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Abstract

Tracers of Nb, Ta, and the pseudo-homologue Pa were used to model the chemical
behaviour of dubnium in the development of suitable liquid-liquid extraction systems for the
SISAK centrifuge system. Extraction from sulphuric acid solutions into trioctyl amine in
toluene and into Aliquat 336 in toluene were investigated as chemical separation systems.
Distribution ratios for the homologues and the protactinium tracer, ***Pa, were measured in
batch experiments, whereas short-lived cyclotron-produced tracers of Nb and Ta were
measured in on-line separations using the SISAK system. SISAK is an automated centrifuge
system purpose built to perform fast liquid-liquid extractions of short-lived nuclei. The
results establish the optimal conditions for a SISAK dubnium experiment to explore its

chemical properties in solutions relating to those of niobium and tantalum.

Addition of H,0, to the Aliquat 336/H,SO4 system was investigated as part of this
work. The addition suppresses the extraction of Nb. And also Ta, but to a lesser extent. This
selective hydrogen peroxide complex formation might serve as the basis for an alternative

way to investigate the complexing behaviour of Db.

Part of the work presented here is from participation in a SISAK experiment on **'Rf. In
this experiment the distribution ratio for extraction into trioctyl amine in toluene from
sulphuric acid was determined. The practical experience gained from the Rf experiment was
important to ensure that the liquid-liquid extraction system developed here for dubnium is
realistic, and furthermore was invaluable in understanding all the necessary requirements
and conditions for performing such a complex experiment. The Rf experiments used for the
first time a two-step extraction procedure with direct detection of alpha activity in both
organic phases. Consequently, the distribution ratio can be determined without knowledge of
the amount of activity entering the SISAK system, thereby reducing the uncertainty in the

distribution measurement significantly.



iv Contents

Due to the high amounts of liquid consumed by the SISAK system during transactinide
experiments, which typically lasts several days, recycling of chemicals is necessary. This
results in build-up of KCI in the aqueous phase (from the KCl-aerosol particles used as
carriers in the gas jet). Thus, in a separate study the influence of KCl on the distribution
ratios for zirconium and hafnium was determined to be negligible for the 5-time recycling
currently used for the aqueous phase. It can, however, become a problem if the aqueous

phase is more extensively recycled.
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1 Introduction

1.1 Transactinides

Chemical properties of an element depend on the element’s electronic structure. The
Periodic Table of the Elements illustrates recurring ("periodic") chemical properties. Rows
are arranged so that elements with similar properties fall into the same vertical columns
(“groups”). Each horizontal row ("period") in the table corresponds to the filling of a
quantum shell of electrons. According to quantum mechanical theories of electron
configuration within atoms, the progressively longer periods further down the table group
the elements into s-, p-, d- and f-blocks to reflect their electron configuration. The main
value of the Periodic Table of the Elements is that it enables one to predict the chemical
properties of an element based on its location on the table [1-3]. After Glenn T. Seaborg
introduced the actinide concept [4] the Periodic Table of the Elements was extended to
include the then heaviest known elements. The addition of the the transactinide elements
(TAEs) (Z =104 ) [5, 6] or, as they are also called, superheavy elements (SHEs), has
resulted in the modern periodic table, similar to that presented in Fig. 1.1. Presently, we
know of 25 man-made transuranium elements. In 1997, IUPAC approved the names and
chemical symbols of TAEs with Z = 104~109. In 2003-2004, the names and chemical
symbols of elements 110 and 111 were approved. The remaining TAEs have no names so
far. According to the actinide concept, the S5f electron series ends with element 103,
lawrencium (Lr), and a new 6d transition series is predicted to begin with element 104,
rutherfordium (Rf) [7]. The currently discovered 14 transactinide elements, with Z = 104
through 116 and 118 [8], are placed in the periodic table under their lighter homologues in
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the 5d electron series, Hf to Hg, in the successive groups 13 to 16, and 18, T1-Po and Rn (see
Fig. 1.1).

Periodic Table of the Elements

1 18
H He
1|2 13 14 15 16 17| 2
Li | Be B{C|N|O]|F|Ne
3[4 56781910
Na | Mg Al|Si|P | S |CI|Ar

111234567891Q1112131415161718

K|[Ca|Sc|Ti|V |Cr|Mn|[Fe|Co|Ni|[Cu|Zn|Ga|Ge|As|Se|Br| Kr
19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 [ 32 [ 33 [ 34 [ 35| 36

Rb(Sr| Y |Zr ([Nb|Mo|Tc|Ru|Rh|(Pd|Ag|Cd|In |Sn|Sb|Te| I |Xe
37 | 38|39 |40 |41 |42 |43 |44 |45|46 |47 |48 |49 | 50 | 51 | 52 | 53 | 54

Cs|Ba|La*| Hf |Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl | Pb| Bi | Po| At |Rn
55|56 |57 [ 72 | 73 | 74 1 75 | 76 [ 77 [ 78 [ 79 | 80 | 81 | 82 | 83 | 84 | 85 | 86

