well as the π-backbonding and therefore influences the stability M-CO. As discussed in

Sec. 2.4, the M-CO bond forms by the overlap of specific orbitals (cf. Fig. 2.14 and Fig. 2.17).
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With increasing number of protons in the nuclei of the heavy elements, the attraction of the

electrons to the core becomes stronger [19, 123]. Therefore, the distance to the nucleus

decreases and the electrons begin to move on a smaller orbit with an increased velocity v,

which can be described with the rest mass m0 and the speed of light c as follows [87]:

m =
m0√

1−
( v

c

)2
(2.16)

The orbit of an electron can be described with the Bohr model for hydrogen-like species,

where the radius r is set in relation to the mass m, velocity v, atomic number Z and charge of

the electron e as follows:

r =
Ze2

mv2 (2.17)

According to the electron mass being located in the demoniator of Eq. 2.17 the direct

relativistic effect leads to a shrinking and stabilisation of the spherical s and p1/2 orbitals.

The energetic stabilization E of the orbital can be calculated as shown in Eq. 2.18, including

the prinicpal quantum number n and the Planck constant h:

E =
2πe4

n2h2 mZ2 (2.18)

The relativistic stabilization of the s-orbitals was calculated by Pershina et al. [35, 123] and

the influence can be seen by comparing the different radii Rmax of maximum charge density

of group 8 elements (Fe, Ru, Os and Hs), as shown in Fig. 2.20.
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Fig. 2.20: Trend of the radii of maximum charge density of group 8 elements. Data taken
from [35].

In Fig. 2.20 additional information about the shape of the d orbitals is given. Due to

the relativistic contraction of the s and p1/2 orbitals, the nuclear charge is shielded more

effectively, which leads to a destabilization and expansion of the p3/2, d and f orbitals. Since

this effect is a consequence of the first effect, this behaviour is called the indirect relativistic

effect. The indirect relativistic effect manifests itself in the outer core shells. The strong

influence of the relativistic can be seen for element 108, Hs, where the level sequence of 7s

and 6d orbitals is inverted as shown in figure Fig. 2.21.
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Fig. 2.21: SO ZORA energies of the ns and (n-1)d valence AOs of group 8 elements. Data
taken from [35].

The third and last relativistic effect is the spin-orbit splitting. The levels with an azimutal

quantum number l>0 (p, d and f orbitals) will split into sublevels with the total angular

momentum quantum number j = l ±1/2. The SO splitting decreases with increasing number

of subshells and therefore, is much stronger for inner shells than outer shells. For orbitals

with the same principal quantum number n, the influence will decrease with higher angular

momentum [3, 124]. In transactinide compounds the SO coupling can exceed typical bond

energies, as seen in the splitting of 7p electrons in element 118, which is in the order of 11.4

eV [125].

Typically, chemical bonding can be visualized by creating Molecular Orbital (MO) schemes

of the bond formation. In Fig. 2.22 the bond formation of M(CO)5 (M = Ru, Os and Hs) is

shown, considering the symmetries, occupation numbers and energies of the selected MOs.
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Fig. 2.22: Schmatic of the M(CO)5 bond formation of group 8 transition metals. Picture
adapted from [35].

Basically, a distinction can be made between two different types of bonding:(a) σ -interactions

and (b)π-interactions. In case of ruthenium (4d75s1), seven electrons are located in the 4d

AOs and one electron is located in the 5s AO. The corresponding σ -interactions are shown

in Fig. 2.23. In the D3h representation the orbital interactions between the filled d(M) AOs of

the E’ and E” symmetries are strongly repulsive with the σ orbitals of the carbon monoxide

in the equatorial plane, whereas the interactions along the A’1 and A”2 mode with the empty

dz2 , np and ns AOs are bonding.

Fig. 2.23: Schmatic of the σ -interactions in the D3h representation. Figure is adapted from
[126].
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In addition to the σ interaction, the π back-donation from the occupied (n-1)d AOs of the

metal atom along the E’ and E” mode into vacant π(CO) AOs will stabilize the M-CO bond

and partially compensates for the repulsive interactions with the equatorial ligands. The

corresponding π-interactions are shown in Fig. 2.24.

Fig. 2.24: Schmatic of the π-interactions in the D3h representation. Figure is adapted from
[126].

In the case of more relativistic orbitals, beginning from osmium, the situation changes. As

shown in Fig. 2.21, the direct and indirect relativistic effects lead to a change in the level se-

quence, whereby the 6s AO of osmium drops in between the (n-1)d3/2 and (n-1)d5/2 orbitals.

This effect is even more pronounced for hassium, where the 7s drops under the corresponding

d-orbitals. Due to this change, the 6s orbital will be filled with an additional electron, leading

to a change of bond structure in case of Os(CO)5 and Hs(CO)5. Since the ns orbital is no

longer available for bonding, the σ -interaction will happen along the A”2, E’ and A’1 modes

with the (n-1)d metal orbitals, whereas the ns orbital along the A’1 will lead to a strong

repulsive interaction, weakening the σ -bonds in the M-CO bond structure. In addition to the

weaker σ -bonding the π-backbonding will also be influenced by the relativistic effects. As

shown in Fig. 2.22, the energetic character of the (n-1)d orbitals will be more similar to the

vacant π∗ orbitals of the carbon monoxide, whereby a stronger interaction can be expected.

However, despite the stronger overlap of the metal d orbitals with the π(CO) orbitals, the

π-backbonding is weaker. The backbonding can be considered as a delocalization of an

electron from the metal to the CO. Due to the more diffuse character of the more relativistic

5d and 6d orbitals compared to the 4d one of ruthenium, the delocalization of an electron

from the less relativistic 4d orbitals is electronically more beneficial for the M-CO bond

than the larger overlap, which leads to a stronger backbonding for ruthenium compared to

osmium or even hassium.

As a result, it can be assumed that Hs(CO)5 will form a carbonyl complex in the D3h
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and D2d symmetries, similar to its lighter homolog Os. The bond length of the M-CO bond

is assumed to increase, which is typical for group 4 through group 8 compounds [35] going

from 5d to 6d elements. As a consequence, the polarizability is expected to decrease, whereas

the ionization potential should decrease with increasing Z due to the indirect relativistic

effect and the destabilization of the d AOs. In case of adsorption studies on different surface,

e.g.: quartz and teflon surfaces as shown in Fig. 2.25.

Fig. 2.25: (a) Calculated first bond dissociation energies of group-8 M(CO)5 carbonyl
complexes and (b) predicted adsorption enthalpies via ADF (SO) on quartz and teflon
surfaces. Data taken from [35]

2.5 Investigation techniques

This section is gives an overview about the most important techniques, necessary to under-

stand the experimental procedures used for the evaluation of data. For more details, see the

references given in the respective sections.

2.5.1 Neutron induced fission

In Sec. 2.1.1 - Sec. 2.1.3 the classical shell model and the stability of nuclei against fission

have been discussed. Whereas spontaneous fission is a tunnelling process, induced fission

can be observed when excitation energy is available for a compound nucleus to overcome

the fission barrier. In case of neutron induced fission reactions the energy that is released by

binding the neutron to the nucleus is sufficiently high to excite the nucleus above the fission

barriers shown in Fig. 2.6. Considering Eq. 2.1 the binding energy is very low especially for

odd numbers of protons and neutrons. As an example the fission of two different uranium

isotopes can be considered: (1) For the fission of 235U the fission cross section is large

even for thermal energies, because the neutron binding energy is larger than the maximum

of the fission barrier so that, after absorption of a neutron, the compound nucleus 236U is

unstable against fission. Heavy nuclei like 235U with an odd number of neutrons are fissioned
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by thermal neutrons with high cross-sections (586 b in case of 235U), because the captured

neutron is paired and the pairing energy results in an excitation energy exceeding the fission

barrier, as shown in Fig. 2.6. As the neutron energy increases, the fission cross section

decreases with 1/v, with v being the velocity of neutron. (2) In 238U we find the opposite

case, with a barrier higher than the neutron binding energy, so that only neutrons above a

threshold energy can lead the nucleus to fission. This value is called “fission threshold” and

is absent in the case of 235U [127].

In general, the low-energy fission can be described by Eq. 2.19:

A+n→ B+D+λn+∆E (2.19)

Hereby , the fission of a nuclide A, induced by the capture of one neutron n leads to the

production of two nuclides: B and D as well as the emission of λ neutrons and the emission

of the energy ∆E. The released neutrons typically can be used to maintain the chain reaction

of neutron-induced fission, as it is done in nuclear reactors.

In neutron induced fission reactions with thermal neutrons on targets like 235U or 239Pu or
249Cf, predominantly asymmetric mass distributions result [128]. The illustration of the

asymmetric neutron induced fission is shown in Fig. 2.26. The fission process is initiated by

the capture of a neutron, which is followed by the excitation of the nucleus, which undergoes

strong deformation caused by vibrations, whereas the nuclear forces act to constrain the

nucleus back to the ground state shape. After about 10−15 s the deformation is so drastic, that

the nucleus cannot recover from its critical deformation and a saddle point is reached. Due to

the Coulomb repulsion the two fragments will separate after an additional 10−20 s (scission

point). The fission fragments will release an average of two to three neutrons. Additional

kinetic energy can be emitted in form of emitting γ rays. In the final step, the fission products

will lose their excess energy by radioactive decay over a lengthy time period (seconds to

years) before they will reach a final stable state [129].
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Fig. 2.26: Schematic of the different steps during nuclear fission. After neutron capture, the
fission products will gain kinetic energy of up to 100 MeV, emit neutrons and γ rays until they
end as stable nuclei.

The neutron induced fission of 235U

The maxima for the asymmetric fission of 235U are located at mass numbers A ≊100 and A

≊138, (cf. Fig. 2.27). Nuclides apart from the maxima are typically produced with several

orders of magnitude smaller yields. The heavy-mass peak is located around the shell closure

at Z=50 and N=82, which is caused by a preferred fine structure in the fission yields near

closed shells.
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Fig. 2.27: Aysmmetric thermal neutron fission yields of 235U. The thermal neutron induced
fission yield mass distribution shows a ratio of the heavy to light mass >1.0 for the fission of
most nuclei [10].

In case of high energetic neutrons, the fission yields for 235U become more symmetric due to

the faster direct fission process at higher energies. In addition, other nuclear reactions like

the emission of an α-particle or proton emission can occur.

2.5.2 Monte Carlo Simulation

In Sec. 2.3 some challenges for chemistry experiments with the heaviest elements are de-

scribed. However, gas chromatographic experiments proved to be a powerful tool for the

investigation of chemical properties of these heavy elements and therefore, chromatographic

techniques are an established tool for the physico-chemical characterization of these ele-

ments, which are mostly available only in trace amounts. Therefore, comparison between

experimental data and predictions on thermodynamic arguments and model calculations can

be used for improving the understanding of the reaction mechanisms which are involved in

chemical experiments.

A Monte Carlo Simulation (MCS) procedure based on a simple microscopic model of

adsorption processes [37, 130] was developed to describe the chromatographic behaviour and

the reversible adsorption/desorption of an process without superimposed chemical reaction,

which takes place within a gas-chromatographic column. This MCS can be used to simulate

deposition (zone) profiles or to calculate expected yields of specific chemical species for a

given adsorption enthalpy ad column temperature. This MCS was already successfully used

for the evaluation of isothermal online gas chromatography experiments of transactinide

elements in the synthesis of a variety of compounds, such as e.g., halides, oxides and oxo-
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halides [131–133].

In the Zvara model, the down stream migration of a sample molecule is described, in

which the movement can be simplified as a number of effective random displacements and a

sequence of adsorption/desorption events. The relevant probability density distributions are

thereby derived. In Fig. 2.28 a schematic of the modeling process is shown.

Fig. 2.28: Schematic of the description of a molecule in the downstream migration inside a
chromatography column. Picture taken from [37].

The simulation is typically started with a random lifetime, based on the half-life of the

isotopes. Two states can be discussed for the respective molecule: (1) the molecule is in a

desorbed state, migrating in the carrier gas down stream, or (2) the molecule is adsorbed

on the surface of the column. The average time which a molecule spends adsorbed on

the surface τa can be calculated by the total adsorption time tads divided by the number of

reoccurring collision with the surface. The latter can be calculated by the mean number of

collision vt per unit length segment and the length of the column L.

τa =
tads

vt ·L
(2.20)

In the microscopic model for the reversible adsorption and desorption, τa is defined by the

Frenkel equation and the period of oscillation of the adsorbed molecule in the adsorbed state

perpendicular to the surface, τ0.

τa = τ0 · exp
(
−∆H0

ads
RT

)
(2.21)

The adsorption can be calculated in dependency of the adsorption enthalphy−∆H0
ads, the uni-

versal gas constant R and the gas temperature T . τ0 can be defined depending on the surface

properties, e.g., reciprocal of Debye’s phonon frequency of the column surface [134]. The ad-

sorption process described by the Frenkel equation is strongly influenced by the temperature.

The weak interaction between the molecule and the surface with, e.g., ∆Hads ≈ 25 kJ mol−1

at STP conditions leads to only short adsorption times of ≈ τa = 10−18 s [37]. The species
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migrates quickly at high temperatures and moves very slowly at low temperatures. This is

indicative of a physisorption process.

The length of a jump of a respective molecule l in between two collision may vary from

very short to rare long jumps. However, it should be noted that a just recently desorbed

molecule has a high chance of colliding with the wall again, since the velocity of the gas in

the thin layer close to the surface is rather small. Therefore, there will mostly occur very

short displacements of the order of a few free paths as shown in Fig. 2.28. In case of rare

long jumps, the molecule needs to diffuse far enough from the wall to be carried over a

rather large distance before hitting the surface again. Therefore, each jump-length can be

assigned to a corresponding probability that this jump occurs, whereby the probability for

very long jumps approaches zero. For a laminar flow in a cylindrical tube, the probability

density distribution for a given down stream distance η can be described as:

ρ(η) =
1
η

exp
(
−η

η

)
(2.22)

With the effective mean length of the jumps η at high laminar carrier gas velocities:

η =
11Q

48πD1,2
. (2.23)

Here, Q describes the volume flow rate and D1,2 is the diffusion coefficient. The diffusion

can be described as the compensation of an imbalance in concentrations of a specific species

within a gas or a fluid. It is based on a statistical movement which is described within

the kinetic gas theory. According to Maxwell’s velocity distribution the molecules will

move in all directions statistically and will be scattered by collisions with other molecules.

This results in a superimposed movement J, which is directed to the volume with a lesser

concentration of the respective molecules and is directly proportional to the gradient in

concentration, which is described well by Fick’s law:

J1→2 = D ·Ac1− c2

∆x
(2.24)

In Eq. 2.24, A describes the area, which has been passed by the diffusional movement J and

D is the molecule specific diffusion coefficient, which is temperature- and pressure dependent

and strongly influenced by the size of the given molecules. For a binary gas mixture, the

diffusion coefficient is calculated by the semi-empirical Gilliland´s equation [135]:

D1,2 =
0.0044 ·T 3/2

p[(V 1/3
m,1 +V 1/3

m,2 )]

(
1

M1
+

1
M2

) 1
2

(2.25)

In Eq. 2.25, T is the temperature, p is the gas pressure, M1 and M2 are the molecular masses
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of each gas species, as well as the molecular Volumes Vm,1 and Vm,2 of the diffusing gas and

medium, respectively.

2.5.3 Electronic- and Nuclear Stopping Power

The most important parameter in the context of range determination is the so-called stopping

power. It is defined as the average energy loss of a particle along a given path length in a

medium. It is given by a correlation on the type of the particle and its specific energy, as well

as the properties of the matter which the particle traverses. Charges play a decisive role in

the interaction of atoms or ions with matter. Since the creation of an ion pair requires always

a certain energy, the ionization density along a unit of length is proportional to the stopping

power of the corresponding material . It is important that the particle loses energy when it

traverses through media, regardless of its charge.

The stopping power ST P(E) is seen as a material property of the medium to be traversed,

while dE/dx describes the energy loss per unit length of the corresponding particle that

traverses the medium. Nonetheless, this is a description of the same phenomenon and the

unit and numerical value of the quantities are considered to be identical.

ST P(E) =−dE
dx

(2.26)

The term Electronic Stopping Power (ST Pe) describes the reduction in kinetic energy of a

particle by inelastic collisions between bound electrons within the stopping medium and

the ion that passes through it. The term inelastic is used here to indicate that the collisions

can result in an excitation of the bound electrons of the medium and the electron cloud of

the ion [136]. It can be described as an energy transfer, based on the kinetic energy of the

ion, to the electrons of the medium passed through. Since the number of collisions when

passing through matter takes on a very large numerical value and the charge of the ion can

constantly change during this process, it is very difficult to quantify these interactions. At

this point the Electronic Stopping Power is often described as a function, which describes an

average energy loss for different ion velocities [137, 138]. At high particle speeds, this effect

represents the main part of the energy loss of the ions. The electronic stopping as a function

of the ion velocity is depicted in Fig. 2.29 for the stopping of silicon ions in silicon targets.
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Fig. 2.29: Stopping Powers for silicion ions in a silicon target as a function of the ion velocity
and the ion energy. The ion velocity is given in the units of Bohr velocity vB. The picture is
adapted from [138].

The Nuclear Stopping Power (ST Pn), on the other hand, refers to elastic collisions and energy

loss due to Coulombic interaction between the target and the projectile nuclei. They are less

relevant at high kinetic energies of the particle. By scattering at the nuclei of the deceler-

ating medium, according to Rutherford’s theory (assuming point-like charge carriers) the

trajectory of the ions can change strongly [139]. This leads to a large number of statistically

distributed deflections, and therefore to a broadening of the angular distribution in the range

of low energies. In the collisions, a specific fraction of the energy is also dissipated to the

surrounding medium. A schematic of the ST Pe and ST Pn is shown in Fig. 2.30.

In general, the total stopping power is given by Eq. 2.27:

ST P(E) = ST Pe(E)+ST Pn(E) (2.27)

There are various theoretical approaches for calculating energy losses, each of which is valid

in different energy ranges, starting from the classical impact theory [140], where the mean

energy loss is calculated using classical mechanics [141], up to quantum mechanical theories

[142] considering relativistic effects [143]. Within this thesis, the ZBL theory by Ziegler,

Biersack and Littmark was used [144].

The maximum of the electronic stopping power occurs at much higher velocities than

that of the nuclear stopping, (cf. Fig. 2.29). With decreasing velocity, the electronic stopping

decreases before the nuclear stopping. This leads to the fact that for heavy ions, the nuclear
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stopping power dominates at low velocities.

Fig. 2.30: Schmatic trajectory of a particle passing through a stopping medium. The
electronic stopping affects the ion both during the collision and thereafter. Between two
collisions, the ion is slowed by a constant force owing to the momentum exchange with the
electrons in the material (1). The energy loss during a collision is connected to electron
exchange (4)+(5) between the ion and the target. In addition, charge-exchange events will
occur (2)+(3)+(6).

The range of an ion in a stopping medium can be calculated by the integration of the STF,

beginning with the kinetic energy the particle had when it was entering the medium, up to

the kinetic energy when the particle is leaving the medium or until it is finally stopped, as

shown in Eq. 2.28:

R =
∫ E

0

1
ST P(E)

dE (2.28)

The calculation of an effective stopping power (ESP) is more complex due to its inelastic

nature, whereby electrons can have charge effects on atoms of the stopping medium due to

the energy dissipation of the particle, which can lead to ionization of the medium and the

change of the stopping probabilities [144].

In the ZBL theory, the definition of a local charge density is used. This is based on the

assumption that the interactions between the electrons of the nuclei, in every infinitesimally

small volume unit, only depend on the electron density of the surrounding medium in this

volume element. To calculate a stopping range, the energy loss due to a certain number of

impacts (nuclear stopping power, proportional to the film thickness) is simulated, whereby
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each impact is assumed to be independent of one another and the ions between the individual

impacts move linearly.

The stopping power of an ion is a description of a partial loss of energy per unit of distance.

As the ion traverses matter, it will continuously lose energy until the kinetic energy is reduced

to zero or the material is exited. In the first case a calculation of the sum over all distance

units performed to obtain a range. Alternatively, the ranges can also be calculated using the

integral of the energy loss per unit distance. If one integrates over E = 0 to E0 = Ekin,max, one

obtains the distance which corresponds to the complete energy loss of the ion and therefore

will refer to the range of the particle given in Eq. 2.28:

Since the direction of movement depends on the scattering vector and therefore is dependent

on the speed of the ion, a correction factor must be introduced. Only at lower velocities and

a higher fraction of elastic interaction in the energy loss, a significant deviation from the

direction of movement will occur and the correction factor is defined depending on the ratio

of elastic to inelastic energy loss as shown in Eq. 2.29:

τ(E,E0) =−
κ

4

∫ E

E0

ST Pn(E)
ST P(E)

dE
E

(2.29)

In Eq. 2.29, κ corresponds to the mass ratio of the heavy ion fragment to the stopping

material. Considering the correction factor, Eq. 2.27 can be modified to give the range of an

ion in matter (R(E)), shown in Eq. 2.30:

R(E) =
∫ E0

0
e−2τ(E0,E)(ST P(E))−1dE (2.30)
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Experimental Setup 3
The experiments performed during this thesis were conducted at the research reactor TRIGA

Mark II in Mainz, Germany and at the TANDEM accelerator facility at the Japan Atomic En-

ergy Agency (JAEA) in Tokai-mura, Japan. In this chapter, the different experimental setups

will be introduced. The experimental parameters and more experiment related explanations

will be given in Sec. 3.1 and Sec. 3.2.