Fr [Ra|Ac*| Rf |Db|Sg |Bh|Hs
87 | 88 ||8d |1041105]106 (107 (108 Mt | Ds |Rg|112]113[114[115[116 118
TH 1091110111 141211131141 115|116 118

*Actini Pa
Actinides 90 | o1 U

N Transactinides
92 | WP | PulRmICm[Bk [ Cf [Es [Fm|[Md|No| Lr
94 | 95 | 96 | 97 | 98 [ 99 [100] 101102103

*Lanthanides | Ce | Pr |Nd [Pm|Sm|Eu|Gd|Tb [Dy|Ho| Er [Tm|Yb|Lu
58 |59 [60 [61]|62]|63]|64]|65|66 (67| 68|69]|70]|71

Fig. 1. 1 The Periodic Table of the Elements

For the TAEs, since the filling of the 6d-shell takes place, they are expected to exhibit
chemical behaviour similar to that of the 4d and 5d transition elements. However, increasing
deviations from the periodicity of chemical properties based on extrapolation from lighter
homologues in the periodic table are predicted as the atomic number increases [9]. Electrons
in orbitals with a high probability density near the nucleus are accelerated by the large
nuclear charges to relativistic velocities, which increase their binding energies causing the
orbital contraction and energetic stabilization of the s and p;/, shells. Furthermore, this leads
to more efficient screening of the nuclear charge and corresponding radial expansion and
energetic destabilization of the ps;», d and f orbitals. The relativistic effect also results in
spin-orbit (SO) splitting of levels with / >0 (p, d, f, ... electrons) into j = / = '/,. These
changes may lead to a different arrangement of the outermost orbitals compared to the one

expected from extrapolations from the lighter homologues [9]. Therefore, changes not
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expected from simple extrapolation of properties within a group of the periodic table might
results. These relativistic effects increase approximately as a function of Z* and they are
most pronounced in the heaviest elements [10]. Therefore, the heaviest elements provide a
powerful testing ground for examining the influence of relativistic effects , this is an
important reason why studies of the transactinide elements are of great interest [11]. For
example, the stable oxidation states of a transactinide element might include unexpected

valence states.

The TAEs spontaneously decay; the most stable of them have half-lives of only a few
minutes. Many are much less stable and only exist for a small fraction of a second. For most
known isotopes of the elements heavier than Z = 104, a-decay is the dominant decay mode
instead of spontaneous fission. The half-lives of the isotopes of a given transactinide
increase with increasing neutron number within the known region of TAEs [12-14]. A
prominent o-decay mode of at least the mother and first daughter in the decay chain is
necessary for an unambiguous determination and identification of isotopes of transactinide
elements because a positive identification of a transactinide nuclei usually demands
identification of a reasonable decay chain, e.g. correct mother and daughter a-energies and
correlation time between them. Furthermore, for chemical investigations, half-lives of at
least 1 s are necessary to allow enough time for the chemical apparatus to perform the
required chemical operations [15]. Due to very short lifetimes and low production rates of
TAEs, not only fast radiochemical separations and detection techniques need to be
developed, but also facilities and expertise in preparation, irradiation, and handling of
radioactive targets and subsequent separation of the desired nuclides from the complex

reaction products are indispensable.

Suitable methods for chemical studies of TAEs are based on the principle of
chromatographic separation either in the gas phase, by exploiting the differences in the
volatility of TAE compounds, or in the aqueous phase by solvent extraction, or by
ion-exchange separation using differences in their complex formation properties. Studies of
the TAEs in the gas phase have been exploited quite a lot because they allow for the
investigation of the TAEs with very short half-lives.
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However, investigations in the gas phase are limited to volatile compounds. Solution
chemistry provides another perspective for chemical studies of the transactinide elements.
Properties such as complex formation can easily be investigated in the liquid phase. Model
experiments on the isolation and investigation of TAEs in solutions by ion-exchange
chromatography in the on-line mode demonstrated the possibility of studying the
physiochemical properties of radionuclides with half-lives down to about 5-10 s. Short-lived
radionuclides with half-lives of around 4 s were isolated and detected using the SISAK III

(see 1.2) liquid-liquid solvent extraction system [11, 16, 17].

The short half-lives and very low production rates for the transactinide elements imply
that each atom produced decays before a new atom is synthesized. For example, with hot
fusion reaction applies to synthesize nuclides of elements 104 through 108, cross sections
vary from about 10 nb to a few pb. With typical beam intensities of 3x10'%ions per second
on targets of about 0.8 mg/cm’ thickness production yields range from a few atoms per
minute for rutherfordium and dubnium isotopes to five atoms per hour for ***Sg and even
less for *’Bh and heavier nuclides. Such extreme conditions imply that any chemistry to be
performed must be conducted on a “one-atom-at-a-time” basis [18, 19]. However, in macro-
amount chemistry, the distribution ratio is defined as the concentration of all species of one
element in the organic phase to the concentration in the aqueous phase. When a single atom
is considered, the classical derivation of the law of mass action is no longer valid because a
single atom cannot exist in two different phases simultaneously. Therefore, an expression
equivalent to the law of the mass action has been derived, in which concentrations are

replaced by probabilities of finding the atom in a given state and phase [20].