3.1 The research reactor TRIGA Mainz

The Training, Research, Isotope, General Atomics MARK-II (TRIGA) was established in

Mainz in 1965 by the company General Atomic [145] and is a free-standing reactor associ-

ated to the Institute of Nuclear Chemistry at the Johannes Gutenberg University Mainz. The

reactor core contains 76 fuel moderator elements of an alloy of uranium-zirconium-hydride

(UZrH, 8 wt% uranium, 91 wt% zirconium, 1 wt% hydrogen) with an average enrichment of

about 20% in 235U. Each of the cylindrical elements has a length of 72.2 cm and a diameter

of 3.75 cm. The reactor core is loaded with 2.3 kg of 235U and is water cooled, whereby the

water also serves as a moderator for the emitted neutrons. A graphite-reflector is used at

the outer rings of the core grid plate for bundling of the neutrons and enhancing thermal

neutron fluxes by reducing the fuel needed for criticality [146]. The reflector is surrounded

by a 20 m3 reactor tank and a concrete shield [147, 148]. The reactor contains three control

rods made of boron carbide (two) or boron nitride (one), each with an individual thickness

and graphite containing dummy elements, filling up empty positions.
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Fig. 3.1: Schematic of the beam tube arrangement at the reasearch reactor TRIGA Mainz.
The experiments described in the thesis were performed at beamport A, which offers the
possibility for long-term experiments. The thermal neutron flux among the beamports varies
significantly, for instance beamport D points directly at the reactor core and therefore, the
neutron flux is substantially higher than at the others. The picture was taken and adapted
from [148, 149]

The reactor can be operated in two different modes: (i) In the steady-state mode, in which the

reactor can maintain power levels of 100 mWth to 100 kWth, which corresponds to thermal

neutron fluxes in the order of 105 n/cm2s to 1011 n/cm2s [148]. The maximum available

neutron flux varies depending on the measurement position, for details see Tab. 3.1. (ii)

The TRIGA reactor can also be operated in transient operation, the so-called pulse mode

[150] with a maximum power of 250 mWth, whereby a neutron pulse with a length of ap-

proximately (10-30) ms will be emitted with a prompt pulse energy yield of 10 MW/s. The

reactor cannot maintain this overcritical state due to an inherent safety mechanism. The

fuel matrix [151] moderates the neutron flux by interactions with the hydrogen in the UZrH

alloy. During the transient operation mode, the maximum fuel temperature will reach 360 ◦C

approximately nine seconds after the neutron pulse itself [152], whereby the moderating

capacity of the UZrH alloy is reduced and the neutrons will loose less energy in collision

with the hydrogen atoms due to the high thermal energy of the hydrogen itself. Thus the

neutrons will cause fewer fissions due to the smaller neutron capture cross section for the

higher energetic neutrons of the 235U and will escape to the water. Hence, the chain reaction

will be aborted in a few milliseconds.

The TRIGA reactor offers four measurements positions for the irradiation of samples in
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the reactor core. The central experiment tube (CET), which reaches vertically from the

reactor platform in the center of the core, and three pneumatic transfer tubes (PTS) which

are connected to the surrounding laboratories and are located in the periphery of the core.

The reactor core is surrounded by a rotary specimen rack which can be used for isotope

production and neutron activation analysis and offers 40 different irradiation positions at a

rather constant neutron flux, whereby a sample will continuously rotate around the core. The

thermal column offers a lower thermal neutron flux. It is covered by 13 mm of aluminium

and has a boral liner. The front part is connected to the reactor core and widens towards

its cuboid main part. The complete volume of the column is filled with graphite, hence

providing an isotropic, predominantly thermal neutron field. All thermal neutron fluxes

available at the TRIGA Mainz are summarized in Tab. 3.1.

Tab. 3.1: Thermal neutron fluxes at different irradiation positions at the TRIGA MARK II
research reactor in Mainz.

Irradiation position Sample positions Thermal neutron flux
/ n/cm2sW

Central experiment tube 1 4.0 x 107

Pneumatic transfer system 3 2.0 x 107

Rotary specimen rack 40 7.0 x 106

Radial beam tubes 4 5.0 x 105 to
5.0 x 106

Thermal column 1 3.0 x 102 to
2.0 x 105

3.1.1 The target chamber at the TRIGA Mainz

The target chamber of the TRIGA research reactor offers three connectors, two lateral and a

central one, to which tubes can be attached. One lateral port is designated to connect to a

pressure gauge to monitor the pressure inside the target chamber. The second lateral port is

used as a gas-inlet whereby the gas is guided into a volume behind the target from which

it can stream through holes in the back-plate of the target holder into the inner volume of

the TC. Details can be seen in Fig. 3.2. Fission products emitted from the target will be

thermalized inside the gas volume and guided through the central exit towards the reaction

chamber.
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Fig. 3.2: Schematic of the original target chamber which is placed inside of beamport A
close to the core. The carrier gas (red line) enters the chamber through a lateral inlet. The
fission products (green circles) produced by neutron induced fission will be extracted through
the central exit port.

3.1.2 The target and the target-holder of the TRIGA Mainz

The target-holder used for the experiments at the TRIGA Mainz is made out of two plates. The

target is typically made by molecular plating [153, 154] and therefore, will be depositioned

on a thin metallic foil. This thin metal foil can be held in position between this two plates (cf.

Fig. 3.4).

Fig. 3.3: Target-holder of the TRIGA Mainz. The front- and back-plate of the target-holder
hold the target in place between of each other. The eight surrounding holes, which offer a
possibility for the gas to enter the target chamber are also visible.
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The target usually faces towards the front-plate through a 18 mm hole in the middle of the

target holder, which is also limiting the maximum target area available at the TRIGA Mainz,

whereby typically sizes of approximately 15 mm will be used. The target itself is surrounded

by eight holes, which will guide the carrier gas from a gas volume behind the target to the

inner volume of the TC, on the bottom of which the target can be mounted. A schematic

showing the gas flow around the target are depicted in schematic Fig. 3.4. Both plates

are kept together by two 3 mm screws. The entire target-holder has a diameter of 41 mm,

whereby the maximum distance between two gas outlets is 34 mm.

Fig. 3.4: Shematic of the target-holder in side- and isometric view. The target-holder consists
of two parts: (1) Back-plate and (2) Front-plate.)

The target-holder offers the possibility to clamp a cover foil over the target on the side facing

the inner volume of the chamber. This foil typically serves to suppress fission products of

the heavy mass peak. These fission products have a shorter residual range in matter than

those of the light mass peak. However, some fission products from the heavy mass branch

which have high kinetic energies and were produced with high cumulative yields, can usually

penetrate the cover foil and will not be completely stopped by the cover foil.

3.1.3 The modified target chamber for carbonyl experiments

For the carbonyl experiments, the target chamber usually used for experiments at the TRIGA

Mainz is modified, so that a second chamber, the so called reaction chamber (RC) could

be mounted on the exit of the original target chamber, which will be called thermalization

chamber (TC) within this thesis to avoid misunderstanding. The TC was made from titanium

with a depth of 32 mm and an diameter of 35 mm. A picture of the disassembled TC is shown

in Fig. 3.6(a), whereby Fig. 3.6(b) depicts the chamber in its assembled state.
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Fig. 3.5: Schematic of the modified thermalization chamber which is placed inside of beam-
port A. The thermalization chamber can be flushed with a carrier gas (nitrogen) and the
reactive gas can be introduced seperately into the reaction chamber, which can be mounted
on the former exit of the thermalization chamber.

The RC is usually mounted directly on the exit of the TC. The gas has to pass through a

small connection piece with a length and a diameter of 6 mm each, to reach the RC. During

the experiments, the dimensions of this connection piece could be changed by inserting a

small aperture, which increased the length of the connection to 8 mm, with an inner diameter

of 4 mm. The RC is made from titanium and has a diameter of 18 mm and a depth of 55 mm

and offers 3 ports. Two of these ports can be used as gas-inlets for the reactive gas or for

the connection of a pressure gauge to monitor the pressure inside the RC. On the gas-outlet

a pneumatic push-fit connector made out of Polytetrafluoroethylene (PTFE, from SERTO,

type FP3), could be mounted. This push-fit connector allows the direct connection of the

gas-outlet to a capillary with an inner diameter of 4 mm, which was made out of PTFE, to

guide the gas to the detection system.
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Fig. 3.6: (a): The modified target chamber consists of 7 main elements shown in its dissas-
semled state: (1) Aluminum shell of the chamber (2) Screw bracket of the aluminum shell
(3) Aluminum shells for the connection ports of the chamber (4) Back-plate of the target
chamber (5) Thermalization chamber (6) Reaction chamber (7) Connections for the gas
inlets of the reaction chamber (b) Target chamber in its assembled state.

3.1.4 The gas-transport and gas purification system (GPS) at the TRIGA
Mainz

For carbonyl experiments a simple gas flow system was implemented, which was directly

connected to the exhaust. Nitrogen with a purity of 99.999 vol.% was used as a carrier gas

and carbon monoxide with a purity of 99.997 vol.% was used as reactive gas. Notable impu-

rities include oxygen, nitrogen, argon (<25 ppm), hydrogen (1 ppm by volume) and water

(<3 ppm). Both gases were purified by using purification cartridges to remove unwanted

impurities whereby the applied processes are based on chemisorption and physisorption. The

reactive components and specifications of the cartridges are given in the appendix. For the

removal of moisture and oxygen, the following cartridges were used:

Moisture: Spectromol hydrosorb (SPECTRON INC, moisture content: <20 ppb) and MT

Series molecular sieve 13X and 4 moisture trap (Agilent, MT400-4, maximum moisture:

<14 ppb). Physisorption of moisture on Silica gel or SICAPENT (Phosphorpentoxide).

Oxygen: Spectromol oxisorb (SPECTRON INC, maximum oxygen: <5 ppb). Chemisorp-

tion of oxygen on the Silica gel with chromium oxide.

The gas flow was regulated by mass flow controllers (MKS Type 1179-B and GE-50-A) from

MKS instruments, whereby the mass flow readout was realized with two PR-4000B control

units from MKS instruments. A third PR-4000B was used for monitoring the pressure of
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both chambers with two 628F-Baratron capacitance manometers from MKS instruments. A

schematic of the experimental setup is depicted in Fig. 3.7.

Fig. 3.7: Simplified schematic of the experimental setup used for the experiments at the
TRIGA Mainz. The respective gases were introduced via the gas purification system (GPS).
Nitrogen and carbon monoxide could be fed into the TC, whereas the RC could only be flushed
with carbon monoxide. The pressure was monitored inside the GPS and both chambers. For
more details, see text.

For the tubing, PTFE was used, since it offers less diffusion of oxygen through the capillary

into the used gases than the usually used Polyethylene tubing. It should be mentioned that

the condition of the PTFE was tested every day before beam operation was started, due to

a rising brittleness of the material when it is exposed to the neutron field of the reactor. In

addition to the PTFE, stainless steel tubing was used for all non-flexible parts of the setup,

which includes all tubing leading into the beamport and out of the beamport. Only tubes with

an inner diameter of 4 mm were used, whereby the charcoal filters were connected to the

tubing with pneumatic fittings type QSM-6 from FESTO. A schematic of the these tools is

depicted in Fig. 3.8. These pneumatic quick connectors allowed a fast sampling procedure.
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Fig. 3.8: The pneumatic fitting type QSM-6 provides a leakproof sealing up to 14 bar. A
collet keeps the capillary in position by the help of small stainless steel teeth.

3.1.5 The modified gas-transport and gas purification system (GPS) for the
QMS measurements

In Fig. 3.9 a simplified scheme of the gas composition measurements utilizing a Quadrupole

Mass Spectrometer (QMS) is depicted. The system was used for two different series of

measurements: (a) Investigation of a possible back diffusion of carbon monoxide from the

reaction- into the thermalization chamber and (b) investigation if the carbonyl formation

is catalysed by an active species (impurity) within the used gases. For the former, the

experimental setup which was also used during the online measurements described in this

previous section (cf. Sec. 3.1.4) was replicated. The gas purification system was also

identical to that used in the previous measurements.

56



Fig. 3.9: Schematic of the experimental setup used for the mass spectrometry measurements.
The respective gases were either introduced: (a) via the gas purification system (GPS) used
during the experiments at TRIGA or (b) via a bypass, which either allowed the installation of
specific purification cartridges or any combination of them (b.1) or was directly connected
to the two-chamber system (b.2). The nitrogen gas was introduced into the thermalization
chamber (TC), wheras the carbon monoxide gas was connected to the reaction chamber
(RC). Samples could be extracted from either, the TC and the RC and were transported to the
quadroupole mass analyzer (QMS).

For the investigation of back diffusion, the nitrogen-line was connected to the thermalization

chamber, whereas the carbon monoxide was fed into the reaction chamber. A quadrupole

mass analyser type Microvision 2, LM105-00512010 from MKS instruments was connected

to the exit of both chambers, whereby the flow was regulated by two needle valves to ensure

optimal sampling conditions for the QMS. During the back diffusion measurements, samples

were exclusively taken out of the thermalization chamber and the experimental conditions

from the online measurements were imitated. No transition piece was used in between TC

and RC.

3.1.6 Charcoal filter and detection system

Filters consisting of PTFE tubes with an inner diameter of 4 mm were used to adsorb

the volatile metal-carbonyl complexes. Each filter was made by filling a 8 cm long tube

with ≈ 250 mg activated charcoal from MERCK (Type: extra pure) with a particle size in

between of (20-40) mesh. On both sides of the charcoal, quartz wool plugs were added,
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to keep the charcoal in position. For the measurements performed in high-flow regimes

(>1000 mL min−1 total flow-rate) a blocker was added to prevent the charcoal from being

blown through. The blocker was made out of a PTFE tube with an outer diameter of 4 mm

and an inner diameter of 2 mm and was just added at each side. A schematic of the used

charcoal filters is shown in Fig. 3.10.

Fig. 3.10: Schematic of the used charcoal filters, plugged into two push-in fittings from
FESTO. The filters could be used up to flow-rates of 1500 mL min−1.

For all measurements performed at the TRIGA Mainz, a germanium detector type EG&G

Ortec GEM-50195 S with an efficiency of 55 % was used. The corresponding γ spectra

were analysed with the computer program GENIE 2000, whereby the respective γ lines were

identified by their γ energies listed in [155]. The identification of the primary- and secondary

fission products was realized in conjunction with the computer program [156], based on the

ENDF-349 database published from England et al. [157].

3.2 The JAEA tandem Accelerator facility

The tandem accelerator at JAEA Tokai was established in 1982 and was built up by National

Electrostatic Corp. (NEC, Wisconsin, USA). The model 20 UR Pelletron accelerator was

commissioned at a terminal voltage of up to 18 MV with both, continuous and pulsed beams

for heavy ion experiments. The electrostatic accelerator is installed in vertical configuration

inside a tank filled with 5.5 bar SF6 insulating gas. The accelerator column including the

high voltage terminal is 16 m high and is placed inside of a high pressure vessel of 8.2 m in

diameter and 26 m in height. [158]. A pellet chain, which is made out of short conductive

tubes connected by links made of insulating material, is used to deliver charge to the terminal

in order to generate high voltage [159]. The injection energy for negative ions is in between

of 50 keV up to 350 keV. The tandem accelerator is a type of electrostatic accelerator[160],

where negative ions are produced at ground potential and will pass a mass analyzing magnet.

The ions then will be accelerated to a high-voltage positive terminal. Inside the terminal,

the fast moving negative ions are stripped of electrons by a thin carbon foil, and switch into

a positive charge state. The stripped positive ions are bent back by a 180 degree bending
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and charge analyzing magnet. After passing the magnet, the ions then receive an additional

acceleration from the terminal to the ground potential. Thus, the ions receive two stages of

acceleration as shown in Fig. 3.11. The maximum beam current available is in the order of

several particle microamperes (pµA, e.g.: Hydrogen: 3 pµA) [161].

Fig. 3.11: Simplified schematic of the tandem accelerator facility. Ions will be produced by a
pellet chain and will be accelerated in two stages. First, in the form of negative ions up to
the high voltage terminal and after electron stripping, downwards as positively charged ions.
Figure taken and adapted from Ref. [161]

The JAEA tandem facility comprises a total of ten different beamlines and a linear accelerator

(LINAC) Booster. The accelerator can provide ion beams from hydrogen to bismuth with

different beam intensities and energies. The different beamlines are distributed among five

research rooms as shown in figure Fig. 3.12. The superconducting booster can provide and

additional step of ion acceleration, in order to provide access to nuclear reactions between

any combination of projectile ions and target elements up to a mass number of about 200

amu [161]. The beam size of the accelerator is rather small with a diameter of 1 mm only.

The experiments described in this thesis were conducted at the R-2 beamline.
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Fig. 3.12: Schematic of the JAEA tandem reasearch facility. The tandem accelerator provides
ion beams ten beam lines, distributed among 5 different reasearch rooms. The JAEA tandem
accelerator also includes a LINAC booster, which can be used as an additional "third"
acceleration step for heavy ions. Figure was adapted from [161].

3.2.1 The target chamber of the JAEA tandem accelerator

For the experiments performed at the JAEA tandem accelerator a newly designed combined

chamber system (TC + RC) was used. The new design was based on insights gained from

the experiments with the TC of the TRIGA Mainz described in Sec. 3.1.1.

For the experiments a newly designed double-chamber setup was developed, which is

depicted in Fig. 3.13. The TC and RC are built as one single module to fit into the beamline

of the tandem accelerator. The entire module is made from stainless steel, coated with a

thin teflon layer. At the entrance of the chamber, a metal foil (window) can be mounted.

Behind the target the TC offers a gas volume with a diameter of 30 mm and a depth of 25 mm,

whereas the RC had a diameter of 30 mm and a depth of 78 mm (volume: 55.1 cm3). The TC

has one gas-inlet, which is mounted perpendicularly to the beam axis, for the introduction of

the carrier gas. The reaction chamber is attached to the exit of the TC and offers a total of

four gas-inlets for the introduction of the reactive gas and one gas-outlet usually connected

to the capillary which is guiding the gas towards the chemistry laboratory. A schematic of

both chambers is shown in Fig. 3.13

In the design of this chamber a novel nozzle-system is implemented. This novel nozzle-

system allows the collection of the non-volatile fusion products directly at the conical

tapering by the carbon monoxide gas stream. The connection piece resembled a nozzle that
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Fig. 3.13: Isometric view of the thermalization- (TC) and the reaction chamber (RC). The
TC is mounted perpendicularly to the beam axis and flushed with the carrier gas (He/Ar
in a mixture of 9:1, shown as blue dots). The gas is guided into a conically-shaped nozzle.
Carbon monoxide was introduced through gas inlets inside the nozzle directly behind the
tapering (shown as orange dots). Additional carbon monoxide was introduced to the RC
over two further inlets in the middle of the chamber.

converges conically on both sides to avoid diffusion related wall collisions inside the narrow

connection. A detailed view on the gas-stream and the newly designed nozzle-connection is

depicted in Fig. 3.14.
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Fig. 3.14: Isometric view of the thermalization- (TC) and the reaction chamber (RC) in
conjunction with the newly designed nozzle connecting the two chambers. The gas flow of
the reactive gas (CO) is shown in orange.

The nozzle has a length of 26 mm in total and converges conically on both sides. A direct

connection between the two chambers is established by a hole with a diameter of 3 mm in

the center of the nozzle for the standard transition piece. In total, four different nozzles were

prepared for the experiment, covering hole sizes of 2 mm up to 5 mm. The reactive gas can

be fed into a small volume next to the nozzle via the SWAGELOK connection. This small

volume is directly connected to the inner volume of the RC, but also directs a certain fraction

of the reactive gas into the nozzle. The nozzle offers six drilled holes which are arranged in a

circle around the central connection hole to feed the gas directly behind the tapering into the

reaction chamber.

When designing the nozzle, it was taken into account that the narrowest point should

be as short as possible to reduce losses caused by lateral diffusion. The conical shape of

the nozzle should suppress back diffusion of carbon monoxide from the RC into the TC. In

addition, the carbon monoxide reactive gas should be introduced as close as possible to the

tapering to increase the chance of carbonyl complex formation.
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3.2.2 The gas-transport and gas purification system (GPS) at the JAEA
tandem accelerator

For the experiments at the JAEA tandem accelerator a similar open gas system as described

in Sec. 3.1.6 was used. Only gases of high purity were used during the experiment. There-

fore, helium and argon with a purity of 99.999 vol.% were used as carrier gases in addition

to the carbon monoxide reactive gas with a purity of 99.997 vol.%. Similar to the exper-

iments at the TRIGA Mainz, a GPS was used to reduce unwanted impurities including

oxygen (<3 ppm) and moisture (<3 ppm). Additional notable impurities are: hydrocarbons

(<0.2 ppm), nitrogen (<5 ppm) and hydrogen (<1 ppm). The GPS was improved compared

to the previous TRIGA experiments, whereby again gas purification cartridges were used

to remove unwanted impurities. The existing GPS was modified by adding Big Oxygen

Traps (BOT Series), which are extra large gas purifiers (750 cm3 Big Traps), ideal for bulk

purification applications and for open gas systems, due to their enlarged active volume for the

adsorption of impurities in a single pass through. The reactive components and specifications

of the cartridges are given in the appendix. For the removal of moisture and oxygen, the

following cartridges were used:

Moisture: Spectromol hydrosorb (SPECTRON INC, moisture content: <20 ppb) and MT Se-

ries molecular sieve 13X, 4 moisture trap (Agilent, MT400-4, maximum moisture: <14 ppb)

and Big Moisture Trap (Agilent, BMT-4, maximum moisture: <20 ppb). Physisorption of

moisture on Silica gel or SICAPENT (Phosphorpentoxide).

Oxygen: Spectromol oxisorb (SPECTRON INC, maximum oxygen: <5 ppb) and Big Oxy-

gen Trap (Agilent, BOT-4, maximum oxygen: <5 ppb). Chemisorption of oxygen on the

Silica gel with chromium oxide.

During the experiments, the mass flow readout was realized with a 946-vacuum system

controller from MKS instruments and one PR-4000B control unit from MKS instruments.

The pressure inside the chambers was monitored with a digital manometer (Yokogawa, type

2654) at the carrier gas inlet, whereas the pressure inside the GPS was monitored with

a 628F-Baratron capacity manometer (MKS instruments). A simplified schematic of the

experimental setup is depicted in Fig. 3.15.
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Fig. 3.15: Simplified schematic of the experimental setup used for the experiments at the
JAEA tandem accelerator. The respective gases were introduced via the gas purification
systems (GPS-Reactive gas, GPS-Carrier gases). A mixture of helium and argon was used as
carrier gas, whereas carbon monoxide remains the reactive gas. The pressure was monitored
inside the gas system and both chambers. For more details, see text.

Tubes made out of stainless steel with an inner diameter of 4 mm were used for the GPS. The

gas-inlets were connected with short PTFE tubes (<10 cm) with an inner diameter of 4 mm

to add more flexibility to the system, needed for dismounting the chamber. The gas-outlet

was connected to a 30 m long PTFE tube, also with an inner diameter of 4 mm, which was

connected to the chemistry laboratory.

3.2.3 Charcoal filter and detection system

The preparation of the charcoal filters was identical to that for the previously described

TRIGA experiments (cf. Sec. 3.1.6). For the γ-spectrometry a HPGE-detector (Ortec, GMX

type) was used to assess γ emitting nuclides. The corresponding γ spectra were analysed

with the computer program GENIE 2000, whereby the respective γ lines were identified by

their γ energies listed in [155].
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Part I: Analytical studies of 4d
transition metal carbonyl complexes at

the research reactor TRIGA Mainz 4
4.1 Experimental parameters

The synthesis of 4d transition metal carbonyl complexes within the two-chamber approach

was investigated using short-lived fission products produced via 235U(n,f) at the research reac-

tor TRIGA Mainz [148] and via 248Cm(sf). A schematic of the setup is shown in Fig. 3.7. A

cut-out of the chart of nuclides showing the isotopes relevant to this work is shown in Fig. 4.1.

Fig. 4.1: Cut-out of the chart of nuclides, including their half-lives and independent-, as well
as cumulative yields in the neutron induced fission reaction of 235U. Data is taken from the
ENDF/B-VI fission library.

The TRIGA was operated in continuous operation mode, providing a thermal neutron flux of

9.8 · 1010 neutrons/cm2s. The thermalization chamber (TC) was equipped with a 235U-target

or a 248Cm-source and was flushed with inert gas. The 235U-target was made by molecular

plating [153, 154], containing 1100 µg 235U segregated over a spot of 15 mm in diameter,

corresponding to an areal density of 625 µg/cm2. The 235U-target was covered with a 10 µm

aluminum foil to suppress fission products of the heavy mass branch, which have a shorter

residual range in matter than those of the light mass peak. Still, some fission products

from the heavy mass branch which had high kinetic energies and were produced with high

cumulative yields (e.g., 138I, 131Te and 134Te), could be identified in the corresponding γ

spectra and were not completely removed by the aluminum foil, cf. Fig. 4.3 and Fig. 4.4.

The 248Cm-source was also deposited by molecular plating over a spot of 6 mm in diameter,
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containing a total activity of 1 kBq, corresponding to an areal density of 389 µg/cm2. The
248Cm was used as a spontaneous fission source, owing to its fission branch of 8.4 %.

The performed measurement series are summarized in Tab. 4.1. The procedure for feeding

the gases into their respective chambers was identical for all measurements as follows: after

evacuating both chambers, N2 was fed into the TC to establish the pressure needed for the

next measurement. After this pressure was reached, CO was added into the system (into

the RC for εTot or TC for εRef) and the needle valves in front of the pumping system were

adjusted to increase the pumping capacity as needed to maintain this pressure. The effect of

back-diffusion of carbon monoxide from the RC into the TC was investigated in preceding

offline studies, where the setup was connected to a quadrupole mass analyser (Microvi-

sion 2, MKS instruments). Note that the masses of CO and N2 are identical. However,

CO-decomposition inside the QMS leads to a signal rise on masses 12 and 16. This was

sensitive to the presence of 1% or more CO in pure N2. No signal increase was observed,

though, which allows placing an upper limit of 1% for the CO-content in the N2 inside the TC.

Fig. 4.2: Shematic of all measurement positions were samples could be taken. For details
see text.

The original thermalization chamber of the TRIGA Mainz, which had a depth of 32 mm

and an diameter of 35 mm, had been modified to allow the reaction chamber to be mounted

directly onto its exit. Gas, which was fed into the TC, had to pass through a small transition

piece with a length of 6 mm and a diameter of 4 mm to reach the RC. The RC itself had

a diameter of 18 mm and a depth of 55 mm. Samples could be taken at three different

66



positions shown in Fig. 4.2. The direct catch measurement, taken at position (a), was used as

a reference for the calculation of absolute yields, whereas the flush-out measurement, taken

at position (b) allowed determining the fraction of radioisotopes that reached the reaction

chamber (εFlush). Samples taken at position (c) were used to determine the overall efficiency

εTot. From this, the combined efficiency εChem for carbonyl formation in the reaction chamber

and for transport to filter (c) could be determined via:

ε
(a→ c)
Tot = ε

(a→ b)
Flush · ε

(b→ c)
Chem (4.1)

The flush-out efficiency can be considered to be a two step process: first, the fission products

thermalize in the bulk gas, and second, they enter the reaction chamber. The efficiency of

the second step is reduced due to diffusion to the wall of the connection between the two

chambers:

ε
(a→ b)
Flush = εStop · εDiff (4.2)

Due to the different geometries of the used filters for the εTot and the direct catch measure-

ments, an individual detection efficiency calibration was performed, using an aliquot of a

γ standard containing the following isotopes listed by the energy of their γ lines: 241Am,
109Cd, 57Co, 139Ce, 203Hg, 113Sn, 85Sr, 137Cs, 88Y and 60Co (QCY48, Amersham, UK). The

difference in geometric efficiency of the two geometries was a factor of 1.4, and we estimate

the uncertainty to be less than 3%.
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Tab. 4.1: Overview of the performed parameter studies, listing measurement sequence and
gas flow rates of N2 and/or CO entering the thermalization chamber (TC) and reaction
chamber (RC), respectively. All given positions refer to Fig. 4.2.

Measurement N2 in TC CO in TC
sequence (mL min−1) (mL min−1)

ppC
(Ref) I-III



250 250
Reference: Pos.:(c) 250 500

500 250
500 500
1000 500
500 1000
N2 in TC CO in RC
(mL min−1) (mL min−1)

ppC
(Tot) I-III



250 250
Overall: Pos.:(c) 250 500

500 250
500 500
1000 500
500 1000
N2 in TC N2 in RC
(mL min−1) (mL min−1)

ppC
(Flush) I-X



250 250
Flush outa: Pos.:(b) 250 500

500 250
500 500
1000 500
500 1000

The reference- and the overall measurement sequence comprises three different series, where the pressure inside the TC and
RC, ppC was changed from Series I:(1000 mbar) over Series II:(1200 mbar) to Series III(1500 mbar). The Flush out

measurement sequence was expanded to a total of 10 measurement series to cover pressures within (800-1500) mbar.
a Measurement series were taken at the following pressures in mbar in ascending order (I-X): 500, 600, 700, 800, 900, 1000,

1200, 1300, 1400, 1500. The measurement series was repeated for the 4 mm diameter transition piece.

4.1.1 Direct catch measurements

The 235U-target was mounted in the TC. This was then irradiated with a thermal neutron flux

of 9.8 · 1010 neutrons/cm2s from the TRIGA Mainz. The TC was flushed with 500 mL/min

N2. The pumping capacity was adjusted to maintain a pressure of 1000 mbar in the TC. A

10 -µm thick aluminum foil was mounted, covering the target. At a distance of ∼3 mm a

4 -mm thick teflon disc was mounted to catch recoiling fission products. The target was

irradiated for 10 min for the direct catch measurements. After end of irradiation, the target

chamber was dismounted and the teflon disc retrieved and placed in front of a HPGE detector.

Counting started 47 min after the end of irradiation and lasted for 30 min. The decaying

isotopes were identified by their respective γ lines. The corresponding γ spectrum is shown

in Fig. 4.3 (a). The γ lines of several d element isotopes could be identified, with the lines of
101Mo, 101Tc and 104Tc being the most intense ones.
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Fig. 4.3: (a) γ-ray spectrum observed for the direct catch measurement with a teflon disc
using the Al-covered 235U-target. Counting started 47 min after the end of irradiation and
lasted for 30 min. This spectrum was used as a reference measurement for the calculation
of absolute yields, referring to the amount of 101Tc entering the TC. (b) γ-ray spectrum for
the direct catch measurement using the non-covered 248Cm-source. Counting started 5 min
after the sample collection ended and lasted for 90 min. Both measurements were performed
under similar conditions with 500 mL/min of nitrogen flow and pC= 1000 mbar.

Similar direct catch measurements were performed, when the thermalization chamber was

equipped with the 248Cm-source. With regard to the nitrogen flow rate, pC and the used

teflon disc, the same specifications were used as for the previous measurements with the
235U-target. Due to the low fission branch, each direct catch sample was collected for 90

minutes, followed by a 5 min break and 90 min of measurement in front of the Ge-Detector,

where the respective γ lines of the decaying isotopes were identified. One direct catch

measurement is depicted in Fig. 4.3 (b).

4.1.2 Measurement of reference yield εRef in a one-chamber approach

The TC with the mounted 235U-target was placed in the same beam port as used for the

direct catch measurements. Initial experiments were conducted to verify that no transport of

non-volatile elements attached to aerosol particles was present and disturbed the experiment

series. For this, 1000 mL/min of nitrogen was fed into the TC, and no additional gas was fed

into the RC. The pressure was 1000 mbar. A charcoal filter mounted in pos. (c) was counted

by a Ge detector.
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For studies of carbonyl complex formation, the TC was continuously flushed with a gas mix-

ture of nitrogen and carbon monoxide as shown in the ppC
(Ref) I-III reference measurement

sequence in Tab. 4.1. Each measurement sequence consisted of three different measurement

series ((1000/1200/1500) mbar), each consisting of six individual measurements representing

the different gas mixtures, cf. Tab. 4.1. Volatile fission products and the fission products

forming volatile carbonyl complexes were transported with the gas stream through a capillary

until they were trapped on a charcoal filter in position (c) of Fig. 4.2 and the γ lines of the

decaying isotopes were identified. Each sample was collected for 10 minutes, followed by a

5 minute break and then measured for 10 minutes.

4.1.3 Measurements of the flush-out efficiency εFlush

The 248Cm-source was mounted in the TC. This was continuously flushed with pure nitrogen

as shown in the ppC
(Flush) I-X measurement sequence in Tab. 4.1. The non-volatile fission

products were collected with a quartz fibre filter at the entrance of the reaction chamber

(position (b) in Fig. 4.2). Each sample was collected for 90 minutes, followed by a 5 min

break and was then measured for 90 min in front of the Ge-Detector, where γ lines of the

decaying isotopes were identified. The γ spectrum of one sample is depicted in Fig. 4.4. In

measurements with charcoal filters installed at sample position (c) (cf. Fig. 4.2), using a

shortened capillary behind the RC (3 cm long instead of 12 m), no efficient transport could

be observed.

Fig. 4.4: γ-ray spectrum of 248Cm fission products of the ppC(Flush) I-X measurement
sequence transported in 500 mL/min N2 fed into the TC and 500 mL/min N2 fed into the RC,
collected on a quartz fibre filter at pC= 1000 mbar. The sample was measured 5 min after
90 min of collection.
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4.1.4 Measurements of the total efficiency εTot

With a similar experimental setup as for the measurements of (εRef), the TC with the mounted
235U-target was flushed with pure nitrogen. Carbon monoxide was added into the RC as

shown in the ppC
(Tot) I-III measurement sequence in Tab. 4.1. Fission products were flushed

by the gas flow into the RC, where the appropriate transition metals converted into carbonyl

complexes. All volatile products were transported with the gas stream through a 15 -m long

teflon capillary with an inner diameter of 4 mm to a charcoal filter placed in front of a HPGe

detector and the γ lines of the decaying isotopes were identified. Each sample was collected

for 10 minutes, followed by a 5 minute break and then measured for 10 minutes. Absolute

yields were calculated using as a reference the direct catch measurement (cf. Sect. 2.2)

which was performed with the same time sequence. To allow for such a direct comparison,

five charcoal filters in position (c) were also measured 47 minutes after irradiation for 30 min

in addition to their usual measurement sequence (i.e., 10 min. irradiation - 5 min. cooling -

10 min. measurement - 32 min. cooling - 30 min. measurement). Absolute efficiencies of

the other samples were calculated relative to the average of these five measurements.

Fig. 4.5: γ-ray spectrum of fission products of the ppC(Tot) I-III measurement sequence
transported in 500 mL min−1 nitrogen and 500 mL min−1 carbon monoxide, collected on a
charcoal filter at pC= 1000 mbar. The charcoal filters were measured 5 min after the end of
irradiation.

In the late measurements starting 47 min after the end of irradiation, the γ lines of several

d elements were identified, with the lines of 101Mo (T1/2 = 14.6 min) and 101Tc (T1/2 =

14.2 min) being the most intense ones. Only volatile elements or elements capable of forming

volatile carbonyl complexes were expected to reach the charcoal filter in position (c). The

lines of 139Ba as β -decaying granddaughter of 139I, as well as 84Se, which forms the volatile

CO2-equivalent molecule COSe [162], were observed in addition to those of 101Mo and its

daughter 101Tc. Due to the relatively long time between the end of irradiation and the start

of the measurement, 101Mo was already substantially decayed and was not suitable for the

calculation of absolute yields since only ≃ 10 % of the initial amount of 101Mo remained

47 min after irradiation. For this reason, its β -decay daughter 101Tc was chosen for the
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calculation of absolute yields. This shows intense gamma lines [Iγ(306 keV): 89% and

Iγ(545 keV): 6% [156]]. The independent fission yield of 101Tc for the 235U(n,f) reaction is

low (< 2.0 ·10−4 %)[163], whereas the primary fission product in the A=101 isobar is the

short-lived 101Nb (T1/2 = 7.1 s), which does not form volatile carbonyl complexes [27]. The

corresponding β -decay daughter 101Mo, however is known to form Mo(CO)6, see, e.g.,[27].

Therefore, we assume that 101Tc originates almost exclusively from the β decay of 101Mo.

Whereas also Tc is known to form volatile carbonyl species, the efficiency of forming these

was reported to be significantly lower than for group 6 elements [164].

The main goal of these studies is the determination of the four efficiencies, εRef, εStop,

εDiff and εTot in the two-chamber approach. Initially, the absence of any aerosol-based trans-

port of non-volatile elements was confirmed. In experiments with pure nitrogen transport,

only γ lines of 137−139Xe and their daughters and 89−92Kr and their daughters were registered

at position (c).

4.1.5 Measurements to investigate gas purification and CO back diffusion

For this experimental series the pressure was kept in the range of (500-1500) mbar. The

flow-rates were adjusted in the range of (250-1000) mL min−1 for each of the applied gases,

which added to a total flow-rate of (500-1500) mL min−1 in the system. The QMS took

samples with a flow rate of 0.05 mbar L s−1 with a pressure of around 0.04 mbar. Each

sample was measured for 30 min and the information was evaluated with the program Process

Eye Professional. After taking a sample from one of the chambers, the whole system could

be evacuated with the help of a membrane pump, which was connected to both chambers.

The evacuation of the system was monitored with a third pressure gauge connected to the

connection in the pump-line. The system was evacuated for 5 min before new gas was

reintroduced into the system. During all measurements, nitrogen was added into the TC

first, to establish the pressure needed for the next measurement. After the given pressure

was reached, CO was added into the RC and the needle valves in front of the pumping

system were adjusted to maintain the given pressure by increasing the pumping capacity.

The corresponding measurement sequences are summarized in Tab. 4.2.

For its second purpose, the experimental setup provided the possibility to bypass the entire gas

purification system or to install a single purification cartridge of interest or any combination

of them separately. The connection to the QMS itself remained unchanged, which allowed

an identical sampling process to the back diffusion measurements. For the cartridge test,

the samples were exclusively taken out of the RC, whereby both gases were fed into the

chambers with a flow rate of (250-500) mL min−1 each. pC was kept at 1000 mbar for all

measurements. A detailed overview over the specific combination of cartridges is shown in

Tab. 4.3 and Tab. 4.4.
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Tab. 4.2: Overview of the measurement sequences performed during the back diffusion
tests. The carbon monoxide fraction in the gas mixture was gradually increased during the
BDiffCO measurement sequence, whereas the N2 to CO ratio was kept at 1:1 during BDiffTF,
GPur1 and GPur2. In the sequence BDiffPC the N2 to CO ratio was changed in the ratio of
1:2/1:1/2:1.

Measurement Total flow rate pC Nitrogen Carbon monoxide
sequence (N2 + CO) flow rate flow rate

/ mL min−1 / mbar / mL min−1 / mL min−1

BDiffCO 1500 1000 1500⇒ 500 0⇒ 1000
BDiffTF 500⇒ 1500 1000 250⇒ 750 250⇒ 750
BDiffPC 1000 500⇒ 1500 333⇒ 666 666⇒ 333
GPur1 500⇒ 1000 1000 250⇒ 500 250⇒ 500
GPur2 1000 1000 500 500

Tab. 4.3: Detailed overview of the measurement sequences performed during the gas pu-
rification tests GPur1. Cartridges included into the purification system are marked with ✓,
whereas cartridges which were excluded from the system are marked with ✗. The influence
of the following cartridges was investigated: Sicapent (S), Hydrosorb (M) and Oxisorb (O)

Measurement Nitrogen Carbon monoxide Nitrogen Carbon monoxide
sequence purification purification flow rate flow rate

/ mL min−1 / mL min−1

1 S:✓ M:✓ O:✓ S:✓ M:✓ O:✓ 250 250
2 S:✓ M:✓ O:✓ S:✗ M:✓ O:✓ 250 250
3 S:✓ M:✓ O:✓ S:✗ M:✗ O:✓ 250 250
4 S:✓ M:✓ O:✓ S:✓ M:✓ O:✗ 250 250
5 S:✓ M:✓ O:✓ S:✗ M:✗ O:✗ 250 250
6 S:✓ M:✓ O:✓ S:✓ M:✓ O:✓ 500 500
7 S:✓ M:✓ O:✓ S:✗ M:✓ O:✓ 500 500
8 S:✓ M:✓ O:✓ S:✗ M:✗ O:✓ 500 500
9 S:✓ M:✓ O:✓ S:✓ M:✓ O:✗ 500 500
10 S:✓ M:✓ O:✓ S:✗ M:✗ O:✗ 500 500
11 S:✓ M:✓ O:✓ S:✓ M:✓ O:✓ 500 500
12 S:✗ M:✓ O:✓ S:✓ M:✓ O:✓ 500 500
13 S:✗ M:✗ O:✓ S:✓ M:✓ O:✓ 500 500
14 S:✓ M:✓ O:✗ S:✓ M:✓ O:✓ 500 500
15 S:✗ M:✗ O:✗ S:✓ M:✓ O:✓ 500 500
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Tab. 4.4: Detailed overview of the measurement sequences performed during the gas pu-
rification tests GPur2. Cartridges included into the purification system are marked with ✓,
whereas cartridges which were excluded from the system are marked with ✗. The influence
of the following cartridges was investigated: Sicapent (S), Hydrosorb (M) and Oxisorb (O)

Measurement Nitrogen Carbon monoxide Nitrogen Carbon monoxide
sequence purification purification flow rate flow rate

/ mL min−1 / mL min−1

1 S:✓ M:✓ O:✓ S:✓ M:✓ O:✓ 500 500
2 S:✓ M:✓ O:✓ S:✗ M:✓ O:✓ 500 500
3 S:✓ M:✓ O:✓ S:✓ M:✗ O:✓ 500 500
4 S:✓ M:✓ O:✓ S:✗ M:✗ O:✓ 500 500
5 S:✓ M:✓ O:✓ S:✓ M:✓ O:✗ 500 500
6 S:✓ M:✓ O:✓ S:✗ M:✓ O:✗ 500 500
7 S:✓ M:✓ O:✓ S:✓ M:✗ O:✗ 500 500
8 S:✓ M:✓ O:✓ S:✗ M:✗ O:✗ 500 500

4.2 The reference efficiency εRef

In this section, the results for the reference efficiency εRef will be presented. As described

before, the 235U-target was mounted in the TC for these measurements. Both gases, N2

and CO were fed into the TC. The data presented in this section were collected during the

measurement sequences ppC
(Ref) I-III, which in total consists of 18 different data points. For

details see Tab. 4.1. εRef can be understood as the maximum efficiency for the two-chamber

approach, whereby chemistry- and transport losses are minimal.

4.2.1 Results

Experiments with simultaneous gas introduction of nitrogen and carbon monoxide into the

TC of the TRIGA Mainz were already performed by Even et al. and the dependency of the

carbonyl complex formation and transport efficiency on the carbon monoxide concentration

in the gas mixture was described in [21, 26]. In the present work, the dependency of the

carbonyl complex formation probability on the carbon monoxide concentration was also

measured and was found to be in good agreement, cf. Fig. 4.6, and Figure 9 in [26].
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Fig. 4.6: Measured εRef for 101Mo in a N2/CO gas mixture as a function of the carbon
monoxide partial pressure. The total gas flow rate was 1500 mL/min and pC was in the range
of (1000-1500) mbar. Absolute efficiencies were calculated by using the daughter nuclide
101Tc as an indicator for 101Mo. The different pressures inside the TC, ppC , are depicted by
different colours.

At high carbon monoxide concentrations (pCO: 1000 mbar) in the bulk gas, absolute refer-

ence yields of (67.3 ± 8.2) % were achieved. With decreasing carbon monoxide content, a

decreasing efficiency for the transport of volatile compounds was observed.

4.2.2 Discussion

The CO concentration influences the reaction probability directly, since in case of carbonyl

complexes, the corresponding transition metal has to repeatedly collide with carbon monox-

ide molecules to form a homoleptic carbonyl complex. In case of, e.g., molybdenum, at least

six collisions are required, before collisions with either the wall or any reactive impurity

(e.g., oxygen) occurs. The probability to form carbonyl complexes thus directly depends on

the partial pressure of carbon monoxide within the bulk gas. This explains why the chemical

yield increases with increasing carbon monoxide partial pressure [16, 37].