The first generation chemistry of the TAEs (mostly in gas phase), had concentrated on
the question of how well the periodic table accommodates the transactinide elements as
transition metals in the seventh period [20]. The second generation chemistry of the TAEs
places stress on performing such experiments so as to enable detailed comparisons of the
chemical properties of the TAEs to their lighter homologues or pseudohomologues, and
compares the chemical properties of the TAEs with the properties deduced from
extrapolations and from modern relativistic molecular orbital calculations [7]. Thus, for

studying the chemical properties of the TAEs, the knowledge of the behaviour of their
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homologues/pseudo-homologues under the same conditions is imperative. New methods are
continuously being developed to advance the knowledge about the chemical properties of
the TAE. Table 1.1 lists the isotopes of TAEs, chemically studied in solutions. These
experiments were carried out in several research centres in the world [8].

Table 1. 1 Isotopes of transactinide elements studied by chemical methods in solutions

Isotope T v (s) Production Investigation method Research Ref.
reaction centre (year)
OIRf 78 “¥Ccm("™0,5n) Ton-exchange LBL (1970) [21]
chromatography
" " " FLNR JINR [22]
(1990)
" " " FLNR JINR [23]
(1998)
" " " PSI (2000) [24]
" " " JAERI (2002)  [25]
" " " JAERI (2004)  [26]
" " " GSI (2004) [27]
" " Extraction LBNL (1980) [28]
chromatography
" " " PSI (1998) [29]
" " Liquid-liquid LBNL (1994)  [30, 31]
extraction
" " " LBNL (1996)  [32, 33]
" " Adsorption LBNL (1996)  [34]
BIRf 47 298pp (30T, n) SISAK on-line LBNL (2002) [16]
extraction
IRf " 298pp 30T, n) SISAK on-line LBNL (2003) [17]
extraction
BIRf " 298pp(3°T},n) SISAK on-line LBNL (2005) [17]
extraction
*2pp 34 2BK(**0,5n)  Adsorption, extraction ~ LBNL (1988) [35]
" " Extraction LBNL (1989) [36,37]
chromatography
" " " LBNL (1992)  [38]
" " " LBNL (1999)  [39]
3pp 27 29BK(**0,4n) Jon-exchange LBNL (1992) [40]
chromatography
**Cm("’F,5n) " IN2P3-UPS [41]
(2002)
22pp 27 29BK('%0,4n) " GSI (2003) [42]
34 Ccm(*°F,5n) " JAERI (2004)
2559 74 **Cm(*Ne,5n) " GSI (1997) [43]
" Cm(**Ne,5n) " GSI (1998) [44]
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Note: LBNL is Lawrence Berkeley Laboratory (Berkeley, USA), PSI is Pau Sherrer Institute
(Villigen, Switzerland), JAERI is Japan Atomic Energy Research Institute (Tokai-Mura, Japan), GSI
is Gesellshaft fiir Schwerionenforschung (Darmstadt, Germany), IN2P3-UPS is Institute de Physique
Nucleaire, Radiochimie (Orsay, France), FLNR JINR is Flerov Laboratory of Nuclear Reactions,
Joint Institute for Nuclear Research (Dubna, Russia).

1.2 SISAK

SISAK is an acronym for Short-lived Isotopes Studied by the AKUFVE technique, in which
AKUFVE, a Swedish acronym, refers to arrangement for continuous investigations of
distribution ratios in liquid-liquid extraction. The SISAK system was developed in the 1970s
for chemical isolation of short-lived nuclides from complex nuclear reaction production
mixtures [45]. Subsequently it has been used for investigating both chemical and nuclear
properties of numerous elements and nuclides. Today, the third generation has been reached
[46]. Based on the third generation of SISAK centrifuges, the SISAK 3, is a fully continuous
multistage solvent extraction system. The most significant changes are the reduction of the
hold-up volume and residence time of the apparatus. The previous SISAK 3 centrifuges
were constructed of palladium-passivated titanium. The present centrifuge material is PEEK
(Poly Ether Ether Ketone), which is used because it is more resistant to common acids such

as hydrochloric and sulphuric acid [47, 48] and is therefore used presently.

During the last decade of the twentieth century, the system was adopted for
transactinide research. A detection system based on liquid scintillation in combination with
fast on-line liquid-liquid extraction using SISAK 3 was developed [49, 50] for detection and
identification of nuclides through their o emission. It was compatible with the large flow
rates of the SISAK apparatus, and could be designed to operate in a continuous manner. It

turns out to be a practical method for studying the liquid chemistry of TAEs [51].

Early attempts to study transactinide nuclides with the SISAK system in the 1990s
ended up with inconclusive results [6, 48, 52-56]. The main problem was the system’s
inability to distinguish a particles emitted from the desired TAE nuclide from the activity of
transfer products because of the undesirable reactions between the projectile beam and
target-backing material, aerosol particles and even carrier gas. The B- and y-induced
background from the surroundings and from nuclides produced in the target interfere with

the a-spectrum analysis to such an extent that it becomes impractical [57].
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In combination with a physical preseparator, for example, the Berkeley Gas-filled
Separator (BGS), the SISAK Liquid-Scintillation experiments, using preseparated nuclei,
profit from a strongly reduced background and more “chemistry-friendly” conditions.
Chemical reactions can be performed without interference from intense heavy-ion beams
and unwanted by-products. Thus, the chemistry can be optimized for studying the chemical
properties of the TAE of interest without simultaneously functioning as an extremely
efficient separation system. This gives more freedom in designing the chemical system used

to investigate the chemical properties of the TAEs [17].