4.3 The flush-out efficiency εFlush

In this section, the results for the flush-out efficiency εFlush will be presented. As described

before, the 248Cm-source was mounted in the TC for this measurements. During these
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Fig. 4.7: Measured values for εFlush as function of the pressure pC. Total flow rate was 1 L
min−1.

measurements N2 was fed into both chambers. The data presented in this section was

collected during the measurement sequences ppC
(Flush) I-X, which in total consists of 60

different data points. For details see Tab. 4.1. εFlush describes the flush-out process for

non-volatile fission products from the TC into the RC.

4.3.1 Results

In Fig. 4.7, the flush out efficiency for 101Tc as a function of the pressure pC inside the

chamber is shown. In these measurements, εFlush reveals a dependence on the pressure of the

bulk gas in the TC. At low pressure (around 500 mbar) only (16.0 ± 3.1) % of 146Pr could

be transferred to the entrance of the reaction chamber. After increasing the pressure in the

thermalization chamber, higher yields of εFlush of up to (53.5 ± 6.9) % at pC=1400 mbar

could be achieved. The maximum value of εFlush is in the range of (55±5) %. The slope of

the curve flattens in the direction of εFlush = 60 %, which can be assumed to be the maximum

in εFlush for the given experimental setup.

4.3.2 Discussion

The transfer of fission products emerging from the 235U-target or the 248Cm-source into

the RC using inert gas is independent of volatile molecule formation. To ensure that such

processes do not influence our determination of εFlush, we used 146Pr, which does not form

volatile carbonyl complexes. First, the fission fragments have to be stopped inside the gas

volume behind the source. This occurs with a partial efficiency εStop ≲ 1, which is finite
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as a fraction of 146Pr may implant into the wall of the TC. In a second step, all fission

fragments stopped in the gas have to be transferred through the narrow connection between

both chambers. Any wall-contacts before a volatile compound is formed in the RC will lead

to a loss of the corresponding fission fragments, reducing this transfer efficiency to εDiff.

The thermalization efficiency εStop

To evaluate the εFlush, the γ spectrum depicted in Fig. 4.4 was evaluated relative to the direct

catch measurement shown in Fig. 4.3 (b). An uncovered 248Cm-source was used and the γ

lines of the non-volatile 146Pr (Ekin ≲ 74MeV) from the heavy mass branch were chosen

for the evaluation of εFlush. 146Pr (T1/2 = 24.15 min) can be easily detected in the γ spectra

(Iγ(453 keV): 48% [156]). Its precursors 146La (T1/2 = 10 s) and 146Ce (T1/2 = 13.5 min)

are the dominant primary fission products in the A=146 isobar. Neither is volatile, so no

losses are expected. Isotopes from the light mass branch, such as 101Mo and 101Tc were

not suitable for the analysis in the 248Cm-based measurements due to their undegraded high

initial kinetic energies of ≊ 107 MeV and their corresponding long projected stopping ranges

leading predominantly to implantation inside the TC.

The computer program TRIM [144] was used for the simulation of the range distribu-

tion of 101Mo from the 235U(n,f) and the 248Cm(sf) reactions and 146Pr from the 248Cm(sf)

reaction. For example, post-neutron emission kinetic energies (KEF) for the fission products

of the spontaneous fission source 248Cm were calculated [165] to be ≃ 96 MeV for 101MoCm

and ≃ 74 MeV for 146PrCm, respectively, which were reduced by interaction with half of the

target thickness, the Al degrader foil in case of 101Mo from the 235U(n,f) reaction, and the

gas inside the TC.
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Fig. 4.8: Simulations of the range of fission products, performed with SRIM2013 [144]. For
all simulations, 200 146Pr ions with an initial kinetic energy of 74 MeV were used, whereby
the effect of self-absorption in the 248Cm-source was taken into account. (a) The ions were
stopped in 800 mbar N2. (b) The ions were stopped in 100 mbar N2. (c) The ions were
stopped in 1200 mbar N2.

In the following step, the simulated ranges were compared to the dimensions of the TC

and the thermalization efficiency εStop was calculated based on a geometric model. The

spontaneous fission will distribute the fission products equally among all angles and therefore

the fission geometry could be considered to be spherical with a total surface of ASp as shown

in Fig. 4.9.
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Fig. 4.9: Schematic to illustrate the calculation of εStop. The target was considered to be a
point source and the chamber exit was described in spherical segments, whereas θ describes
the angle of emission where implantation started.

The radius of the fission geometry r, which was simulated with TRIM and refers to the

maximum range in the respective stopping medium, was then compared with the distance

to the nearby surface of the TC R. By emitting in larger angles of θ , the radius r could be

increased until thermalization into the surface could be excluded. Therefore, the percentage

of implanted fission products could be calculated by the fraction of the spherical surface AT z

with emission angles ≤ θ as given in Eq. 4.3:

AT z = 2πrh = π(R2 +h2) (4.3)

The distance h to the exit of the chamber could be calculated with the following equation

Eq. 4.4:

h = r(1− cos(90−θ)) (4.4)

In Tab. 4.5 an overview over the simulated ranges (sim. range (TRIM)) and their corre-

sponding εStop are given. The simulated ranges have been modified by a correction factor

for gaseous targets, due to a general overestimation of the stopping powers evaluated in

[166]. However, since the Work of Wittwer et al. is based on simulations with the previous

TRIM version (TRIM-2008), the ranges were corrected by a factor of 1.15 only, taking into

account the improvements towards TRIM-2010, which is also corresponding to the published

uncertainties by Ziegler et al. [144].

For the final calculation of εStop, the effective surface of the sphere AE f f for stopping

has to be calculated, since only particles emitted in forward direction, which are capable of
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leaving the source holder, could be stopped in the corresponding gas volume. Therefore, the

shape of the source holder ASH was taken into account, as this already limited the emission

angle of fission products as shown in Eq. 4.5 and Eq. 4.6:

AE f f = 50−ASH (4.5)

The εStop now refers to the fraction of particles entering the gas volume and which are

additionally emitted at angles > θ to avoid implantation at the surface of the chamber, which

can be described as shown in Eq. 4.6:

εStop =
(AE f f − (AT z−ASH ))

AE f f
(4.6)

In Tab. 4.5 the values for εStop been summarized in reference to their corresponding pC values

and their simulated ranges (sim. range) using TRIM2013 [144]. All simulated ranges are

corrected (cor. range) by the previously introduced correction factor, to compensate the

range underestimation of TRIM as described previously. No implantation is expected for pC

≥ 1100 mbar.

Tab. 4.5: Calculated values for εStop, based on their simulated ranges and pC.
pC si. range cor. range AT z εStop
/ mbar / mm / mm / % / %
800 21.2(3.2) 24.4(3.7) 31.3(4.7) 68.7(4.7)
900 18.9(2.8) 21.6(3.2) 20.9(3.1) 79.1(3.1)
1000 16.9(2.5) 19.5(2.9) 7.3(1.1) 94.7(1.1)
1100 15.3(2.3) 17.6(2.6) - 100
1200 14.0(2.1) 16.1(2.4) - 100
1300 13.2(2.0) 15.2(2.2) - 100
1400 12.2(1.8) 14.1(2.1) - 100
1500 11.4(1.7) 13.1(2.0) - 100

The simulations yielded the fractions of these isotopes thermalized inside the TC (Ils). Results

of the simulations are given in Tab. 4.6. Even if the kinematics of the chosen 146Pr still

differs from that of 101Mo from 235U(n,f)101Mo (Ekin ≲ 12MeV, after passing the aluminum

degrader), the flush-out behaviour for the non-volatile elements stopped in the gas volume

inside the TC is expected to be similar. The simulation results for the mean ranges for

the ions of interest produced in the 235U(n,f) reaction were typically within the range of

≤ 10 mm, with the closest wall of the TC about 16 mm away from the target. Therefore,

stopping losses were neglected in the case of the covered 235U-target.
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Tab. 4.6: Simulated stopping ranges for 146Pr and 101Mo produced by spontaneous fission of
248Cm (146PrCm, 101MoCm) and 101Mo produced by neutron induced fission of 235U (101MoU )
estimated using the TRIM software package. Post-neutron emission total kinetic energies
(KEF) are given, as well as the kinetic energies of the respective ions before entering the
stopping gas in the TC (KE(gas)), which includes losses caused by interaction with half of
the target thickness (and the 10 µm Al degrader in case of 101MoU ). In the last column, the
estimated fraction (Ils) of fission products stopped in the bulk gas is given.

Isotope KEF KE(gas) pC Stop. Range Ils
/MeV /MeV /mbar /mm /%

101MoU 96(5) ≲12(2) 800 - 1500 ≤10 100a(-)
146PrCm 74(4) ≲72(4) 800 24.4(4.4) 68.7(9.6)

900 21.6(3.9) 79.1(6.4)
1000 19.5(3.5) 92.7(2.2)
1100 17.6(3.2) 97.8(0.7)

1200 - 1500 <16.0 100a(-)
101MoCm 107(6) ≲104(6) 800 27.1(5.3) 60.4(12.0)

900 25.5(5.0) 63.6(11.1)
1000 22.9(4.5) 70.2(8.8)
1100 20.8(3.7) 79.2(6.4)
1200 18.9(3.4) 94.7(1.6)
1300 17.3(3.1) 98.2(0.6)

1400 - 1500 <16.0 100a(-)
a The simulated ranges are shorter than the distance to the closest wall. Therefore, no losses caused by implantation are

expected.

The transfer efficiency εDiff

To estimate the losses caused by the lateral diffusion of the non-volatile fission fragments

during the flush-out process, a Monte Carlo simulation based on the method developed

by Zvara [130] was used. The 6 -mm long connection piece between the thermalization-

and the reaction chamber had an inner diameter of 4 mm and was considered as a chro-

matography column, collisions with which will lead to a loss of the corresponding atom

due to the strong interaction leading to irreversible adsorption. The simulation also takes

into account diffusion, which depends on pC and the gas flow rate. The experimental con-

ditions present in the connection piece suggest that transfer occurs in the laminar flow regime.

Both, the stopping power of a gas and the diffusion-related movement are pressure-dependent

processes. The stopping power of a gas is described by the Bethe-Forumula [167]. For

non-relativistic ions it is directly proportional to 1/v2 and the density of the stopping gas

(electron density). The diffusion is based on a statistical movement which is described within

the kinetic gas theory and depends on other parameters, including the molecular volumes of

the specific gases, which are pressure dependent [168]. The influence of the pressure on both
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Fig. 4.10: Transfer- and stopping efficiency from the TC to the RC of 101Tc produced by
spontaneous fission from a 248Cm source as a function of pC. The stopping efficiency (red
circles) was simulated with the computer program TRIM and the transfer efficiency (squares),
at a flow rate of 0.5 L/min and 1.0 l/min, was calculated based on the MCS introduced in
chapter 3.2.2.. The lines are intended to guide the readers eyes.

processes is shown in Fig. 4.10.

Additional measurements were performed after changing the geometry from the transition in

between both chambers after introducing a small aperture. Hereby, the length of the transition

got extended from 6 mm to 8 mm, whereby the diameter of the transition got reduced from

6 mm to 4 mm. By this change, the influence of the length of the connection on εFlush could

be investigated. Details on the introduced aperture are shown in Fig. 4.11.

82



Fig. 4.11: Schematic of the transition piece used in between TC and RC. In addition, the
dimensions are given to visualize the change in geometry be introducing this aperture. In
the final assemly, the transition piece is mounted directly on the TC and the protrusion is
inserted into the into the outlet of the TC.

In Fig. 4.12 the direct comparison of εDiff of both tested geometries is depicted. In the results

of the MCS, the negative influence of the longer connection between both chambers leads

to a reduction in εDiff of ≊ 20% over the investigated pressure regime. The influence of

the shape of the connection could not be simulated within the MCS and were therefore not

considered.
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Fig. 4.12: Comparision of εDiff simulated with the MCS approach provided by Zvara et al.
[37] for different lengths of the transition piece.

Theoretical modeling the flush-out efficiency εFlush

Based on the fraction of fission fragments stopped inside the gas volume (cf. Sec. 4.3.2 The

thermalization efficiency εStop) and the corresponding diffusion losses (cf. Sec. 4.3.2 The

transfer efficiency εDiff), a theoretical value for εFlush was calculated. In Fig. 4.13 the theoret-

ical calculation (red line) is shown together with the experimental values (black symbols).

The good agreement supports the validity of our assumption that both finite thermalization

efficiency εStop as well as diffusion-related losses εDiff effect εFlush.
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Fig. 4.13: Comparison of the measured εFlush (black circles) with the theoretical predictions
(red line). For the calculated values, the respective diffusion- and implantation losses were
taken into account.

In order to aid clarity, only mean values of εFlush are depicted. The influence of the slightly

conical shape of the aperture was not considered within the simulation as shown in Fig. 4.11.

Additionally, the expected losses caused by implantation are assumed to be identical in both

theoretical predictions.
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Fig. 4.14: Comparison of the measured εFlush for the 6 mm (black circles) and the 8 mm (red
circles) transition, depicted together with their corresponding theoretical predictions (lines).
For the calculated values, the respective diffusion- and implantation losses were taken into
account.

4.4 The overall efficiency εTot

In this section, the results for the overall efficiency εTot will be presented. As described before,

the 235U-target was mounted in the TC for these measurements. During these measurements

N2 was fed into the TC, whereas CO was fed into the RC. The data presented in this section

were collected during the measurement sequences ppC
(Tot) I-III, which in total consists of

18 different data points. For details see Tab. 4.1. εTot describes the overall performance of

the two-chamber approach. εTot includes the flush-out of non-volatile fission products from

the TC into the RC, the formation of volatile carbonyl complexes, and finally the transport to

the detector. Therefore, εTot is the product of the partial efficiencies, as given in Eq. 4.1 and

Eq. 4.2. We employ the εFlush values from the theoretical modelling (red line in Fig. 4.13).

Tab. 4.7 lists the average values of all these measurements, including the partial efficiencies

εFlush and εChem. The εChem was deduced as given in Eq. 4.7:

εChem =
εTot(exp.)

εFlush(calc.)
(4.7)
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4.4.1 Results

An inspection of the dependence of εFlush, εChem and εTot on the parameters pC and pCO

reveals the following: (i) εFlush and also εChem increase with increasing pC and (ii) εFlush is

independent of pCO, which is natural as processes in the RC, into which CO is fed, are not

affecting εFlush; and (iii) εChem increases with increasing pCO. This is in line with results

obtained in the one-chamber approach within the present work (εRef vs. pCO showin in

Tab. 4.7) as well as documented in [21, 24–26, 164]. As both partial efficiencies εFlush and

εChem show identical trends, also their product, εTot, shows this trend. Fig. 4.15 shows that

εFlush increases with increasing pC and εChem, which is directly connected to the carbon

monoxide concentration in the TC. This explains why high overall efficiencies of (εTot=

49.5 ± 7.2) % could be achieved for the two-chamber approach with high carbon monoxide

partial pressures.
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Fig. 4.15: (a) Measured εTot for 101Mo in a N2/CO gas mixture as a function of the carbon
monoxide content and pC. (b): Same as (a), but shown as a function of the nitrogen content
and pC. The total gas flow rate was 750-1500 mL min−1 in both measurements, whereas the
nitrogen flow rate was kept constant at 500 mL min−1 in (a) and the carbon monoxide flow
rate was kept constant at 500 mL min−1 in (b). Absolute efficiencies were calculated by the
detection of the daughter nuclide 101Tc. In the absence of carbon monoxide, no 101Tc was
detected.
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4.4.2 Discussion

To assess the performance of the two-chamber approach, we first look at the behaviour of

εFlush. This partial efficiency only depends on the pC (which was established in the TC

purely with N2 for the measurements of εFlush and εTot, but by a mixture of N2 and CO for

the measurement of εRef), but naturally not on the composition of the gas in the RC. εFlush

increases with increasing pC. We ascribe this to increases in both, εStop as well as εDiff. The

increased stopping power of the bulk gas reduces the probability for implantation in the

surface of the chamber, since a larger fraction of the fission products is stopped in the centre

of the gas volume. In our case, the higher pressure leads to a reduced number of collisions

in the transition piece, connecting TC and RC, since the lateral diffusion is hindered, thus

reducing the losses on the wall in this process. An inspection of εChem reveals that also this

increases with increasing pressure, suggesting that higher pressure will also benefit the εTot,

which indeed is the case. The εChem depends on the composition of the gas in the chamber

where the complex formation takes place (the TC in the case of εRef measurements and the

RC in the case of εTot measurements). In agreement with literature data, the εChem increases

with increasing fraction of CO, cf. Fig. 4.15 (a), and reaches a value of 85(8)% for the

highest measured pC and pCO.

Let us first look at εTot for a gas composition of CO:N2 = 2:1. When comparing the

εTot obtained at conditions, where the gas composition shows the same CO and N2 ratio but

differs in doubling the flow rate of nitrogen fed into the TC, no influence of the higher N2

flow rate - known to lead to increase in εFlush - on εTot is seen. We ascribe this to the shorter

residence time in the RC at the higher total gas flow rate. Now, let us look at the trend of

εTot as a function of the N2-fraction in the RC, which reflects the N2 applied for the transfer

from TC to RC. This is expressed in the trend of εFlush, which is known to increase with

increasing pC. However, Fig. 4.15 (b) shows that εTot drops with increasing N2 fraction:

at 67 %, the εTot-values at all pressures are below the εTot values at 33 %. This indicates

the carbonyl complex formation step to be more relevant for a high εTot than the flush-out

process. The pressure dependence comes from the sensitivity of εStop on the pressure. The

high values of εTot, which substantiate the high values of εChem, also indicate the efficient

gas-phase synthesis of single transition-metal carbonyl complexes in a regime different from

that of a hot-atom scenario. Note that a potential back-diffusion of CO into the TC, leading

to a CO-content ≤1% could not explain the measured high yields, because at such low

CO-concentrations, metal carbonyl complex formation is inefficient (cf. Fig. 4.6).
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4.5 The investigation of CO back diffusion

In this section, the results for the back diffusion tests will be presented. As described in

Sec. 4.1.5, no source was mounted in the TC for these measurements. N2 was fed into the

TC, whereas CO were fed into the RC. The data presented in this section were collected

during the measurement sequences BDiffCO, BDiffTF, and BDiffPC. For details see Tab. 4.2.

This measurements were performed to exclude back diffusion of the reactive gas into the TC.

4.5.1 Results

During this first series of measurements, the influence of the CO flow rate on the back

diffusion of carbon monoxide from the RC into the TC was investigated. Therefore, an

identical experimental setup as described in Sec. 3.1 was used. By excluding back diffusion,

the formation of volatile carbonyl complexes in the TC could be excluded, which was

essential for later efficiency calculations. During these measurements the CO flow rate was

gradually increased from 0 mL min−1 up to 1000 mL min−1, whereas the total flow rate was

kept constant at 1500 mL min−1. The results of these measurement series are summarized in

Fig. 4.16.

Fig. 4.16: Composition of the gas mixture inside the TC analyzed with the QMS. The signals
of different masses are shown as a function of the carbon monoxide flow rate. The total flow
rate was 1500 mL min−1 and pC was kept constant at 1000 mbar.

Additional measurements were performed to investigate (a) the influence of the total flow

rate on the back diffusion and (b) to investigate the influence of pC and the ratio of the

gas mixture on the back diffusion. For the former, the gas mixture of N2 to CO was kept
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constant at a ratio of 1:1 and the total flow rate was gradually increased from 500 mL/min

to 1500 mL/min. The results of both measurement series are summarized in Fig. 4.17 and

Fig. 4.18.

Fig. 4.17: Composition of the gas mixture inside the TC analyzed with the QMS. The signals
of different masses are shown as a function of the total flow rate (N2 + CO). The gas mixture
of N2 to CO was kept at a ratio of 1:1 and pC was kept constant at 1000 mbar.

Besides changes in the gas composition (N2:CO, 2:1, 1:1, 1:2), the total chamber pressure

pC was increased from 500 mbar to 1500 mbar. The masses are shown on the left of each

measurement series.
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Fig. 4.18: Composition of the gas mixture inside the TC analyzed with the QMS. The signals
of different masses are shown as a function of pC. The gas composition of N2 to CO and pC

were gradually changed. The total flow rate was kept constant at 1000 mL min−1.

It should be noted that the masses of CO and N2 are identical. However, when CO-

decomposes inside the QMS an increase in the masses 12 and 16 is expected, which could

not be observed during these measurements. The QMS used during the experiments was

sensitive to the presence of 1% or more CO in pure N2. During all performed measurement

sequences, no significant increase in the masses of 12 and 16 could be observed, which

allows to place an upper limit of 1% CO-content in the N2 inside the TC. Only during the

measurement sequence BDiffPC at a gas composition ratio of CO to N2 2:1 at high pC =

1500 mbar a small increase in the mass of 12 (carbon) could be observed <1 % compared

to the mass of 14 (nitrogen). It should be noted, that even without any addition of carbon

monoxide the background level of the signal mass 12 was in the order of 10−7 Pa.

4.5.2 Discussion

During the first part of the QMS measurements the influence of three different parameters on

a possible back diffusion of carbon monoxide from the RC into the TC were investigated. In

the first measurement sequence BDiffCO the carbon monoxide partial pressure was gradually

increased as (0/13/26/40/53/66) %. Despite the higher partial pressure of CO in the RC in

the later measurements, no significant increase in mass 12 could be ascertained during the

mass spectrometric investigation.
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In the second measurement sequence BDiffTF the influence of the total flow rate on the

back diffusion was investigated, whereby a total flow rate of (500 - 1500) mL gas mixture

of N2 and CO in a 1:1 gas mixture was applied. Similarly to the previous measurement

sequence BDiffCO, no increase in mass 12 could be observed in these measurements either.

Accordingly, it can be assumed that neither an increased total flow rate nor an increase in

carbon monoxide partial pressure led to back diffusion of CO from the RC into the TC.

In the last measurement sequence BDiffPC the influence of the pressure inside the TC

pC on the back diffusion in combination with different gas mixtures was investigated. There-

fore, the overall pressure in the TC was gradually increased by closing the needle valves in

front of the membrane pump. It can be assumed that this directly increased the residence time

of one carbon monoxide molecule in the RC, which increases its chance for back diffusion.