1.3 Objectives

The main objective of this work was to develop, using the SISAK system, suitable chemical
separation systems and conditions for revealing the chemical behaviour of dubnium (Db,
Z=105) in liquid phase relative to its homologues, niobium (Nb) and tantalum (Ta), and even
its pseudohomologue, protactinium (Pa) with the SISAK system. The assumption made is
that Db will behave in a similar manner to its homologues. In previous studies of Rf using
SISAK, it proved feasible to use trioctyl amine (TOA) dissolved in toluene to extract Rf and
its homologues, Zr and Hf [58] from sulphuric acid solutions. Using a procedure based on
this extraction system, one was able to distinguish between zirconium-like and hafnium-like
behaviour. This is an important first step in learning details about the chemical properties of
a transactinide element. Based on the experience gained in studies of Rf using SISAK with
TOA/H,SOy4 to extract rutherfordium, similar extraction chemistry was chosen as starting
point for the work. Furthermore, a different extracting agent, Aliquat 336, was investigated
to expand the available experimental data on TOA’s use in aqueous-phase dubnium
complexes, which is important, for example, in theoretical calculations on types and

stabilities of such complexes.

Due to the high amounts of liquid consumed by the SISAK system during transactinide
experiments, which typically lasts several days, recycling of chemicals is necessary to
reduce chemicals expense and waste products. This recycling results in build-up of KCI in

the aqueous phase (from the KCl-aerosol particles used as carriers in the gas-jet), which
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might have an influence on the extraction of the TAE of interest. Thus, it was necessary to

check the possible influence of KCl for studies of the chemistry of the TAE.



2 Background

Dubnium and its horologues:

The element with atomic number 105 is the second transactinide element, dubnium (Db); it
follows after element 104, rutherfordium (Rf). According to the systematics of the periodic
table, Db should be located in Group 5, with Ta presumed to be its closest relative.
Vanadium (V) and niobium (Nb) are also its homologues. Another element which in many
ways behaves similarly to the Group 5 elements is protactinium (Pa), which therefore
frequently is referred to as a pseudohomologue. The most stable oxidation state for Nb and
Ta is +5 but both metals can be reduced to be in the +4 and +3 states; similar behaviour is

thus expected for Db.

The expected ground state electronic configuration of Db is [Rn] 5f'*6d*7s.The
ionization of Db in aqueous solutions is expected to stop with the [Rn] 5f'* core intact,
leading to Db, analogous to Ta>" (with the [Xe] 4f* configuration). The +5 oxidation state
probably exists in aqueous solutions as a hydrolyzed or complexed species, such as, MO,

[35].

The aqueous chemistry of the Group-5 elements in the +5 state is well known (except
for Db): Strong complexes can be formed with e.g. fluoride, chloride and sulphate ions. The
Group-5 elements can also be efficiently extracted from a nitric acid medium using reagents

like tributyl phosphate (TBP) or di-ethylhexyl-orthophosphoric acid (HDEHP).
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The Group-5 elements, as well as Pa, form rather strong anionic or neutral complexes

with hydroxy acids like glycolic acid, o-hydryoxyisobutyric acid and lactic acid [15].

2.1 Chemical Investigation of Dubnium

The first chemical studies of Db were performed by ZVARA et al. [59, 60] using gas-phase
thermochromatography on the relatively volatile bromide and chloride complexes. The
Am (*Ne, 4-5n) reaction was used to produce the nuclides of 2 s **'Db. In the
experiments, the spontaneous fission (SF) track distribution along the
thermochromatography column was assumed to characterize the element 105’s behaviour.
This distribution indicated that Db behaves like a typical transactinide element, that the
chlorides and bromides of Db are less volatile than Nb compounds, and that Db compounds
show a volatility which is rather similar to, or only slightly higher than the volatility
observed for the Hf behaviour in Group 4. The authors of the experiment concluded that
element 105 is a homologue of the Group-5 elements Nb and Ta. Their results were
differently interpreted: either that Db behaves more like a Group-4 element or that its
behaviour more closely resembles that of the tetrachloride of V or the oxychlorides of V and

Nb [61, 62].

The first aqueous chemical experiment on Db was a study of the adsorption from an
acid solution onto glass surfaces, which have been fumed twice with concentrated HCI and
HNO:s solutions [35]. The results show that Db in HNOj3 solution adheres with high yield to
glass surfaces, a behaviour very characteristic of the Group-5 elements Nb and Ta, and of
Pa. The other experiment was an attempt to study the extraction of Db fluoride complexes
from a mixture of HNO3 and HF into methyl isobutyl ketone (MIBK). The extraction of Nb
and Ta from acidic fluoride solutions into MIBK is well known, and has been used as a very
characteristic separation and purification process for these elements [58, 63, 64]. Ta extracts
under a broader range of conditions than does Nb. If this Group-5 trend were to continue, Db
should also form extractable species and be quantitatively extracted under the same
conditions as Ta. However, it was found that Db did not form extractable anionic fluoride
complexes [35]. Presumably the tendency to hydrolyze or to form high coordination number
fluoride complexes in Db may be stronger than in Ta, leading to non-extractable species.

Under such a condition, Nb was not extracted into the MIBK phase. The most obvious
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explanation is that there occurs a formation of multi-charged anions such as [DbF;]*. The
higher charge would then prevent extraction into solvents, such as MIBK, with relatively
high dielectric constant. The existence of a different valence state, like Db3+, with a
[Rn]5f'*7s” configuration due to the relativistic stabilization of the 7s electrons was also
discussed [35]. However, on the basis of the calculations of Desclaux [65] it was not

considered likely except under very strongly reducing conditions.

The first detailed comparisons of the chemical behaviour between Db, its lighter
homologues Nb and Ta, and the pseudo-homologue Pa were carried out using solutions at
different HCI1 concentrations with small amounts of HF added. They were performed as
liquid-liquid extraction chromatography experiments with tri-iso-octyl amine (TIOA) as
stationary phase on an inert support in the ARCA (Automatic Rapid Chemistry Apparatus)
[36, 37] (see 3.3.2). In these experiments Db again showed a non-Ta-like behaviour and,

even showed Pa-like properties.

The explanation of these results is hampered by the use of the mixed HCI/HF solution
which did not allow to clearly distinguish which complex was formed. It was suggested that
the non-tantalum-like halide complexation of Db is indicative of the formation of oxohalide
or hydroxohalide complexes similar to [NbOCls]" and [PaOCls] or [Pa(OH),ClL], in
contrast to the pure halide complexes of Ta, such as [TaClg]. In contrast to the
experimentally observed extraction sequence from HCI solutions with small amounts of HF
added, the inverse extraction order Pa >> Nb > Db > Ta was predicted theoretically. This
work considered the competition between hydrolysis and chloride complex formation. The
subsequent experimental studies performed in the pure F', CI', and Br™ system are in good

agreement with the theoretical predictions which include relativistic effects [66, 67].

Extractions of Nb, Pa, and Db into di-isobutylcarbinol (DIBC) from concentrated HBr
solutions showed that the tendency to form multi-charged anions is increasing in the
sequence Pa<Nb<Db. Elutions from cation exchange columns with unbuffered 0.05 M a-
hydroxi-isobutyric (a-HIB) solutions showed that Db, together with Nb and Ta, elutes
promptly whereas tri- and tetravalent ions are strongly retained under these conditions. This

provided an unambiguous proof that pentavalent Db is the most stable valence state in
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aqueous solution, and it also supported the position of Db as a member of Group 5 of the

Periodic Table [6, 38, 40].

In summary, pentavalent Db is the most stable valence state in aqueous solution. Most
results show that Db has a non-Ta-like behaviour and in some conditions is even similar to
Pa.The non-Ta-like behaviour of Db, and Db’s similarity to Nb and /or Pa depend on its
chemical environment. Therefore, the chemical properties of Db cannot be reliably

extrapolated from the trends observed in its lighter homologues any more.

From the above, it is seen that so far most chemical studies of Db performed are about
Db halide complexes whether in either gas or liquid phase. Very little has been exploited
about Db sulphate/bisulphate complexes; in other words, the chemistry about Db

sulphate/bisulphte complexes in solutions is greatly lacking.

2.2 Chemical Investigation of Superheavy

Elements with SISAK

In the 1990s the Mainz-Gothenburg-Oslo SISAK collaboration started to develop plans for
using the fast liquid-liquid extraction system SISAK for chemical studies of the transactinide
elements. In his 1994 thesis, Pense Maskow proposed a liquid-liquid extraction scheme for
use with SISAK for extraction of Group-4 elements [68]. The system was based on selective
extraction from HNOj into dibutyl phosphoric acid (HDBP) in toluene, in which Hf and Zr
were well separated from lanthanides and Group 5 and 6 elements (Nb, Ta, Mo, and W). In
the following years work was performed to develop extraction systems for Rf, Db and
element 106, seaborgium (Sg). Parallel to this work a liquid scintillation detection system
was developed [49, 51, 69] to detect the a-decay of the transactinides. Liquid scintillation
detection was selected as the only system which could handle the high volumes of liquid
needed to operate the SISAK system. At GSI, PSI and LBNL several attempts to extract and
detect Rf, Db, and Sg were made, but all with inconclusive results. A summary of these
experiments can be found in Table 1.1 in the thesis of Stavsetra [70] and references therein.

It should be noted that in all these experiments the product stream from the target was fed
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directly (by use of a conventional aerosol-seeded gas-jet in a thin capillary) to the SISAK
degasser. Thus, huge amounts of (unwanted) radioactivity were fed into the chemistry
system. Even if only a small fraction of this were transferred to the organic phase, the beta
background would practically blocked out any as which might have entered the organic
phase. This problem is especially severe for liquid scintillation detection, since 3 particles
produced about ten times as much light as do a particles. Thus, the B spectrum resides in the
same part of the spectrum as do the as. Details about this are explained in Stavestra's thesis
[70] and standard textbooks on a liquid scintillation spectroscopy, see e.g. the book by
McDowell & McDowell [57].