Nonetheless, no significant increase in the signal of mass 12 could be observed. Even after

an additional increase in the partial pressure of CO (1:2/1:1/2:1), no significant increase

could be observed. Summarizing all measurements, no significant increase in the signal of

mass 12 (carbon) could be observed, which leads to the conclusion that back diffusion of

carbon monoxide within the given chamber design is unlikely.

4.6 The influence of the GPS on the gas purity

With a total of 23 different measurements during the measurement sequences GPur1(15)

and GPur2(8), the influence of the GPS and its containing cartridges on the gas purity

was examined. In addition, the influence of different cartridges on the quality of the gas

purification could be investigated. These measurements also attempted to investigate the

presence of oxygen for the formation of volatile transition metal complexes. Therefore,

different combinations were tested by the removal of specific cartridges from the original

GPS depicted in Fig. 3.9. Details on the different measurement sequences are given in

Tab. 4.3 and Tab. 4.4.

4.6.1 Results

During the measurements the signals for the masses 12(C), 14(N), 18(H2O), and 28(N2, CO)

usually fluctuated in the order of less than 10 %, (m(16): 2.05 · 10−5 Pa ± 11 %, m(32):

6.63 · 10−5 Pa ± 9 %). A similar trend applies to the masses 16(O) and 32(O2) for the

measurement sequences xi(i = 1-3, 6-8, 11-13). The blue and green dotted lines in Fig. 4.19

visualize the maximum values for these masses. By applying these lines it can be seen

that the signals increase for the measurements xi(i = 4-5, 9-10, 14-15) by a factor of ≤
1.25(≈25 %). Since the increase in the signals of the masses 16 and 32 follow similar trends

this behaviour of the corresponding signals can be attributed to an increased proportion of

oxygen in the gas mixture, although it should be noted that the increase in oxygen (m =

16) also refers to CO-decomposition. In Fig. 4.19 and Fig. 4.20 the results of the different

measurement sequences are summarized.
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Fig. 4.19: Composition of the gas mixture inside the TC analyzed with the QMS. The signals
of different masses are shown for different cartridge combinations as shown in Tab. 4.3.
Measurements were performed at pC = 1500 mbar with a total flow rate of 1000 mL min−1 of
a 1:1 N2 to CO gas mixture. The lines at masses 16 and 32 are intented to guide the readers
eyes.
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In Fig. 4.20 the εRef values as a function of different cartridge combinations are depicted

(measurement sequence: GPur2). Utilizing a different combination of cartridges for the

carbon monoxide purification results in a fluctuation of ≤8,% in εRef for any combination

including the oxisorb cartridge. By removing the oxisorb cartridge, as shown in the measure-

ments yi (i = 5-8), εRef shows a significant growth ≥ 15 %. This gap can be reproduced with

any combination of cartridges excluding the oxisorb cartridge and therefore the effect can

clearly be referred to the absence of oxisorb in the GPS.

Fig. 4.20: Measured εRef as a function of the cartridge combination of the GPS. Both gases
were fed into the TC with a flow rate of 500 mL min−1 each (deatails for parameters cf.
Tab. 4.2 and Tab. 4.4). Measurements were performed at pC = 1000 mbar. Carbon monoxide
of a purity of 2.0 (99 %) was used during this measurement sequence.

4.6.2 Discussion

The motivation for this measurement sequence were observations made during online mea-

surements described in Chapter 4. In these measurements it could be shown, that if the

respective gases were not purified by the GPS, but instead fed directly into the TC, εRef

and εTot increase by a factor ≤ 1.8. Similar observations were made by Even et al. during

carbonyl experiments utilizing carbon monoxide of purity 2.0 (99 %) and 3.7 (99.97 %) [39]

shown in Fig. 4.21.
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Fig. 4.21: The jet yields of 84Se transported in a N2/CO gas mixture normalized on a N2
KCl-cluster jet depending on the amount of CO in the gas stream. The total gas flow was kept
at 500 mL min−1. Two different CO gas bottles were used – 2.0 (99 %) and 3.7 (99.97 %)
purity. The spectra were measured 120 s after the pulse. The 407 keV γ-line was analysed
and normalized to the live time of the measurement and the reactor pulse. The graph is taken
from [39].

In the measurements (GPur1) shown in Fig. 4.19 only a barely noticeable increase in the

masses 16 and 32 during the measurements xi(i = 4-5, 9-10, 14-15) can be observed, which

can be referred to the absence of the oxisorb cartridge in the GPS. This observation agrees

well with the results of measurement sequence GPur2, where a significant increase in εRef

could be observed, when no oxisorb cartridge was included. The presence of already a small

amount of impurity (e.g.: oxygen, hydrogen) inside the chambers seems to increase the

formation of volatile transition metal species. Since the QMS measurements (cf. Fig. 4.19)

do not clearly show a significant increase in the masses of 16 and 32 the increased yield in

transported transition metals in Fig. 4.21 cannot clearly be attributed to the formation of

volatile compounds, e.g. the CO2 equivalent molecule COSe. However, given the fact that

the increase seems to be related to the removal of the oxisorb cartridge, whereby the increase

is especially noticeable, the formation of volatile oxides or mixed oxides is likely. This

observation agrees with the results of the measurement sequence GPur2) shown in Fig. 4.20.

The removal of oxisorb cartridge increases εRef significantly. This is a strong indication, that

a specific impurity (oxygen, moisture, non-saturated hydrocarbons), which is removed by

the oxisorb cartridge, can be referred to the noticeable growth in εRef.

However, it should be noted that from literature [169] the formation of technetium pen-

tacarbonyl radical in Szilard-Chalmers reactions is known. It cannot be excluded that mixed
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technetium carbonyl complexes (e.g.: hydro or hydrocarbon carbonyl complexes) were

formed, as well as volatile pentacarbonyl radical-type complexes [170], since the used ox-

isorb cartridges from SPECTROMOL are applicable for H2 and saturated hydrocarbon gases

(cf. appendix for more information on the spectromol cartridges).

4.7 Summary of Part I: Carbonyl experiments at the TRIGA Mainz

A novel concept for the in-situ carbonyl-complex synthesis based on a spatial separation

of recoil-ion thermalization and complex formation in two separate, but directly connected

chambers has been developed and successfully tested at the research reactor TRIGA Mainz.

During the first quantitative measurement, promising overall yields of almost 50 % could

be achieved for fission-produced Mo radioisotopes. For this experiment, the original ther-

malization chamber has been successfully modified and tested in the context of the novel

two chamber approach with the aim to establish a method with a total efficiency superior

of that of physical preseparation. Therefore, detailed transfer studies from the first into the

second chamber have been performed with 146Pr, produced in the spontaneous fission of
248Cm. Experimental efficiencies have been compared with TRIM-simulations to determine

pressure-dependent implantation losses in regard to the geometric dimensions of the used

thermalization chamber. Monte Carlo simulations have been used for the calculation of

diffusion losses inside the transition piece connecting the two chambers. By means of these

simulations, the pressure-dependency of the transfer behaviour of non-volatile fission prod-

ucts, represented by 146Pr, could be described adequately. Short-lived isotopes of technetium

and molybdenum, produced in the neutron induced fission of 235U were used for the investi-

gation of the carbonyl formation process. It could be shown that the chemistry efficiency for

the synthesis of carbonyl complexes is favoured by high carbon monoxide partial pressures,

in agreement with literature data. The highest efficiencies for the two chamber-approach were

obtained by using high bulk gas pressures and high carbon monoxide partial pressures inside

the second chamber. They are also promising for experiments with carbonyl-complexes of

Sg and potentially heavier transactinides available at smaller rates. Preparatory work, e.g.,

using group-7 elements, which are known to also form volatile mononuclear carbonyl species

[26] are already under way [29, 34, 164]. In Tab. 4.7 the results for all partial efficiencies are

summarized.
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Tab. 4.7: Experimental (exp.) and calculated (calc.) efficiencies under various conditions.
pC refers to the pressure present in the TC and in the RC, which were always identical. pCO

is the partial pressure of CO i) inside the TC for the determination of εRef(exp.), and ii) inside
the RC for the determination of εTot(exp.) In the measurements of εTot(exp.), pure N2 was
present in the TC, which was diluted in the RC by adding the appropriate amount of CO and
adjusting the pumping capacity to maintain the desired pC.

pC pCO εFlush εFlush
a εRef εChem εTot εTot

b

(exp.) (calc.) (exp.) (calc.) (exp.) (calc.)
/ mbar / mbar / % / % / % / % / % / %
1000 333 45(9) 44(9) 35(3) 43(12) 19(4) 19(7)
1200 400 49(8) 52(7) 37(3) 46(10) 24(3) 25(6)
1000 500 45(9) 44(9) 48(3) 54(13) 24(3) 23(7)
1200 600 49(8) 52(7) 52(3) 50(11) 26(3) 28(7)
1000 666 45(9) 44(9) 53(3) 70(15) 31(3) 30(9)
1500 750 57(5) 59(4) 62(3) 61(8) 36(3) 37(6)
1200 800 49(8) 52(7) 63(3) 73(13) 38(3) 40(9)
1500 1000 57(5) 59(4) 67(2) 83(8) 49(2) 51(6)

a The uncertainties have been calculated according to the work of Wittwer et al.[166] for the stopping of ions in gaseous
targets using TRIM

bεTot(calc.) = εFlush(calc.) · εChem
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Part II: Analytical studies of 5d
transition metal carbonyl complexes at

the JAEA tandem accelerator facility 5
5.1 Experimental parameters

In the previous chapter (cf. Chapter 4), detailed investigations of the flush-out and car-

bonyl complex formation processes have been performed using fission products of the
235U(n,f) and 248Cm(sf) processes. As a next step towards transactinide experiments with

this "two-chamber" approach, experiments with radioisotopes of 5d elements produced in

fusion-evaporation reactions have been performed. Therefore, short-lived fusion products

were produced in 19F bombardments of different lanthanide targets at the tandem accelerator

facility at JAEA Tokai.

Similar to the preparatory experiments at the TRIGA Mainz, evaporation residues of the

transition metals W, Re and Os, were thermalized in a first chamber (TC) mounted directly

behind the target, as shown in the schematic of the experimental setup depicted in Fig. 3.15.

Suitable radioisotopes were produced in the fusion-evaporation reactions given in Tab. 5.1.

The chamber was flushed with inert gas, with the aim to transport evaporation residues into a

second, directly connected chamber (RC), where no beam was present. The reactive carbon

monoxide gas was added to the RC to facilitate carbonyl complex formation.

The tandem accelerator of JAEA Tokai provided a 19F7+beam at an energy of 6.1 MeV/u,

with beam intensities of (9.4±0.5) · 1011 s−1. The corresponding lab-frame energies in the

half-thickness of the targets (Elab, cot) and kinetic energies of the isotopes prouduced in the

reactions (EER) can also be found in Tab. 5.1. All targets were produced by thermal evapora-

tion [171] at the GSI target laboratory and covered with a thin carbon layer (< 5 µg/cm2) to

avoid oxidation.
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Tab. 5.1: Properties of reactions and evaporation residues (ER) used for the experiment.
Beryllium was used as backing material. The beam energy in the laboratory system in the
half-thickness of target Elab, cot and the kinetic energy EER of each isotope produced in the
indicated reaction were calculated using Stopping Forces and Ranges of Ions in Matter
(SRIM) from Ziegler et al. [144]. For the calculation, the 2- mg cm−2 thick beryllium window
was taken into account.

Reaction ER Target Backing Elab, cot EER
thickness thickness
/ µg cm−2 / mg cm−2 / MeV / MeV

natTb(19F, 5n) 173W 944 1.68 97.9 10.1
natDy(19F, 5n) 175−178Re 644 1.60 98.6 10.1
natHo(19F, 5n) 179Os 684 1.52 98.9 9.9

Fig. 5.1: Shematic of all measurement positions were samples could be taken. For details
see text.

Samples were collected with a 20 µm Al catcher foil (position (a) in Fig. 5.1) mounted

directly behind the target to measure production rates. This foil was thick enough to stop all

ER. For the flush-out efficiency measurements from the TC into the RC, self-made charcoal

filters that consisted of activated charcoal filled into a piece of Teflon tubing and held in

place by quartz wool on both sides as used in [26, 54] could be inserted at the exit of

the TC (position (b) in Fig. 5.1). This allowed measuring the fraction of all ERs that was
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thermalized and flushed out of the TC (partial efficiency εFlush). The reactive gas (carbon

monoxide) was injected directly into the reaction chamber, thus bypassing the TC. Carbonyl

complexes were formed in the RC where no beam was present; this is crucial, as beam

presence would have prevented the formation of the complexes. Nuclear fusion products,

which were volatile or formed volatile carbonyl complexes in the CO-containing atmosphere,

were transported with the gas stream from the RC through a 15-m long teflon capillary with

an inner diameter of 4 mm to a chemistry laboratory. There, the products were trapped on

a charcoal filter (position (c), (total efficiency εTot) in Fig. 5.1) placed in front of a HPGe

detector. The decaying isotopes were identified by γ spectrometry. For the quantitative

evaluations, all measured values were normalized using their corresponding beam integral.

The determination of the irradiation time (60 s) was performed automatically with a deviation

± 1 s (< 3 %). The measurement was performed after the end of irradiation. Unless otherwise

specified, the actual start of the measurement began after a 10 min interruption for sample

collection and the disassembly process of the chamber. The performed measurement series

are summarized in Tab. 5.3. Usually the five-minute measuring time was sufficient to collect

suitable statistics on the interesting peaks. Good care was taken to maintain this pattern, so

that deviations did not play any significant role in the evaluation of yields. All errors have

been calculated by Gaussian error propagation. The most significant contribution comes

from the error in the corresponding beam-integral normalized number of net counts in the

peaks in the gamma spectra. For measurements with small statistics (εTot < 30 %), the relative

systematic uncertainty was increased by 25 %.
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5.1.1 Isotope production and direct catch measurements

Tab. 5.2: Reaction products and their respective γ lines, chosen for the calculation of the
absolute yields. Additionally, the half-lives and the respective gamma intensities of the
specific lines Iγ (%) are given.

Reaction ER Gamma line(s) Half-life
keV (Iγ / %) min

159Tb(19F, 5n) 173W 457.7 (100) 7.6
130.2 (31.5)
174.8 (29.1)

natDy(19F, 5n) 176,178Re 176Re: 240.2 (48.0) 5.3
109.1 (25.0)

178Re: 237.3 (45.0) 13.2
105.9 (23.0)

165Ho(19F, 5n) 179Os 218.6 (100) 6.5
165.7 (43.0)
310.0 (29.0)

The transition metals 173W, 175−178Re and 179Os were produced in the 19F+159Tb, 19F+natDy

and 19F+165Ho reactions. To facilitate the measurements of the ER production rates, two

20-µm thick Al catcher foils were mounted ≈ 1 mm behind the target. Prior and during

irradiation, the TC was flushed with 200 mL min−1 He/Ar mixture to reduce oxygen contam-

ination during the subsequent disassembling of the chamber to remove the catcher foils. The

pumping capacity was adjusted to maintain a pressure of 1000 mbar inside the TC. The recoil

range of ERs in this gas atmosphere was (10-13) mm [167]. For each measurement, the target

was irradiated for 1 min, before the chamber assembly was opened and the catcher foils were

retrieved. Counting of the foils started 10 min after the end of irradiation. The γ lines, which

have been evaluated for the calculation of absolute efficiencies are given in Tab. 5.2, together

with the half-lives of the isotopes. In order to compare measurements,which were carried

out in two different geometries (charcoal filters vs. foils), the difference in geometry factor

was determined. For this, we performed similar measurements using identical aliquots of a

gamma standard that were placed on a catcher foil and on a charcoal filter. The difference

in geometric efficiency was a factor of 1.05. The uncertainty of this factor is 30 % of the

5 % difference; this was included via Gaussian error propagation in the calculation of all

respective yields.

5.1.2 Measurements of the flush-out efficiency εflush

The radioisotopes 173W and 179Os were used for optimizing the parameters of flush out from

the TC into the RC. A charcoal filter was positioned at position (b) (cf. Fig. 5.1) inside the

RC. Tab. 5.3 provides an overview of the used TC conditions and the changes during all

measurement sequences. During the first sequence (Flush1, cf. Tab. 5.3) the optimal gas
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composition of the carrier gas was determined by flushing the TC with different gas mixtures

of He/Ar at a constant total flow rate of 1000 mL min−1 at 1000 mbar inside the TC. Starting

with pure helium, the argon fraction inside the bulk gas was increased stepwise (from 19:1

(5%), 9:1 (10%), 4:1 (20%) to 2.3:1 (30%)) in this measurement sequence. For each step,

after 1 min of irradiation the RC was dismounted and the charcoal trap was removed and

placed in front of a HPGe detector. The geometric efficiency was about 5 % smaller than for

the measurements of the catcher foils; this difference has been taken into account in the data

evaluation. We estimate the uncertainty of the difference in geometry factor as being less

than 10 %. During the mounting and dismounting process, the TC was flushed with 100 mL

min−1 of the inert carrier gas to reduce oxygen contamination. Counting started 10 min

after the end of irradiation and lasted for 5 min. The radioactive isotopes were identified

by their γ lines. The optimum gas composition for the following experiments was found

to be a mixture of He:Ar 9:1 (cf. Sect. 3.1). This ratio was maintained for the rest of the

experiments. Before each measurement, the TC was flushed for at least 10 min to reduce the

oxygen content inside the two chambers.

In the measuring sequence Flush2, the total flow rate of the He/Ar mixture was varied

in the range of (100 - 1500) mL min−1. In the measurement sequence Flush3, the investigated

flow regime was reduced to (100 - 500) mL min−1. The production and flush-out behaviour

of 173W and 179Os were studied in these sequences, respectively.

Tab. 5.3: TC conditions used during the flush-out optimization measurements. The pumping
capacity was changed before each measurement sequence to maintain a total pressure of
1000 mbar in the TC. The flow regime shows the total flow rate introduced into the TC.
The carrier gas composition remained unchanged at He/Ar = 9:1 in sequences Flush2 and
Flush3.

Measurement Investigated Flow rate Studied parameter
sequence isotope / mL min−1

Flush1
173W He/Ar: 1000 Ar/He ratio

Flush2
173W He/Ar: 100 - 1500 εFlush

Flush3
179Os He/Ar: 100 - 500 εFlush

Total1 173W He/Ar: 85 - 300 εTot
CO: 100 - 500

Total2 179Os He/Ar: 85 - 300 εTot
CO: 200 - 500

Total3 175−178Re He/Ar: 85 - 150 εTot
CO: 170 - 300

Total4 179Os He/Ar: 85 Oxygen influence
CO: -

Total5 173W He/Ar: 85 Oxygen influence
CO: 500
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5.1.3 Measurements of the total efficiency εTot

Measurements of εTot were carried out for all three studied elements. The carrier gas was

He/Ar = 9:1 and remained unchanged during the εTot measurement series. Carbon monoxide

was added into the RC at rates indicated in Tab. 5.3. During 1 min of irradiation, the

evaporation residues were flushed by the carrier gas into the RC, where they were converted

to carbonyl complexes. From the RC, all volatile products were transported to a charcoal

filter placed at position (c) (cf. Fig. 5.1). After the end of irradiation, the filter was measured

with a HPGe detector. Counting of the sample started 10 min after the irradiation ended

and lasted for 5 min. Absolute yields were calculated using the direct catch measurements

Sec. 5.1.1 which were performed within the same time sequence.

Fig. 5.2: γ-ray spectra from the 19F+159Tb reaction. The γ-lines in the direct catch collected
at position (a), see Fig. 5.1 (black line) are shown in comparison with those in the charcoal
filter measurement collected at position (c) (red line).

Typical γ-ray spectra obtained during the measurements of the 19F+159Tb reaction can be

seen in Fig. 5.2. Most of the corresponding γ lines could be attributed to the decay of
173−175W and their daughters 173−174Ta. In the direct catch measurements, lines of non-

volatile isotopes like 29Al and 24Na produced by nucleon transfer reactions in the catcher
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foil and the 27Al(n,α)24Na reaction, were also present in the spectrum. These were absent in

the spectra of charcoal filters.

5.2 The flush-out efficiency εFlush

In this section, the results for the flush-out efficiency εFlush will be presented. During these

measurements only the gas mixture of He/Ar was fed into the chambers. The data presented

in this section were collected during the measurement sequences Flush1-Flush3. For details

see Tab. 5.3. εFlush describes the flush-out process for non-volatile fission products from the

TC into the RC.

5.2.1 Results

In the first part of the experiment, the optimal carrier gas ratio of He:Ar was determined.

Fig. 5.3 depicts the εFlush depending on the Ar-content in the carrier gas for a combined He +

Ar flow rate of 1000 mL min−1. The maximum value of εFlush of (34.8± 6.8)% was obtained

at a ratio of He:Ar= 9:1.

Fig. 5.3: Measured flush-out efficiencies for 173W as a function of the Ar-content of the carrier
gas. The total gas flow rate was 1000 mL min−1 and the pressure inside the thermalization
chamber was 1000 mbar. The line is intended to guide the eye.
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In Fig. 5.4 the flush-out efficiencies for 173W are depicted as a function of the carrier gas

(He:Ar=9:1) flow rate inside the TC. The εFlush for 173W was relatively stable around 40 %

for flow rates <500 mL min−1. At higher flow rates, εFlush slightly decreases to (34.8±6.8)%.

For 179Os, values of εFlush of around 100 % were measured at flow rates below 400 mL min−1.

At higher flow rates, εFlush is reduced to similar values as measured for 173W. No direct

transport measurements have been performed for the natDy(19F, 5n)175−178Re reaction.

Fig. 5.4: Measured flush-out efficiencies for 173W and 179Os as a function of the carrier gas
(He:Ar=9:1) flow rate inside the TC. The pressure inside the thermalization chamber was
1000 mbar.

5.2.2 Discussion

As discussed in the previous chapter (cf. Sec. 5.2), the transport process can be described as

a two step process, in which the isotope of interest first needs to be stopped in the gas volume

in the TC and will then be flushed through the nozzle into the RC. Due to the non-volatile

nature of the transition metals, any wall-collision will reduce the number of reaction products

available for carbonyl complex formation. ERs, which are not stopped inside the gas, will be

lost by implantation into the TC. The stopping process of the reaction products is influenced

by the carrier gas composition. In Fig. 5.3 the flush-out efficiency of 173W is depicted as a
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function of the He/Ar gas composition.