In 2000, the Berkeley Gas-filled Separator (BGS) at Lawrence Berkeley National
Laboratory (LBNL) was used as a physical preseparator between the transactinide producing
target and SISAK. In this way nearly 100% of the unwanted activity was eliminated before it
reached the chemistry apparatus. Therefore, the spectra contained only a relatively modest
background (mostly from electrons created by a Compton interaction caused by outside y
rays entering the detection cells) and the a particles could relatively easily be identified in
the spectrum (pulse shape discrimination is used to separate o and 3 particles). This was the
first time a transactinide element was extracted and unequivocally identified by the SISAK
system. Thus, it demonstrated that the fast liquid-liquid extraction system SISAK, in
combination with liquid-scintillation detectors, could be used for investigating the chemical
properties of the TAEs. It was also the first time a physical preseparator had been used in
front of a chemistry system in a transactinide experiment and demonstrated the huge
advantages of doing so — significantly reduced background activity.

In the 2000 SISAK experiment, only one step extraction was applied (see Fig. 3.2).
Thus, the activity in the aqueous phase was not measured because water and acids destroy
the energy resolution that is necessary for precise LS a spectroscopy [16]. Thus, to be able to
calculate the distribution ratio between the two phases, the total amount of activity entering
the system must be determined indirectly. This is achieved by running an experiment
without extraction; all the activity is fed directly to the detectors, thus giving a measurement
of the total amount of activity entering the chemistry system. The measured activity in the
organic phase is then subtracted from the total activity. The difference is then assumed to be
the amount of activity in the aqueous phase. Since the two experiments cannot be performed
simultaneously, the beam integral (from e.g. Rutherford scattering detectors, as used at the

BGS) is used for normalisation. However, this procedure assumes that the transport
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efficiency throughout the complete system is constant, something which is only partially true

for the gas-jet transfer.
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3.1 Production of Transactinides

Transuranium elements are usually synthesised in high neutron-flux reactors in which the
elements are formed from a chain of neutron captures and subsequent f-decays. With this
method, neutron rich isotopes of elements up to fermium (Z = 100) can be produced. At
fermium, however, the method’s utility ends due to the lack of B- decay and too short o and
fission half-lives of the heavier elements. The elements beyond fermium are most accessible
using heavy-ion fusion reactions. This is achieved by bombardment of heavy-element targets
with heavy ions from an accelerator. As the neutron excess increases for heavy nuclei,
heavy-ion reactions lead to neutron deficient and unstable species. This can, to some extent,
be compensated by the use of neutron rich targets and projectiles.

There are mainly two types of fusion reactions, hot and cold. Hot fusion reactions are
based on targets made from actinide elements such as ***Cm, **Bk or ***Cf with a light
projectile. Depending on the TAE to be produced, ®O or *Ne can be used as the projectile.
A cold fusion reaction is, for instance, based on lead and bismuth targets and the projectile
can be *°Ti, **Cr or **Fe. The most significant difference between the hot and cold fusions is
that the excitation energy of the compound nucleus is at the lowest beam energies necessary
to initiate a fusion reaction. Values are at 10-20 MeV in reactions with lead targets and at

35-45 MeV in reaction with actinide targets. The second important difference is that the

15
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actinide target-based reactions in hot fusion produce more neutron-rich isotopes of the same
element than a cold fusion reaction does, e.g. *Hs from a ***Cm target and ***Hs from a
298pp target [20]. Unlike in the sequential neutron capture process, in the fusion process, the
total mass of the projectile is imported into the target nucleus. The fusion of complex nuclei
leads to an excited compound nucleus. Its transition to the ground state is achieved by means
of neutron- and y-ray emission. Fission strongly competes with this process. As a result, the
survival probability of the nucleus strongly decreases. The evaporation of a neutron reduces
the excitation energy by about 10 MeV, which means that several steps of neutron
evaporation may be needed before the “final” product is formed. Since the excitation energy
is lower for the compound nucleus formed in cold fusion compared to the one formed in hot
fusion fewer neutrons have to be evaporated to dissipate the excitation energy. Thus, cold
fusion reactions tend to give the largest cross sections for production of transactinide
nuclides. However, the nuclides formed in cold fusion reactions have fewer neutrons than
those formed in hot fusion reactions. The former usually yields a shorter half-life of the
product [71]. Production reactions of some transactinides used for chemical research are
listed in Table 3.1.
For SISAK on-line experiments concerning transactinides, the main facilities are

composed of three parts:

o The target chamber , preseparator (e.g. BGS) and transportation system of

reaction products

. Chemical separation system

. On-line detection system

Relating to production of transactinide nuclides, the target chamber is the main facility.
Target Chamber

The construction of the target chamber depends on the type of nuclear reaction used.
Cooling of the target is provided by a gas stream, and the beam stop is normally
water-cooled. One type of such a target chamber is illustrated as Fig. 3.1. At the Oslo
cyclotron lab (OCL) the beam energy used is relatively low and the energy dissipation
correspondingly low. Hence, additional cooling systems are unnecessary and therefore the
target chamber construction is comparatively simpler as shown in Fig. 3.2. The MC35

Scanditronix Cyclotron of the OCL can deliver beams of several particle types such as
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protons (Epmax = 35 MeV), deuterons (Egmax = 18 MeV), *He (Estemax = 47 MeV) and ‘He

(E4temax = 35 MeV), see Table 3.2.