According to TRIM [144] simulations the average stopping position of the ERs thermalized

in 1000 mbar He:Ar = 9:1 gas is in the centre of the TC. Increasing the Ar content of the

carrier gas will lead to shorter ranges, moving the stopping position further away from the

entrance to the nozzle. Therefore, a higher argon fraction can be expected to reduce the

εFlush. On the other hand, reducing the Ar content will increase the range. In the extreme

case of pure helium this reaches values of (16-17) mm, and implantation of a fraction of the

reaction products into the TC cannot be excluded.

In Fig. 5.4 the measured εFlush of 173W is depicted as a function of the carrier gas flow

rate. In the previous section Sec. 4.3.2, we used a Monte Carlo simulation in the spirit of

the microscopic model developed by Zvara [130] to describe the experimental behaviour

inside the nozzle by treating this as an isothermal-chromatography process in an open col-

umn with laminar flow. The number of collisions as well as the mean jump length were

obtained from this simulation. In a chromatography process, higher flow rates would result

in a reduction of diffusion-related losses. This behaviour could not be observed during

the present experiment. This validates the design of the connection via two touching ta-

pered shapes between the two chambers, which suppresses diffusion-related losses inside

the nozzle. The slight reduction of εFlush with increasing carrier gas flow rates could be

related to changes in dead volume, due to the flush out process perpendicular to the beam axis.

The flush-out efficiencies determined for osmium are quite different from the results obtained

for tungsten. The high Os yields obtained in some measurements, i.e., those performed at

low flow-rates, might be connected to the ability of Os to form a volatile compound also

in the absence of carbon monoxide, namely the tetroxide OsO4. This is impossible for W,

which features no highly volatile oxide.

In contrast, potentially, Os atoms can be oxidized and transported as tetroxide, as shown in

Fig. 5.5. (a) The fusion products can be guided through the TC without any collisions with

either, impurities which may influence the chemical properties of the metal atom, or the sur-

face of the TC itself. This is the optimal case for our flush-out measurements. (b) The fission

product may collide with specific impurities on their way through the TC. Oxygen impurities

would be of particular importance, since they are capable of forming different oxides (M(O)x,

x=1-4) with transition metals [172, 173] depending on the oxygen content inside the TC.

Due to the fact that the chamber had to be opened to position the charcoal filter inside the

RC, the oxygen contamination inside the chamber could be rather high, despite the fact that

the TC was continuously flushed with carrier gas during the dismounting process. Therefore,

the chamber was flushed with carrier gas for 10 min before a measurement sequence was

started, which was intended to suppress scenario (b) which is most likely to happen at high

oxygen concentrations. Scenario (c) describes the adsorption of transition metals on the
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surface of the TC, which is typically contaminated with oxygen after the chamber opening.

After the adsorption, the metal atom will most likely form an oxide which may be volatile

(e.g.: OsO4), or non-volatile (e.g.: WO2). From (d) it may fly into the RC following the path

shown as (e) or it remains sitting on the surface (d). Due to the high volatility of the formed

osmium tetroxide, the high flush-out yields are most likely distorted by these oxides and the

shown yields cannot exclusively be referred to transported non-volatile osmium atoms. This

could also explain the high difference in transport efficiency between osmium and tungsten,

since tungsten oxides are non-volatile and thus, remain on the surface of the target chamber.

Fig. 5.5: Schematic of different scenarios for the fusion products inside the thermalization
chamber. The fusion products are depicted in red, impurities are shown in blue. For details
see text.

For the formation of OsO4 to take place, a source of oxygen needs to be present, beyond that

remaining in gases after their purification. An important potential source may be residual

oxygen remaining inside the chambers after their opening, due to, e.g., placing or removing

catcher foils in position (a) and charcoal traps in position (b) during the measurement series

Flush1 - Flush3 (cf. Tab. 5.3). To minimize this effect, the TC was continuously flushed with

carrier gas while the RC was open. After closing the RC and the tubing, this was flushed with

carrier gas for 10 min before a measurement sequence was started. A longer waiting time

was not afforded due to the limited beamtime available for these studies. A more aggressive

oxygen removal sequence involving evacuation of the whole system was impossible due

to the stress this would impose on the vacuum window. Evidently, even during 10 min of

flushing with purified, oxygen-free gas, oxygen levels did not reach the low levels of the

purified gas. Therefore, the reduction of εFlush for Os shown in Fig. 5.4 at flow rates >350 mL

min−1 can be referred to (i) a more efficient purification of the chamber at higher gas flow

108



rates and (ii) a slight reduction caused by the potential occurrence of some turbulence at

the transition between TC and RC. The W transport shows only a slight reduction from

(48.0±8.9)% at 300 mL min−1 to (32.7±6.4)% at 1500 mL min−1, which is in agreement

with the data collected at the TRIGA Mainz [174]. We assume that the formation of volatile

species of OsO4 significantly influences the Os data, and that the maximum εFlush for non-

volatile species is in the order of (50±10) %. The applied flow rate in the TC in the chosen

flow regime of this experiment (<1000 mL min−1) has only a minor influence.

5.3 The overall efficiency εTot

In this section, the results for the overall efficiency εTot will be presented. During these

measurements, only the gas mixture of He/Ar was fed into the TC, whereas CO was fed

into the RC. The data presented in this section were collected during the measurement

sequences Total1 - Total5. For details see Tab. 5.3. εTot describes the overall performance of

the two-chamber approach. εTot includes the flush-out of non-volatile fission products from

the TC into the RC, the formation of volatile carbonyl complexes, and finally the transport to

the detector. Therefore, εTot is the product of the partial efficiencies εFlush and εChem, which

have been already presented in Sec. 5.2 and will be discussed in the course of this chapter

respectively.

5.3.1 Results

In Fig. 5.6 the measured total efficiency εTot as a function of the carbon monoxide partial

pressure pCO inside the RC is shown for each investigated isotope. All three curves show

a direct dependence from the carbon monoxide partial pressure, whereby with increasing

fraction of CO inside the gas mixture, εTot is growing.
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Fig. 5.6: Measured total efficiencies for 173W (circles), 176Re (triangles) and 179Os(squares)
as a function of the carbon monoxide partial pressure (pCO) inside the RC. Due to the limited
collection efficiency of the Re species on our charcoal traps (cf. Fig. 5.7) the values given
for Re represent lower limits. The pressure inside the TC was kept at 1000 mbar. The total
flow rates are given in Tab. 5.3. The colour of the data points indicates the time which was
elapsed since the last opening of the chamber. The lines are intended to guide the eyes.

Values up to (98.5±15.0) % and up to (41.3±7.7) % were measured for 179Os and 173W,

respectively. The values for 176Re were consistently higher than those for 173W for pCO in

the range of pCO ≤ 700 mbar, where Re measurements were performed. These experimental

series for all three elements show a pronounced dependence on pCO. In Tab. 5.4 the highest

values of εFlush and εTot obtained for all evaluated measurement series are summarized.

In addition, three measurements were performed for the collection of 179Os without feeding

CO (pCO = 0 mbar) into the RC (Total4), to investigate the potential influence on εTot of a

transport of Os in the form of its highly volatile tetroxide OsO4 [175]. Therefore, the data

points given in Fig. 5.6 were colour-coded, with the colour representing the elapsed time
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after the last opening of the chamber assembly. In these measurements the amount of 179Os

reaching the charcoal trap at position (c) decreased steadily from initially (60.9±10.3) % to

(13.7±3.2) % after continuously flushing both chambers for 45 min.

A similar measurement sequence (Total5) was performed for the investigation of the in-

fluence of the presence of traces of oxygen on the carbonyl complex formation of 173W.

Therefore, measurements at identical conditions with pCO = 855 mbar were performed, first

directly after the last chamber opening and then after continuous flushing of the chamber

assembly for 32 min and 50 min. In this measurement sequence, εTot increased successively

from initially (3.4±1.0) % to (41.3±7.7) %.

The measurements with 176Re proved to be unexpectedly difficult. The volatile 176Re

species could only be retained insufficiently on only one of the used charcoal traps. To

address this, four charcoal traps were connected in a series to increase the catching efficiency.

The fraction collected on each single charcoal filter, when the filters were arranged in a series,

is shown in Fig. 5.7. For W and Os, no breakthrough after one charcoal trap was observed,

as verified in separate measurements.

Fig. 5.7: Fraction of collected 176Re on individual charcoal traps, when a total of four
charcoal traps were used in a series to collect volatile Re carbonyl complexes. During the
measurement pCO was 1000 mbar with 200 mL min−1 carbon monoxide fed into the RC and
100 mL min−1 carrier gas (He:Ar=9:1) fed into the TC.
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Since breakthrough of volatile rhenium carbonyl complexes could not be fully excluded

the values for εTot of 176Re shown in Fig. 5.6 have been assumed as lower limits. However,

εTot for Re was observed to be consistently higher than for W and lower than for Os in the

window of pCO = (333-667) mbar. The maximum εTot value was about (22.1±7.0) % at pCO

= 667 mbar.

5.3.2 Discussion

In Fig. 5.6 a strong relation between the amount of collected volatile transition metal com-

pounds and the carbon monoxide partial pressure is observed for all three elements. The

amount of transported 179Os increases with the carbon monoxide content in the bulk gas,

which was already reported in several experiments [21, 24, 25, 27]. The total performance of

the two-chamber approach was described by the partial efficiencies of the flush-out and the

chemical compound formation process εTot = εChem · εFlush.

The εFlush was described as mostly dependent on the pressure inside the thermalization

chamber and the stopping probability (gas composition) of the fusion products in the TC.

Since the pressure was kept at 1000 mbar in all measurements, the difference in flush-out

efficiency is expected to be rather small over all measurements, which indeed can be seen

in Fig. 5.4 for the flush out efficiency of 173W. The highest overall yields were measured at

lower carrier-gas flow rates introduced into the TC (<500 mL min−1). In the next step, by

measuring εTot with charcoal traps at position (c), εChem can be deduced by the following

equation:

εChem =
εTot

εFlush
(5.1)

The εChem depends on the composition of the gas in the RC where the complex formation

takes place [174]. In agreement with literature data [16, 21, 27, 164], εChem increases with

an increasing fraction of CO, cf. Fig. 5.6, and reaches its maximum at highest pCO.

The influence of the oxygen content inside the thermalization chamber can be inferred

from the data shown in Fig. 5.6. Data points in dark colour indicate measurements taken

shortly after the last chamber opening, where the oxygen contamination is expected to be

highest.

The effect of the oxygen impurities in the cases of tungsten and osmium was studied

in more detail within the measurement sequences Total4 and Total5. In Total4 a measurement

sequence for the detailed investigation of 179O was started without addition of carbon monox-

ide to examine the fraction of εTot, which can be referred to the transport of volatile OsO4

over time since the last chamber opening. The results of these measurements are depicted

in Fig. 5.6 at pCO = 0 mbar. In Total5 the influence of oxygen on the transport of 173W was
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investigated. This element is known to be susceptible to react with oxygen, however in

this case this prevents the formation of volatile species. Therefore, for the measurement

sequence Total5, five different samples were taken whereby only the time elapsed since the

last chamber opening varied, while all other conditions were kept identical. In Fig. 5.6 this

measurement sequence is depicted at pCO = 855 mbar. The trend of these measurements is

depicted in Fig. 5.8 in more detail. The steady increase of εTot with the elapsed time after

the last chamber can be attributed to a reduction in the formation of W oxides and therefore,

an increased possibility for carbonyl complex formation in the RC. The change in εTot for
173W and 179Os indicates the formation of their corresponding oxides and verifies the need

for oxygen-free conditions to study carbonyl complexes.

Fig. 5.8: Influence of the oxygen impurities on εTot. In case of Os a separate measurement
sequence was started (Total4) without the addition of CO inside the RC. In case of W, specific
measurements (Total5) were repeated with identical conditions. Typically measurement
sequences were started (10-15) min after the chamber was last opened, indicated with the
grey box.

Fig. 5.8 shows that εTot for 179Os is including approximately 40% of volatile oxides at the

beginning of a measurement sequence, which is reduced by the continuous flushing to ≈
10% after 50 min of operation. In regard to Fig. 5.6 and Fig. 5.4 the maximum efficiencies

measured for εTot and εFlush could be estimated to be around 50-60% rather than almost

100%, which is by far more reasonable. If we assume, that the corresponding efficiencies for
173W are also still negatively influenced by the oxygen impurities, the εTot is estimated to be

> 38% and therefore is similar to the values for osmium.
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The strong decrease in εTot for Os with increasing elapsed time since the last opening

is attributed to the effect of continuously rinsing the chambers, which reduced the oxygen

contamination significantly. However, it can also be seen that the rinsing process was not

yet complete after 10 to 15 minutes. In contrast, with εTot ≈ 10 %, the total efficiency

measurements were influenced by oxygen transport even after 40 to 50 min of flushing.

Similar observations but with an opposite trend were made in the case of 173W. The steady

increase of εTot with the elapsed time after the last chamber opening indicates a reduction

in the formation of W oxides and therefore, an increased possibility for carbonyl complex

formation in the RC. The change in εTot for 173W and 179Os indicates the formation of their

corresponding oxides and verifies the need for oxygen-free conditions to study carbonyl

complexes.

Incidentally, this pronounced decrease in the overall efficiency for the formation of volatile

osmium carbonyl complexes can also be observed in Fig. 5.4. However, there was only

the corresponding εFlush shown, which also indirectly indicates an oxygen influence. If the

values for εFlush is put into the context of the respective rinsing time, as shown in Fig. 5.6, this

effect could be reproduced, and the respective values for εTot observed during the osmium

measurements, successively approached to the respective εTot values observed during the

tungsten measurements, if the rinsing time was sufficiently long. Therefore, the strong

decrease in εTot for Os with increasing elapsed time since the last opening (cf. Fig. 5.8)

is attributed to the effect of continuously rinsing the chambers, which reduced the oxygen

contamination significantly. However, it can also be seen that the rinsing process was not

yet complete after 10 to 15 minutes. In contrast, with εTot ≈ 10 %, the total efficiency

measurements were influenced by oxygen transport even after 40 to 50 min of flushing.

Similar observations but with an opposite trend were made in the case of 173W. The steady

increase of εTot with the elapsed time after the last chamber opening indicates a reduction

in the formation of W oxides and therefore, an increased possibility for carbonyl complex

formation in the RC. The change in εTot for 173W and 179Os indicates the formation of their

corresponding oxides and verifies the need for oxygen-free conditions to study carbonyl

complexes.

In context to the yields shown in Tab. 5.4 and to the discussed transport yields in the

previous chapter, the losses in the second chamber, referring to the unsuccessful formation

of a volatile carbonyl complex within the reaction gas, are quite low. In both cases, osmium

and tungsten, the chemistry efficiency was observed to be higher than >85 %.

In Tab. 5.4 the measured maximum values of εFlush, εChem and εTot are summarized. The

results shown for 173W indicate that carbonyl experiments without a physical preseparation

step are feasible even in accelerator based experiments. The chemical identification of
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Tab. 5.4: Summary of the highest values of the εFlush and εTot measurements for the given
isotopes. The values given for εChem were calculated according to Eq. 5.1.

Reaction εFlush εChem εTot
/ % / % / %

159Tb(19F, 5n)173W 46(5) 85(16) 39(6)
165Ho(19F, 5n)179Osa 98(10) 96(14) 94(10)
natDy(19F, 5n)175−178Re (-) (-) (>20)
235U(n,f)101Mob 57(5) 83(8) 49(2)

a Os data are influenced by the formation of volatile OsO4.
b Data shown for 101Mo are taken from Tab. 4.7

carbonyl complexes for the group 8 elements remains problematic due to the high volatility of

OsO4 and already small oxygen concentrations can significantly influence chemical studies

of group 8 carbonyl complexes. However, the values for εChem deduced from W(CO)6

formation reached ≈ 85% after 50 min of flushing, which corresponds with the results for

Mo measured in our previous work [174]. Values of up to 41(8)% for εFlush in the first

carbonyl experiments utilizing the two-chamber approach without physical preseparation are

also promising for future studies of transactinide elements. Whereas the production of group

7 carbonyl complexes utilizing fission products at the TRIGA Mainz was strongly influenced

by precursor effects, the successful production of volatile Re carbonyl complexes in the
natDy(19F, 5n)175−178Re reaction confirms that the formation of group 7 carbonyl complexes

is viable. Our lower limit for εTot of 20 % points at a considerable volatility of the group

7 carbonyl complexes. The considerably small lower limits for εTot can be referred to the

high volatility of the group 7 carbonyl complexes and potentially also to a lower εChem for

these non-saturated 17 valence electron complexes. However, the formation of unsaturated

17 valence electron carbonyl complexes agrees with theoretical predictions [17]. Despite

that radical-type complexes are not common, their existence was reported already in Szilard

Chalmers type experiments leading to the formation of radical-type rhenium pentacarbonyl

complexes [176].

5.4 Summary of Part II: Carbonyl experiments at the Tandem research
facility

At the JAEA tandem accelerator facility, the first in-beam studies for the in-situ carbonyl

complex synthesis using the novel two-chamber approach have been successfully performed.

W, Re, and Os fusion-evaporation products were thermalized in the inert-gas-filled first

chamber (TC) and flushed to a second chamber (RC) into which carbon monoxide was fed.

This maintains a spatial decoupling of beam-environment behind the target and beam-free

environment at the site of chemical complex formation, as was established in the previous

studies of carbonyl complexes using the approach of physical preseparation. We observed

the formation and transport of volatile carbonyl complexes of 173W and 175−178Re. 179Os

was also transported, but this was probably at least partially due to the formation of volatile

OsO4 facilitated by the presence of trace amounts of oxygen impurity in the carrier gas.
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An influence of this oxygen contamination was also observed in the results obtained for W,

where it reduced the formation of W carbonyl complexes. The overall efficiencies reached in

our studies exceed those of the approach of physical preseparation. Thus, the results are very

promising for extending studies of carbonyl complexes of transactinides to elements beyond

Sg. As a next step, studies with alpha-decaying isotopes especially of Re appear necessary

to study kinetic aspects as well as the interaction with hetero-surfaces; these will provide

important data on complex stability and adsorption properties of this nearest homolog of Bh.

However, experiments with superheavy elements performed at a one-atom-at-a-time level

depend on sufficiently low background due to, e.g., species transported via aerosol-transport.

More sensitive studies in this regard are ideally carried out with alpha-decaying isotopes of

the 5d homologs.
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Conclusions and Future studies 6
In 2014, the successful synthesis of Sg(CO)6 was reported [22], thus opening up experimental

studies of transactinides to this compound class, which was previously inaccessible due to

technical limitations of previously used approaches. This was not only the first reported

transactinide carbonyl complex, furthermore it was an exciting new development, which

paves the way to metal-organic compounds of superheavy elements. The breakthrough

was achieved by using a physical preseparator, which allows the collection coupled with a

chemical reaction of single atoms of the SHE in a RTC, without the destructive interference

from primary particle beams.

Promising preparatory were performed in the run-up with 4d and 5d elements, which showed

that carbonyl complexes are accessible for a wide range of elements (transition metals) [21,

24–27, 29, 164]. However, the synthesis of superheavy elements and the studies of their

chemical properties are more challenging due to their low production rates at the one-atom-

at-a-time level, and due to their short half-lives. The seaborgium carbonyl experiments were

performed with the cryo-thermochromatography detector COMPACT [108] coupled to the

GARIS recoil separator of RIKEN [177], whereby 265Sg was produced at a rate of about one

atom-per-hour for chemical investigations [12]. Unfortunately, despite promising theoretical

predictions for the feasibility and stability of group 7 - 9 carbonyl complexes [17, 34, 35],

the synthesis for bohrium-, hassium-, and meitnerium carbonyl complexes is unlikely with

the current method of choice of using physical preseparation and the given productions rates

as already described in Sec. 1.2.

6.1 Conclusions

For the feasibility of chemical investigations of heavier transactinide carbonyl complexes

than Sg in a similar one atom-per-(X)hours rate, it would be essential to overcome the

limitations caused by the physical preseparation step (εGARIS ≈ 13 % [40]). To avoid the

yield-reducing isolation in a recoil separator, further possibilities for the chemical inves-

tigation of carbonyl complexes without a physical preseparation stage are explored. This

work reports on experiments using a so called "two-chamber" approach. The synthesis of

carbonyl complexes of short-lived radioisotopes of transition elements using this technique

was studied at TRIGA Mainz and at JAEA Tokai. Both experiments verify that the chemical
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synthesis of the carbonyls is possible within this approach. The first results are encouraging:

the results from the TRIGA experiment suggest that up to almost 50% of the produced

Mo isotopes could be delivered from the target chamber to the second chamber, where the

chemical reaction took place, yielding the volatile carbonyl complexes. The subsequent

experiments at the JAEA TANDEM accelerator facility with fusion products confirm this.

Promising results were obtained for long-lived isotopes of W, Re, and Os produced in nuclear

fusion reactions. Our results imply that the production of thermally less stable volatile

carbonyl compounds is feasible without a physical preseparation step. Furthermore, the

systematic investigation of the transport-, formation-, and overall efficiencies during the

experimental series performed at the TRIGA Mainz revealed substantial dependencies from

experimental parameters like the carbon monoxide partial pressure or the bulk gas pressure

regime. A next step should focus on the study of carbonyl complexes using the two-chamber

system with short-lived products of nuclear fusion reactions.

Tab. 6.1: Efficiencies for carbonyl-complex studies of group 6 elements using different
techniques. Calculated values are shown in italics, whereas measured values are shown in
bold.

101Mo 173W 265Sg 265Sg
at TRIGAa at JAEAb at GARISc future

/ % / % / % / %
εFlush: 57 46(5) (-) 46(5)

εGARIS: (-) (-) 13 (-)
εChem: 85 85(16) ≳8 ≳8
εTot: 49 39(6) ≊1 ≊3.7

aData taken from [174].
bThis work

cData taken from [22, 40]

In table Tab. 6.1, the performance of the two-step approach is summarized and compared

with that of physical preseparation, as it was used in studies of the group-6 hexacarbonyl

complexes [23, 25–28] including Sg(CO)6 at the RIKEN GARIS separator [22, 28]. In the

experiments by Even et al. in total 18 atoms of 265Sg were observed [22]. Considering the

beam integral, target thickness and cross section of the given reaction, the εTot behind GARIS

was ≤1%. Experiments by Haba et al. [40] verified a εGARIS of 13 %, which describes

the amount of ERs reaching the RTC and therefore the number of Sg atoms which will

be available for carbonyl complex formation. Comparing these numbers for εFlush with

efficiencies obtained for tungsten within our experiment: εFlush,W = (46±5) % a significant

increase (by a factor of ≈3.7) in efficiency could be observed. Under the assumption of

identical εChem this would directly translate into an improvement in εTot, 265Sg for seaborgium

by a factor of εFlush/εGARIS ≊ 3.7 (cf. Tab. 6.1).
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6.2 Future studies

Future carbonyl chemistry experiments with transactinide elements like Bh and Hs seem

to be feasible by enhancing production rates without a physical preseparation step. The

products of the 22Ne+249Bk reaction (σ (267Bh) = 25-250 pb, T1/2 = 17+14
−6 s) [42] and of the

26Mg+248Cm reaction (σ (269−271Hs) = 7+3
−3 pb, T1/2(

269Hs) ≈ 9.7 s)) [43, 178], and of the
48Ca+226Ra reaction (σ (270Hs) = 16+13

−7 pb, T1/2 = 7.7+5
−2 s) [44] could be particularly suitable

here. It is still not completely understood, why the transition metals of group 7 and 9 form

volatile homoleptic carbonyl complexes of the radical type. Additional experiments, coupled

with QMS measurements may be able to investigate the formation of metal carbonyl hydrides,

whereas mass analytic experiments, e.g., at FIONA (For the Identification Of Nuclide A)

[179] could be used to investigate the metal carbonyl bonding and their corresponding bond

strengths. The bond strength, in turn, is suitable for investigating the influence of relativistic

effects on the transactinides, since the bond strength in the carbonyl complexes is directly

connected to the orbital energies (cf. Sec. 2.4.2).

Nevertheless, the carbonyl synthesis of superheavy elements holds promises for the in-

vestigation also of metall-organic complexes in the superheavy element region. A fast and

quantitative formation of carbonyl complexes could be used for the first chemical experiments

with different isotopes of meitnerium, which are difficult to access with typical chemical

experiments like oxides and chlorides [180]. A new isothermal chromatography detector

called AlBeGa (Alpha Beta Gamma), which is shown in Fig. 6.2 [181] could be used for

nuclear spectroscopy methods and the investigation of isomeric states of volatile species like

carbonyl complexes via detailed spectroscopy, e.g., of 261Rf, which have been observed in

different reactions, e.g.: (244Pu(22Ne, 5n) [182] and 248Cm(18O, 5n) [96]) or even 265Sg with

it’s two isomeric states (cf. Fig. 6.1), which can be produced in the 248Cm(22Ne, 5n) reaction.
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Fig. 6.1: Decay pattern of the chain starting from 269Hs and their corresponding daughters,
the two isomeric states of 265Sga,b, which then pass by means of another α-decay into the
two isomeric states of 261Rfa,b, followed by another α-decay into the 257No. The dominant
transitions are show in red, with the respective energies given in MeV. The picture is taken
and adapted from [40].

The significant benefit would result from avoiding the unbeneficial physical preseparation,

which would be replaced with a chemical preseparation step, the chemical conversion to

a volatile carbonyl complex. The change to a chemical preseparation step is expected to

improve the statistics for experiments with production rates in the one atom-at-a-time regime,

where εChem/εTrans(separator) » 1 could be applied. Typically, the sample would be created

by the deposition of the volatile carbonyl complex on a cold α-dector surface, e.g.: AlBeGa.

Improved statistics could be used to investigate the chemical behavior of these two different

isomeric states by their probability of forming carbonyl complexes, as well as the influence,

if any, of the respective isomeric state on the corresponding complex stability.
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Fig. 6.2: Schematic drawing of the AlBeGa detector. The chromatography channel is made
of pixelized detectors for α and SF measurement. This detector plate is cooled by liquid
nitrogen. The α detectors are in between a “sandwich” of two pixelized β - detectors. The
outer shell consists of two clover detectors for γ and X-ray measurements. The picture is
taken from [23].

The AlBeGa detector consists of a meander formed chromatography channel, which is

surrounded by two pixelized α-detectors, which are typically cooled by ethanol. These

two detectors are "sandwiched" by two dectors panels, sensitive to β -particles and two

additional germanium clover detectors for the identification of gamme-rays. For this system

to operate, volatile compounds or complexes are needed, which can deposition on a detector

surface at specific temperatures. These nuclear spectroscopy experiments are also of high

interest for elements like Db and Bh, as these elements are expected to have a high chance to

observe isomeric states. Since the products of these very asymmetric reactions are hard to

study in the focal plane of a physical preseparator, the two-chamber system, which is viable

for carbonyl systems could be the method of choice. By providing higher transport rates

than physical preseparators, the chemical separation system provided by the formation of

volatile carbonyl complexes could be the method of choice for upcoming experiments with

elements produced in asymmetric reactions, which provide only small cross sections, and

are chemically accessible for carbonyl formation, e.g. bohrium up to meitneruium.
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based on calculations performed by A. Sobiczewski. Pictured adapted

from [77]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Fig. 2.10: Plot of the observed cross section for the production of heavy elements

by cold and hot fusion reactions with Z ≥ 102 in the 1n (cold fusion)

and 5n (hot fusion) evaproation channel. Figure taken from [12] and

adapted with values from Ref. [81] . . . . . . . . . . . . . . . . . . 20

Fig. 2.11: The sketch of the sequences of the nuclear reaction mechanism in

heavy ion collisions. When the projetile (P) collides with the Target

(T), the formation of a compound nucleus (CN) competes always

with other reaction channels, e.g.: nucleon transfer, quasi-fission and

fission [82] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Fig. 2.12: Classification of heavy-ion collisions. Figure adapted from Ref. [88] 23
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Fig. 2.13: (left)Schematic of the molecular orbital diagram of carbon monoxide

before and after s-p mixing. With quantum mechanical calculations

the contour-line (right) diagrams for the orbitals can be visualized,

which are used to describe the shape of the M-C-O bond. Picture

adapted from [16]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
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in the transition metal carbon monoxide bonding. The bond strength
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donation to the transition metal will strengthen the C-O bond, whereas

the addition of electrons has the opposite effect. Picture adapted from

[16]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Fig. 2.15: Calculated Bond dissociation energies (kcal/mol) as a function of the

charge of the complex for isoelectronic M(CO)6
q (Mq = Hf2−, Ta−,

W, Re+, Os2+, Ir3+) hexacarbonyl complexes [122]. . . . . . . . . . 28

Fig. 2.16: Splitting of the orbital energy levels of an octahedral d6 transition

metal complex ML6, where the ligand L has occupied donor orbitals

with σ symmetry and empty acceptor orbitals with π symmetry [16]. 29

Fig. 2.17: Orbital interaction diagram of the splitting d, s, p valence orbitals of a

transition metal in an octahedral ligand field [16]. . . . . . . . . . . 30

Fig. 2.18: Trend of the covalent- and electrostatic energy contributions to the

interaction energy between TM(CO)5
q and CO. The numbers in brack-

ets indicate the interatomic distances. Data taken from [122]. . . . . 31

Fig. 2.19: Trend of the frontier orbital energy levels of the pentacarbonyls. Data

taken from [122]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Fig. 2.20: Trend of the radii of maximum charge density of group 8 elements.

Data taken from [35]. . . . . . . . . . . . . . . . . . . . . . . . . . 34

Fig. 2.21: SO ZORA energies of the ns and (n-1)d valence AOs of group 8

elements. Data taken from [35]. . . . . . . . . . . . . . . . . . . . . 35

Fig. 2.22: Schmatic of the M(CO)5 bond formation of group 8 transition metals.

Picture adapted from [35]. . . . . . . . . . . . . . . . . . . . . . . . 36

Fig. 2.23: Schmatic of the σ -interactions in the D3h representation. Figure is

adapted from [126]. . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Fig. 2.24: Schmatic of the π-interactions in the D3h representation. Figure is

adapted from [126]. . . . . . . . . . . . . . . . . . . . . . . . . . . 37

Fig. 2.25: (a) Calculated first bond dissociation energies of group-8 M(CO)5

carbonyl complexes and (b) predicted adsorption enthalpies via ADF

(SO) on quartz and teflon surfaces. Data taken from [35] . . . . . . . 38

Fig. 2.26: Schematic of the different steps during nuclear fission. After neutron

capture, the fission products will gain kinetic energy of up to 100 MeV,

emit neutrons and γ rays until they end as stable nuclei. . . . . . . . 40
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Fig. 2.27: Aysmmetric thermal neutron fission yields of 235U. The thermal neu-

tron induced fission yield mass distribution shows a ratio of the heavy

to light mass >1.0 for the fission of most nuclei [10]. . . . . . . . . . 41

Fig. 2.28: Schematic of the description of a molecule in the downstream migra-

tion inside a chromatography column. Picture taken from [37]. . . . 42

Fig. 2.29: Stopping Powers for silicion ions in a silicon target as a function of

the ion velocity and the ion energy. The ion velocity is given in the

units of Bohr velocity vB. The picture is adapted from [138]. . . . . . 45

Fig. 2.30: Schmatic trajectory of a particle passing through a stopping medium.

The electronic stopping affects the ion both during the collision and

thereafter. Between two collisions, the ion is slowed by a constant

force owing to the momentum exchange with the electrons in the

material (1). The energy loss during a collision is connected to elec-

tron exchange (4)+(5) between the ion and the target. In addition,

charge-exchange events will occur (2)+(3)+(6). . . . . . . . . . . . . 46

Fig. 3.1: Schematic of the beam tube arrangement at the reasearch reactor

TRIGA Mainz. The experiments described in the thesis were per-

formed at beamport A, which offers the possibility for long-term

experiments. The thermal neutron flux among the beamports varies

significantly, for instance beamport D points directly at the reactor

core and therefore, the neutron flux is substantially higher than at the

others. The picture was taken and adapted from [148, 149] . . . . . . 49

Fig. 3.2: Schematic of the original target chamber which is placed inside of

beamport A close to the core. The carrier gas (red line) enters the

chamber through a lateral inlet. The fission products (green circles)

produced by neutron induced fission will be extracted through the

central exit port. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Fig. 3.3: Target-holder of the TRIGA Mainz. The front- and back-plate of the

target-holder hold the target in place between of each other. The eight

surrounding holes, which offer a possibility for the gas to enter the

target chamber are also visible. . . . . . . . . . . . . . . . . . . . . 51

Fig. 3.4: Shematic of the target-holder in side- and isometric view. The target-

holder consists of two parts: (1) Back-plate and (2) Front-plate.) . . . 52

Fig. 3.5: Schematic of the modified thermalization chamber which is placed

inside of beamport A. The thermalization chamber can be flushed

with a carrier gas (nitrogen) and the reactive gas can be introduced

seperately into the reaction chamber, which can be mounted on the

former exit of the thermalization chamber. . . . . . . . . . . . . . . 53
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Fig. 3.6: (a): The modified target chamber consists of 7 main elements shown

in its dissassemled state: (1) Aluminum shell of the chamber (2)

Screw bracket of the aluminum shell (3) Aluminum shells for the

connection ports of the chamber (4) Back-plate of the target chamber

(5) Thermalization chamber (6) Reaction chamber (7) Connections

for the gas inlets of the reaction chamber (b) Target chamber in its

assembled state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Fig. 3.7: Simplified schematic of the experimental setup used for the experi-

ments at the TRIGA Mainz. The respective gases were introduced

via the gas purification system (GPS). Nitrogen and carbon monoxide

could be fed into the TC, whereas the RC could only be flushed with

carbon monoxide. The pressure was monitored inside the GPS and

both chambers. For more details, see text. . . . . . . . . . . . . . . . 55

Fig. 3.8: The pneumatic fitting type QSM-6 provides a leakproof sealing up

to 14 bar. A collet keeps the capillary in position by the help of small

stainless steel teeth. . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Fig. 3.9: Schematic of the experimental setup used for the mass spectrometry

measurements. The respective gases were either introduced: (a) via

the gas purification system (GPS) used during the experiments at

TRIGA or (b) via a bypass, which either allowed the installation of

specific purification cartridges or any combination of them (b.1) or

was directly connected to the two-chamber system (b.2). The nitrogen

gas was introduced into the thermalization chamber (TC), wheras the

carbon monoxide gas was connected to the reaction chamber (RC).

Samples could be extracted from either, the TC and the RC and were

transported to the quadroupole mass analyzer (QMS). . . . . . . . . 57

Fig. 3.10: Schematic of the used charcoal filters, plugged into two push-in

fittings from FESTO. The filters could be used up to flow-rates of

1500 mL min−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Fig. 3.11: Simplified schematic of the tandem accelerator facility. Ions will

be produced by a pellet chain and will be accelerated in two stages.

First, in the form of negative ions up to the high voltage terminal and

after electron stripping, downwards as positively charged ions. Figure

taken and adapted from Ref. [161] . . . . . . . . . . . . . . . . . . 59

Fig. 3.12: Schematic of the JAEA tandem reasearch facility. The tandem ac-

celerator provides ion beams ten beam lines, distributed among 5

different reasearch rooms. The JAEA tandem accelerator also in-

cludes a LINAC booster, which can be used as an additional "third"

acceleration step for heavy ions. Figure was adapted from [161]. . . 60
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Fig. 3.13: Isometric view of the thermalization- (TC) and the reaction chamber

(RC). The TC is mounted perpendicularly to the beam axis and flushed

with the carrier gas (He/Ar in a mixture of 9:1, shown as blue dots).

The gas is guided into a conically-shaped nozzle. Carbon monoxide

was introduced through gas inlets inside the nozzle directly behind

the tapering (shown as orange dots). Additional carbon monoxide

was introduced to the RC over two further inlets in the middle of the

chamber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Fig. 3.14: Isometric view of the thermalization- (TC) and the reaction chamber

(RC) in conjunction with the newly designed nozzle connecting the

two chambers. The gas flow of the reactive gas (CO) is shown in orange. 62

Fig. 3.15: Simplified schematic of the experimental setup used for the exper-

iments at the JAEA tandem accelerator. The respective gases were

introduced via the gas purification systems (GPS-Reactive gas, GPS-

Carrier gases). A mixture of helium and argon was used as carrier

gas, whereas carbon monoxide remains the reactive gas. The pressure

was monitored inside the gas system and both chambers. For more

details, see text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Fig. 4.1: Cut-out of the chart of nuclides, including their half-lives and independent-

, as well as cumulative yields in the neutron induced fission reaction

of 235U. Data is taken from the ENDF/B-VI fission library. . . . . . . 65

Fig. 4.2: Shematic of all measurement positions were samples could be taken.

For details see text. . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Fig. 4.3: (a) γ-ray spectrum observed for the direct catch measurement with a

teflon disc using the Al-covered 235U-target. Counting started 47 min

after the end of irradiation and lasted for 30 min. This spectrum was

used as a reference measurement for the calculation of absolute yields,
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for the direct catch measurement using the non-covered 248Cm-source.

Counting started 5 min after the sample collection ended and lasted for

90 min. Both measurements were performed under similar conditions

with 500 mL/min of nitrogen flow and pC= 1000 mbar. . . . . . . . . 69

Fig. 4.4: γ-ray spectrum of 248Cm fission products of the ppC
(Flush) I-X mea-

surement sequence transported in 500 mL/min N2 fed into the TC

and 500 mL/min N2 fed into the RC, collected on a quartz fibre filter

at pC= 1000 mbar. The sample was measured 5 min after 90 min of

collection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
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Fig. 4.5: γ-ray spectrum of fission products of the ppC
(Tot) I-III measurement

sequence transported in 500 mL min−1 nitrogen and 500 mL min−1

carbon monoxide, collected on a charcoal filter at pC= 1000 mbar.

The charcoal filters were measured 5 min after the end of irradiation. 71

Fig. 4.6: Measured εRef for 101Mo in a N2/CO gas mixture as a function of

the carbon monoxide partial pressure. The total gas flow rate was

1500 mL/min and pC was in the range of (1000-1500) mbar. Absolute

efficiencies were calculated by using the daughter nuclide 101Tc as an

indicator for 101Mo. The different pressures inside the TC, ppC
, are

depicted by different colours. . . . . . . . . . . . . . . . . . . . . . 75
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rate was 1 L min−1. . . . . . . . . . . . . . . . . . . . . . . . . . . 76

Fig. 4.8: Simulations of the range of fission products, performed with SRIM2013

[144]. For all simulations, 200 146Pr ions with an initial kinetic energy

of 74 MeV were used, whereby the effect of self-absorption in the
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800 mbar N2. (b) The ions were stopped in 100 mbar N2. (c) The ions

were stopped in 1200 mbar N2. . . . . . . . . . . . . . . . . . . . . 78

Fig. 4.9: Schematic to illustrate the calculation of εStop. The target was con-
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implantation started. . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Fig. 4.10: Transfer- and stopping efficiency from the TC to the RC of 101Tc

produced by spontaneous fission from a 248Cm source as a function

of pC. The stopping efficiency (red circles) was simulated with the

computer program TRIM and the transfer efficiency (squares), at a

flow rate of 0.5 L/min and 1.0 l/min, was calculated based on the

MCS introduced in chapter 3.2.2.. The lines are intended to guide the

readers eyes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
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Fig. 4.13: Comparison of the measured εFlush (black circles) with the theoret-
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sponding theoretical predictions (lines). For the calculated values, the

respective diffusion- and implantation losses were taken into account. 86

Fig. 4.15: (a) Measured εTot for 101Mo in a N2/CO gas mixture as a function of

the carbon monoxide content and pC. (b): Same as (a), but shown

as a function of the nitrogen content and pC. The total gas flow
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nitrogen flow rate was kept constant at 500 mL min−1 in (a) and the

carbon monoxide flow rate was kept constant at 500 mL min−1 in (b).

Absolute efficiencies were calculated by the detection of the daughter

nuclide 101Tc. In the absence of carbon monoxide, no 101Tc was

detected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Fig. 4.16: Composition of the gas mixture inside the TC analyzed with the QMS.

The signals of different masses are shown as a function of the carbon

monoxide flow rate. The total flow rate was 1500 mL min−1 and pC

was kept constant at 1000 mbar. . . . . . . . . . . . . . . . . . . . . 90

Fig. 4.17: Composition of the gas mixture inside the TC analyzed with the QMS.

The signals of different masses are shown as a function of the total

flow rate (N2 + CO). The gas mixture of N2 to CO was kept at a ratio

of 1:1 and pC was kept constant at 1000 mbar. . . . . . . . . . . . . 91
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The signals of different masses are shown as a function of pC. The
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Appendix 9
The Monte Carlo codes presented in this section were used for the Theoretical modelling the

flush-out efficiency εFlush (cf. Sec. 4.3.2).