Table 3. 1 List of some production reactions of transactinides [71]

Reaction

Cross Section

Half-lives of product

Decay mode

pbCUTh, 2n) RE

ZOSPb(SOTi’ 1n)257Rf
249Cf(12C, 411)257Rf

248Cm(180, Sn)ZGIRf
29Bi(*°Ti, 1n)***Db
ZSOCf(ISN, Sn)26lDb
249Bk(180, 5n)262Db
249Bk(180, 411)263Db
248Cm(22Ne, 5n)2658g
248Cm(22Ne, 4n)266sg
29BK(*Ne, 4n)*"Bh
248Cm(26Mg,51’1)269HS

4.840.4 nb [72]

10+ 1 nb [74]

10 nb [75]

12 nb [76]
5nb [77]
2.9£0.3 nb [78]
0.51£0.20 nb [79]
6+3nb [81]
10+ 6 nb [81]
0.26 nb [83, 84]
0.08 nb [83, 84]
58 (+33, -15) pb [86]
6 pb

1.64 s [73]

3.95/4.0s [73]
3.9/4.0s[73]

78(+11,-6) s [32]
4.4 (+0.9,-0.6) s [78]
1.8 (£0.6) s [80]
345[82]
27(+10,-7) s [81]
7.4 (+3.3,-2.7) s [85]
21 (+20,-12) s [85]
17 (+14, -6) s [86]
9.35[87]

o and SF

o and EC

o

o and EC

o and SF

o and SF

o and SF
o

a
a
a

N, Cooling gas

Gas-Jet Inlet

-

 —_—

Beam Stop

Gas-Jet outlet

Cooling Water

Fig. 3. 1 Schematic drawing of a typical target chamber with cooling gas at the target and cooling

water at the beam stop
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Gas outlet
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Collimator Recoiled Nuclei

Gas inlet

Fig. 3. 2 Schematic drawing of the OCL target chamber

Table 3. 2 Available Beams from the MC-35 Scanditronix cyclotron at OCL

Particle type Energy (MeV) Beam Intensity (nA)
Proton 2-35 100
Deuteron 4-18 100
He 6-47 50
*He 8-35 50

3.2 Preseparation and Transportation of

Nuclear Reaction Products

3.2.1 Physical Preseparator BGS and the Recoil Transfer
Chamber (RTC)

Among the difficulties involved in identifying and studying the heaviest elements, besides
increasingly short half-lives and very low production rates, are the overwhelming quantities
of unwanted nuclides which are co-produced. Very special techniques are needed to separate
the desired nuclides from the complex reaction products. Both physical and radiochemical
separation techniques are used. The Berkeley Gas-filled Separator (BGS) employs a physical
preseparation techniques, which uses the different magnetic rigidities of the recoils and
projectiles travelling through a low-pressure, gas-filled volume in a magnetic dipole field.

Helium is used in order to obtain a maximum difference in the rigidities of slow reaction
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products and fast projectiles.

The BGS, consisting of quadrupole, gradient-field, and flat-field magnets, which can be
coupled with the SISAK chemical separation system, was used as an efficient radionuclide
separator at the Lawrence Berkeley National Laboratory [16]. The use of preseparated
isotopes resulted in nearly background-free experiments which enabled unambiguous
identification of TAEs, e.g., 2'Rf (T 1, = 4.3 s); details of this experiment were described by
Omtvedt in an article [16]. Using the BGS preseparator enables direct measurement of the
amount of TAEs entering the chemical separation system. Especially, for the one-step
extraction with SISAK TAE experiments, this is important since the activity in the aqueous
phase is not possible to measure with the liquid scintillation technique used. To calculate
extraction yields, and thereby derive the D-values, the amount of TAEs entering the

chemistry system is needed.

A multiple-target system is located inside the BGS, consisting of a 35 cm target wheel
of nine arc-shaped target areas. The target wheel is located 0.5 cm downstream of the carbon
(40pg/ecm?) entrance window of the separator, and rotates at 300 rpm. Two silicon p-i-n
detectors mounted +27 degrees incident to the beam, measure elastically scattered beam
particles. The separator is filled with He gas to a pressure of 70 ~ 130 Pa, and the beam
particles and transfer products are spatially separated in flight from the evaporation residues
(EVRs) and the desired nuclides pass through a 6-um MYLAR foil and then are stopped in a
volume of He at a pressure of 2 bar in the Recoil Transfer Chamber (RTC). In the RTC,
where the He gas is seeded with KCI particles the TAEs nuclides become attached to the
He/KCl aerosols and are sucked through a 20-m capillary to the chemical separation system.
The transportation efficiency of the BGS is about 60% for the production of *'Rf [70]. A
schematic drawing of BGS is shown in Fig. 3.3.