9.1 Python code: Monte Carlo simulation

#!/ usr/bin/env python
#
# Monte Carlo simulation of thermotography using a
# microscopic model proposed by. I. Zvara . in
# Simulation of Thermochromatographic Process by the Monte Carlo Method ),
# Radiochimica Acta 38, 95 -101 (1985)
#
# Original BASIC program made by A. Tuerler from 10/05/94
# rewritten by J. Dvorak in Python 30/05/2005
#
# Changes made to use numpy instead of ScientificPython , which is
# incompatible with python 2.5 under Windows
#
# ########################################################################
# Some definitions

# from Scientific . Functions . LeastSquares import *
from numpy import *
from random import random
from math import *
from thermoch_module import *

# ########################################################################
# Main body

# Get input data
arg = get_arguments ()
if " output_file " in arg.keys ():
output_file = arg[" output_file "]
print (" Using output file"), output_file
if " input_file " in arg.keys ():
input_file =arg[" input_file "]
print (" Reading parameters from input file"), input_file
avar = read_input_file ( input_file )
if avar. has_key ("M2"): M2 = float (avar["M2"])
else : M2 = 6.8
if avar. has_key ("d2"): d2 = float (avar["d2"])
else : d2 = 0.303
if avar. has_key ("P"): P = float (avar["P"])
else : P = float (1)
if avar. has_key ("p0"): p0 = float (avar["p0"])
else : p0 = 0.2
if avar. has_key (" particles "): particles = avar[" particles "]
else : particles = 10
if avar. has_key ("Q"): Q = float (avar["Q"])
else : Q = float (25)
if avar. has_key (" halflife "): halflife = float (avar[" halflife "])
else : halflife = float (15)
if avar. has_key ("M1"): M1 = float (avar["M1"])
else : M1 = float (333)
if avar. has_key ("d1"): d1 = float (avar["d1"])
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else : d1 = 6.4
if avar. has_key ("dHa1"): dHa1 = avar["dHa1"]
else : dHa1 = -10
if avar. has_key ("dHa2"): dHa2 = avar["dHa2"]
else : dHa2 = -100
if avar. has_key (" dHastep "): dHastep = avar[" dHastep "]
else : dHastep = 5
if avar. has_key (" length "): length = float (avar[" length "])
else : length = 40
if avar. has_key (" shape "):
if avar[" shape "] == " rectangle ":
shape =" rectangle "
if avar. has_key (" side_a "): side_a = float (avar[" side_a "])
else : side_a = 1
if avar. has_key (" side_b "): side_b = float (avar[" side_b "])
else : side_b = 0.05
if avar. has_key (" mean_path "): mean_path = float (avar[" mean_path "])
else : mean_path = mean_path_calculation2 (side_a , side_b )
elif avar[" shape "] == " circle ":
shape =" circle "
if avar. has_key (" radius "): radius = float (avar[" radius "])
else : radius = 0.178
else : raise IOError , " Column shape must be given ( circle or rectangle )"
if avar. has_key (" hist_steps "): hist_steps = avar[" hist_steps "]
else : hist_steps = 32
if avar. has_key (" temp_data "):
temp_data = avar[" temp_data "]
# Temp_parameters = polynomialLeastSquaresFit ( (1 ,1 ,1) ,

str_to_data (avar[" temp_data "]))
Temp_parameters = polyfit ( str_to_data_for_numpy ( temp_data )[0] ,

str_to_data_for_numpy ( temp_data )[1] ,2)
# fit the temperature profile with polynom of 2nd order

else :
# Temp_parameters = polynomialLeastSquaresFit ( (1 ,1 ,1) , str_to_data ())
Temp_parameters = polyfit ( str_to_data_for_numpy ("")[0] ,

str_to_data_for_numpy ("")[1] ,2)
# fit the temperature profile with polynom of 2nd order

else :
M2 = get_param ("Mass of gas in amu (Ar = 39.948): ", 28)
d2 = get_param (" Density of gas (Ar = 1.784): ", 0.77114)
P = get_param (" Pressure of gas in atm (1): ", 0.6)
p0 = get_param (" Period of oscilation in 10e -12 s (0.2): ", 0.2)
particles = get_param (" Number of particles : ", 10000 , ’i’)
Q = get_param ("The STP flow rate of gas through column (cm3/s): ", 16.66)
halflife = get_param (" Halflife of the nuclide : ", 10)
M1 = get_param (" Molecular weight of the substance : ", 146)
d1 = get_param (" Density of the substance : ", 6.475)
dHa1 = get_param ("The adsorption enthalpy to start with: ", -1000)
dHa2 = get_param ("The adsorption enthalpy to stop with: ", -100)
dHastep = get_param ("How many steps in enthalpy (5): " ,5,’i’)
length = get_param (" Length of column (120): " ,0.8)
shape = " circle "
radius = get_param (" Radius of column in cm (0.175): ", 0.2)
#if yes_not (" Column profile ( Circle or Rectangle ): ", " circle ", " rectangle ")

== 1:
# Column has circle profile
# shape = " circle "
# radius = get_param (" Radius of column in cm (0.175): " ,0.3)
# else :
# column has rectangular profile
# shape = " rectangle "
# side_a = get_param (" Dimension of side a in cm: ", 1)
# side_b = get_param (" Dimension of side b in cm: ", 0.5)
#if yes_not ("Do you know the mean path? (Yes or Not ): ") == 1:
# mean_path = get_param (" Enter mean path: ", 0.0668)
# else :
# print " Calculating mean path , it can take a while ...."
# mean_path = mean_path_calculation2 (side_a , side_b )
# print "Done , mean path is ", mean_path
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hist_steps = get_param ("How many values in result histogram (25): " ,24,’i’)
temp_data = raw_input (" Temperature data (in format {x1 ,y1 x2 ,y2 ...): ")

# Temp_parameters = polynomialLeastSquaresFit ( (1 ,1 ,1) ,
str_to_data ( temp_data ) )

Temp_parameters = polyfit ( str_to_data_for_numpy ( temp_data )[0] ,
str_to_data_for_numpy ( temp_data )[1] ,2)
# fit the temperature profile with polynom of 2nd order

R = 8.31432 e+7 # Universal gas constant cgs

prog = progressBar (0, particles , 77) # Inicialise progress bar
oldprog = str(prog)

print " -------------------------------------------------------------"

# Calculate some values
if shape == " circle ":
cross_section = pi*pow(radius ,2)
mean_path = radius
else :
cross_section = side_a * side_b

D298 = 0.0043 * pow (298.15 ,1.5) * sqrt (1.0/ float (M1 )+1.0/ float (M2 )) /
( float (P)* pow(pow( float (M1 )/ float (d1 ) ,1.0/3)
+pow( float (M2 )/ float (d2 ) ,1.0/3) ,2))
# Calculate diffusion coeficient using proper Gillilands formula

# D298 = 0.0043 * pow (298.15 ,1.5) * sqrt (1/ M1 +1/ M2) /
(P*sqr(pow(M1/d1 ,1/3)+ pow(M2/d2 ,1/3)))
# Calculate diffusion coeficient using Gillilands formula

# D298 = 0.001 * pow (298.15 ,1.75) * sqrt (1.0/ M1 +1.0/ M2) /
( float (P)* sqr(pow( float (M1 )/d1 ,1.0/3)+ pow( float (M2 )/d2 ,1.0/3)))
# Calculate diffusion coeficient using the
Fuller -Schettler - Giddings formula

T0 = temp_numpy (0, Temp_parameters )
# Temperature at the entry of the column

TE = temp_numpy (length , Temp_parameters )
# Temperature at the end of the column

#T0 = 298.15
#TE = 298.15
print "T0: ", T0 -273.15 , "TE: ", TE -273.15

# Prepare array of results
results =[]
hist =[]
for k in range ( hist_steps +1):
hist. append (0)

# Simulation
for j in range ( dHastep +1):
dHa = dHa1 +( dHa2 -dHa1 )/ dHastep *j

for k in range ( hist_steps +1): # Setting hist to zero
hist[k] = 0
print ""
print " Calculating enthalpy ",dHa ,": "

for n in range ( particles ): # For all particles
# print "New particle "
prog. updateAmount (n) #make progress bar
if oldprog != str(prog ):
print prog , "\r",
oldprog =str(prog)

xi = float (0) # Starting at zero
tf = float (0) # Time of jump
tt = float (0) # Processing time of particle
ta = float (0) # Time the particle spends staying on the surface
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td = -halflife / log (2)* log (1- random ())
# Generate random life time for nuclide

# print "\ nParticle #",n,"Half -life je ",td
Ro = float (1)
while tt < td :
T1 = temp_numpy (xi , Temp_parameters ) # Calculate temperature in xi
Dcoff = D298*pow(T1 /298.15 ,1.5)

# Calculate Diffusion coeficient at the T(xi)
if tf <> 0 :
Ro = tf / (tf + ta)

# Calculate Ro - ratio of the velocity of the carrier
gas to the mean migration velocity of the zone

# Particle jumps
Nm = cross_section * Dcoff / (4*Q*T1 /273.15) +

(11 - 16* Ro +6* pow(Ro ,2)) * ((Q*T1 /273.15)/(48* pi* Dcoff ))
# Calculate mean jump length

Ni = - Nm * log (1- random ()) # Generate random jump length
xi = xi + Ni # Calculate new position
if xi > length : break

# If particle flies through the column ,
we will find it in the filter

T2 = temp_numpy (xi , Temp_parameters )
# Calculate temperature in new position

tf = 2 * cross_section * Ni / ((Q*T1 /273.15)+( Q*T2 /273.15))
# Calculate flight time

( assume that flight time was Ni/ Velocity ; Velocity = Qi/ cross_section
tt = tt + tf # Processing time of particle increases
# print "Time after flight : ", tt
if tt > td: break # particle decays

# Particle stays on the surface for some time
tm = p0 * (1e -12) * exp ((- dHa *(1 e10 ))/(R*T2 ))

# Mean time to stay on surface
vi = mean_path /(Q*T2 /273.15) * sqrt (2* pi*R*T2/M1)

#Mean number of collisions
ta = -vi * tm * Nm * log (1- random ())

# Generate random time the particle spends staying on the surface
tt = tt + ta # Processing time of particle increases
# print " Dcoff : ", Dcoff , " Colisions :",vi , "Mean stay:",tm ,

"Mean jump :",Nm , "Time of stay: ", ta

if xi > length :
# If particle flies through the column ,
we will find it in the filter

k = len(hist) - 1
hist[k] = hist[k] + 1
else :
# print "T2: ",T2 -273.15
for k in range ( hist_steps +1):

# Particle is somewhere in the column , calculate where
if (( T2 < ((TE -T0 )/ hist_steps *k+T0 )) and

(T2 > ((TE -T0 )/ hist_steps *(k+1)+ T0 )) ):
# print " Fitting temperature : ", k,

((TE -T0 )/ hist_steps *k+T0 -273.15) , "--" ,
((TE -T0 )/ hist_steps *(k+1)+T0 -273.15)

hist[k] = hist[k] + 1
results . append (map(int ,hist ))

# Save results for this enthalpy in the array of results

# Results
# print results
print D298
part_ord = int (0.5+ log10 ( particles ))
devider = "+"+8*"-"+"+"+("-"*4+"+")* hist_steps +7*"-"+"+"
print devider
print "| Enthalpy "+"|",
for k in range ( hist_steps ):
print "%3d|" %(k+1) ,
print " Filter |"
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print devider

for j in range ( dHastep +1):
dHa = dHa1 +( dHa2 -dHa1 )/ dHastep *j
line = results [j]
print " |%8.1 f|" %( dHa),
for k in range ( hist_steps ):
print "%3d|" %( line[k]),
print "%6d|" %( line[k+1])
# print " Enthalpy :",dHa ,":",results [j]
print devider

# create output file
if " output_file " in arg.keys ():
f = open( output_file , ’w’)
f. write ("# Output file from MCS of Thermochromatography .\n#\n")
f. write ("# Used Parameters : \n# \n")
f. write ("#M2 = %f # Mass of gas in amu\n" % M2 )
f. write ("#d2 = %f # Density of gas\n" %d2)
f. write ("#P = %.1f # Pressure of gas in atm \n" %P)
f. write ("#p0 = %.1f # Period of oscilation in 10e -12 s \n" %p0)
f. write ("# particles = %d # Number of particles \n" % particles )
f. write ("#Q = %3f # The STP flow rate of gas in cm3/s \n" %Q)
f. write ("# halflife = %f # Halflife of the nuclide in s \n" % halflife )
f. write ("#M1 = %d # Molecular weight of the substance \n" %M1)
f. write ("#d1 = %f # Density of the substance \n" %d1)
f. write ("#dHa1 = %d # The adsorption enthalpy to start with \n" %dHa1)
f. write ("#dHa2 = %d # The adsorption enthalpy to stop with \n" %dHa2)
f. write ("# dHastep = %d # How many steps in enthalpy \n" % dHastep )
f. write ("# length = %d # Length of column in cm \n" % length )
f. write ("# shape = %s # Profile of column \n" % shape )
if shape == " circle " :
f. write ("# radius = %f # Radius of column in cm \n" % radius )
else :
f. write ("# side_a = %f # Dimension of side a in cm \n" % side_a )
f. write ("# side_b = %f # Dimension of side b in cm \n" % side_b )
f. write ("# mean_path = %f # Mean path in cm \n" % mean_path )
f. write ("# hist_steps = %d # How many values in histogram \n" % hist_steps )
f. write ("# temp_data = %s # Measured values for temperature \n" % temp_data )
t_param = Temp_parameters [0]
f. write ("# temperature (x) = %f + %fx + %fx ^2 # Interpolation

of temperature profile \n" %( t_param [0] , t_param [1] , t_param [2]))
f. write ("#\n#\n")

f. write ("N\ tTemp \t")
for j in range ( dHastep +1):
dHa = dHa1 +( dHa2 -dHa1 )/ dHastep *j
f. write ("%.2f\t" %dHa)
f. write ("\n")
for k in range ( hist_steps +1):
if k == ( hist_steps ):
f. write ("\ nfilter \t\t")
else :
temp_k = temp_numpy (((k +0.5)* length / hist_steps ), Temp_parameters ) -273.15
f. write ("%d\t%5.2f\t" %(k+1, temp_k ))
for j in range ( dHastep +1):
res_line = results [j]
f. write ("%d\t" % res_line [k])
f. write ("\n" )

f. close ()

# ########################################################################

#!/ usr/bin/env python
#
# Colection of modules used in script thermochromatography .py
# Written by J. Dvorak in Python 14/06/2005
#
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# ########################################################################

from random import random
from math import *
from string import *
import sys

def sqr(x):
"""Make x^2. """
return x*x

def mean_path_calculation (a,b,n=10 e5 ):
""" Calculating mean flight path in rectangular channel ."""
sum = 0

for i in range (int(n)):
xi = ( random () -0.5)*a
yi = ( random () -0.5)*b
alfa = random ()*2* pi
alfa1 = atan ((b*0.5 - yi )/(a*0.5 - xi ))
alfa2 = pi - atan ((b*0.5 - yi )/(a *0.5+ xi ))
alfa3 = pi + atan ((b *0.5+ yi )/(a *0.5+ xi ))
alfa4 = 2*pi -atan ((b *0.5+ yi )/(a*0.5 - xi ))
x=0
y=0
if (alfa > alfa1 ) and (alfa < alfa2 ) :
# alpha goes in the top detector
x = xi +(b/2-yi )/ tan(alfa)
y = b/2
elif (alfa > alfa2 ) and (alfa < alfa3 ):
# alpha goes in the left side
x = -a/2
y = yi -tan(alfa )*(a/2+ xi)
elif (alfa > alfa3 ) and (alfa < alfa4 ):
# alpha goes in the bottom detector
x = xi -(b/2+ yi )/ tan(alfa)
y = -b/2
elif (( alfa > alfa4 ) and (alfa < 2* pi )) or (( alfa >0) and (alfa < alfa1 )):
# alpha goes in the right side
x = a/2
y = yi+tan(alfa )*(a/2-xi)
else : raise ValueError , ’Particle not hitted wall!’
l = sqrt(sqr(x-xi )+ sqr(y-yi ))
sum = sum+l
average = sum/n
return average

# Parsing data from format x1 ,y1 x2 ,y2 x3 ,y3 ...
to [(x1 ,y1),(x2 ,y2),(x3 ,y3 ) ,...] for the polynomial fit

def str_to_data_for_numpy ( data_str ):
""" Function to parse string to data format for Polynomial fit"""
if data_str == "":
# return [0 ,20 ,40] , [20 , -60 , -140]
return [0, 120 , 240] , [25 , 24.5 , 24]
else :
x=[]
y=[]
a = data_str . strip (). split ()
for i in range (len(a)) :
b = map(float ,a[i]. split (’,’))
x. append (b[0])
y. append (b[1])
return x,y

# Parsing data from format x1 ,y1 x2 ,y2 x3 ,y3 ...
to [(x1 ,y1),(x2 ,y2),(x3 ,y3 ) ,...] for the polynomial fit

def str_to_data ( data_str ):
""" Function to parse string to data format for Polynomial fit"""
if data_str == "":
# return [(0 ,20) ,(20 , -60) ,(40 , -140)]
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return [(0 , 20) , (120 , 24.5) , (240 , 24)]
else :
data_arr =[]
a = data_str . strip (). split ()
for i in range (len(a)) :
b = map(float ,a[i]. split (’,’))
c = b[0] , b[1]
data_arr . append (c)
return data_arr

# Asking for parameters
def get_param ( message =" Enter value : ",

default =0, int_or_float ="f", repeat =3, warning =" Wrong value ! "):
""" Function asking for parameters

Asks for parameter , checks if OK and returns .
"""
while 1:
r_param = raw_input ( message )
try:
if int_or_float == "i" :
param = int( r_param )
elif int_or_float == "f" :
param = float ( r_param )
else : raise IOError , ’Not integer or float .’
return param
break
except ValueError :
if r_param == "":
param = default
return param
break
else :
print warning
repeat = repeat - 1
if repeat < 0:
raise IOError , ’Wrong value entered as an answer . ’

def temp_numpy (x, Temp_parameters ):
""" Function for calculation of temperature in x. """
param = Temp_parameters
return ( param [2]+ param [1]*x+ param [0]*x*x + 273.15)

def temp(x, Temp_parameters ):
""" Function for calculation of temperature in x. """
param = Temp_parameters [0]
return ( param [0]+ param [1]*x+ param [2]*x*x + 273.15)

def sqr(x):
""" Function returning square ."""
return x*x

def yes_not (message , yes_string ="yes",no_string ="no",
repeat =4, warning =’Wrong entry ’):

""" Function asking question yes or not and returning 1 or 0."""
while 1:
ok = raw_input ( message )
if ok in ( yes_string [0] , yes_string ): return 1
if ok in ( no_string [0] , no_string ): return 0
repeat = repeat - 1
if repeat < 0: raise IOError , ’Wrong value entered as an answer ’
print warning

class progressBar :
def __init__ (self , minValue = 0, maxValue = 10, totalWidth =12):
self. progBar = "[]" # This holds the progress bar string
self.min = minValue
self.max = maxValue
self.span = maxValue - minValue
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self. width = totalWidth
self. amount = 0 # When amount == max , we are 100% done
self. updateAmount (0) # Build progress bar string

def updateAmount (self , newAmount = 0):
if newAmount < self.min: newAmount = self.min
if newAmount > self.max: newAmount = self.max
self. amount = newAmount

# Figure out the new percent done , round to an integer
diffFromMin = float (self. amount - self.min)
percentDone = ( diffFromMin / float (self.span )) * 100.0
percentDone = round ( percentDone )
percentDone = int( percentDone )

# Figure out how many hash bars the percentage should be
allFull = self. width - 2
numHashes = ( percentDone / 100.0) * allFull
numHashes = int( round ( numHashes ))

# build a progress bar with hashes and spaces
self. progBar = "[" + ’#’* numHashes + ’ ’*( allFull - numHashes ) + "]"

# figure out where to put the percentage , roughly centered
percentPlace = (len(self. progBar ) / 2) - len(str( percentDone ))
percentString = str( percentDone ) + "%"

# slice the percentage into the bar
self. progBar = self. progBar [0: percentPlace ] +

percentString + self. progBar [ percentPlace +len( percentString ):]

def __str__ (self ):
return str(self. progBar )

def read_input_file ( f_name ):
""" Function for reading values from input file."""
f = open(f_name , ’r’)
first_line = f. readline (). strip ()
# print first_line
if first_line != "

# Input file for MCS of thermochromatography .":
f. close ()
raise IOError , ’Wrong input file ’
else :
entries = f. readlines ()
f. close ()
var_inp = {} #Make a dictionary for variables

for ent in entries :
ent_str = ent. strip ()
ent_str_spt = split (ent_str ,’#’)

if ent_str_spt [0] !="":
val = split ( ent_str_spt [0])
if val [0] in [’M2 ’,’m2 ’]: var_inp ["M2"] = float (val [( len(val ) -1)])
elif val [0] in [’D2 ’,’d2 ’]: var_inp ["d2"] = float (val [( len(val ) -1)])
elif val [0] in [’P’,’p’]: var_inp ["P"] = float (val [( len(val ) -1)])
elif val [0] in [’P0 ’,’p0 ’]: var_inp ["p0"] = float (val [( len(val ) -1)])
elif val [0] in [’particles ’,’Particles ’]: var_inp [" particles "]

= int(val [( len(val ) -1)])
elif val [0] in [’Q’,’q’]: var_inp ["Q"] = float (val [( len(val ) -1)])
elif val [0] in [’halflife ’,’Halflife ’]: var_inp [" halflife "]

= float (val [( len(val ) -1)])
elif val [0] in [’M1 ’,’m1 ’]: var_inp ["M1"] = float (val [( len(val ) -1)])
elif val [0] in [’d1 ’,’D1 ’]: var_inp ["d1"] = float (val [( len(val ) -1)])
elif val [0] in [’dHa1 ’,’DHa1 ’,’DHA1 ’,’dha1 ’]: var_inp ["dHa1"]

= float (val [( len(val ) -1)])
elif val [0] in [’dHa2 ’,’DHa2 ’,’DHA2 ’,’dha2 ’]: var_inp ["dHa2"]

= float (val [( len(val ) -1)])
elif val [0] in [’dHastep ’,’DHastep ’,’DHAStep ’,’dhastep ’]: var_inp [" dHastep "]

150



= int(val [( len(val ) -1)])
elif val [0] in [’length ’,’Length ’]: var_inp [" length "]

= float (val [( len(val ) -1)])
elif val [0] in [’circular ’,’circle ’,’Circular ’,’Circle ’ ]: var_inp [" shape "]

= ’circle ’
elif val [0] in [’rectangular ’,’rectangle ’,’rect ’]: var_inp [" shape "]

= ’rectangle ’
elif val [0] in [’radius ’,’Radius ’]: var_inp [" radius "]

= float (val [( len(val ) -1)])
elif val [0] in [’side_a ’,’Side_a ’]: var_inp [" side_a "]

= float (val [( len(val ) -1)])
elif val [0] in [’side_b ’,’Side_b ’]: var_inp [" side_b "]

= float (val [( len(val ) -1)])
elif val [0] in [’mean_path ’,’Mean_path ’]: var_inp [" mean_path "]

= float (val [( len(val ) -1)])
elif val [0] in [’hist_steps ’,’Hist_steps ’]: var_inp [" hist_steps "]

= int(val [( len(val ) -1)])
elif val [0] in [’temp_data ’,’Temp_data ’]:
temp_li_str = split (join(val),"[")
temp_str = temp_li_str [1]
var_inp [" temp_data "] = temp_str [: -1]
else : print "I Don ’t Understand ", val [( len(val ) -1)]
return var_inp

def usage ():
print " Possible arguments are: \n -h

help \n -i input file \n -o output file"

def get_arguments ():
args = sys.argv [1:]
arguments ={}
for arg_nr in range (len(args )):
if args[ arg_nr ] in ["-h", "--help"]:
usage ()
sys.exit (2)
elif args[ arg_nr ] in ["-i", "--input "]:
arguments [’input_file ’] = args[ arg_nr +1]
elif args[ arg_nr ] in ["-o", "--output "]:
arguments [’output_file ’] = args[ arg_nr +1]
return arguments

def mean_path_calculation2 (a,b):
mean_path = 1/ pi *(b*log(fabs(tan(atan(a/b )*0.5+ pi *0.25)))+

a*log(fabs(tan(atan(b/a )*0.5+ pi *0.25))))
return mean_path
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9.2 Specifications gas purification cartridges

Fig. 9.1: Specifications of Hydrosorb gas purifications cartridges of the company Spectromol.
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Fig. 9.2: Specifications of Oxysorb gas purifications cartridges of the company Spectromol.
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Fig. 9.3: Specifications of the Big Moisture Trap BMT-4 of the company Agilent.

Fig. 9.4: Specifications of the Big Oxygen Trap BOT-4 of the company Agilent.

Fig. 9.5: Specifications of the Molecular Sieve MT400-4 of the company Agilent.
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