20 Methods and Instrumentation

Scattering
Cyclotron Detectors
beam

Beam Trajectory (Eai-ie‘
X

Gas-jet

Entry

Target

Products

recoil out

and enter

separator

Recoil Transfer

Quadrupole Chamber
Magnet

Gradient-
Field
Magnet

Flat-Field
Dipole

Magnet

Trajectory of
Separated Nuclides

Fig. 3. 3 Schematic drawing of the target chamber and the BGS coupled to the RTC at the 88-inch
Cyclotron at LBNL. A helium gas-jet system transports the recoils to the chemical separation area

3.2.2 Gas-jet

An efficient, fast and reliable transport of recoiling EVRs from target chamber to
various chemical separation devices is a prerequisite for heavy-element research with
chemical techniques. To achieve faster chemical separation times, the aerosol gas-jet
transport technique has been used. The principles behind the aerosol gas-jet transport
technique have been presented by H.Wollnik [88]. In the gas-jet recoil transport technique,
products of nuclear reaction recoil out of a thin target and stop in a carrier gas, usually
helium, at a pressure normally above 1 bar in a target chamber. The helium gas is seeded
with aerosol particles. After stopping in the gas, the reaction products become attached to
the aerosol particles. The activity-laden aerosol carried with the gas is sucked with the gas
through a thin capillary tube to a remote site by applying vacuum to the downstream end of
the capillary. Many aerosol materials, e.g. KF, KCl, KBr, NaCl and NaBr have been tested,
and the aerosol material can be specifically chosen to minimize interference with the
chemical separation being performed. Widely used are KCI aerosols which can easily be

generated by sublimation of KCI from a porcelain boat within a tube furnace. By heating
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KCl salt to about 650-670 °C, aerosols with a mean mobility diameter of about 100 nm and
number concentrations of few times 10° particles/cm’ could be generated. Also PbCl, [89],
graphite [90] and MoOs [32, 91] aerosols of about 50 to 200 nm size have been used with
good results. Examples of such gas-jet systems applied in combination with a chemical
separation system for TAE investigations are the SISAK system based on solvent extraction,
the on-line gas chromatography systems for volatile species OLGA (On-Line Gas
Chromatography Apparatus) (see 3.3. 1), and the rapid batch-wise working system ARCA
(Automatic Rapid Chemistry Apparatus) for liquid chemistry (see 3.3. 2).

As a continuous transportation technique, the gas-jet technique is easily coupled to

systems for on-line chemicals separation and measurement experiments [92, 93].

Target chamber

Beam —>
Target A
Ceramic boat .
with KCl Capillary
Long tube

Tube funase
Flow

meter

Gas container

Fig. 3. 4 Schematic drawing of the gas-jet recoil transportation system at OCL

The combination of a gas-jet technique with the SISAK system was first reported by
Trautmann et al. in an experiment isolating short-lived isotopes of cerium, lanthanum and
praseodymium from a fission product mixture using ethylene/nitrogen as cluster/carrier gas
[92].

With respect to the OCL gas-jet system the helium gas is fed from a gas container
through a quartz tube containing a ceramic boat laden with potassium chloride. The quartz

tube is placed in a tube furnace and kept at a temperature of around 670 °C. The gas leaving
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the quartz tube, with ACL aerosols, is then sucked through a tube section acting as a filter in
order to remove small particles by collision with the tube wall as well as large particles by
sedimentation. Large particles are also removed by a glass frit before the gas is fed into the
target chamber [15]. A schematic drawing of the gas-jet transport system is shown in Fig.

34.

3.3 Instrumentation of Transactinide

Chemistry

The instrumentation used for studies of transactinide chemistry is either on-line working or
in a batch-wise mode. The chemical separation systems for transactinides are mainly based

on gas phase separation and aqueous phase separation.
3.3.1 Gas-phase System

Pioneering chemical studies of volatile Rf, Db and Sg halids and /or oxyhalides [20] were
carried out by gas chromatography. However, investigation in the gas phase is limited to
volatile compounds. Also some disadvantages appear such as modest chemical separation
factors and a rather limited number of volatile species that are suited for gas

chromatographic investigation.

Since the synthesis of transactinide nuclei usually implies a thermalization of the
reaction products in a gas volume, a recoil chamber can be connected with a capillary
directly to a gas chromatographic system. Gas-phase separation procedures are fast, efficient
and can be performed continuously, which is highly desirable in order to achieve high
overall yields. For the experimental investigation of volatile transactinide compounds two
different types of chromatographic separations have been developed, thermochromatography
and isothermal chromatography. In thermochromatography [94] , a carrier gas flows through
a chromatography column in which a negative temperature gradient is applied. Volatile

species are deposited in the column according to their degree of volatility. By inserting
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spontaneous-fission (SF) track detectors into the column, SF decays of short- and long-lived
nuclides can be registered throughout the duration of the experiment.

In the isothermal gas-chromatography method, a carrier gas flows through a
chromatography column of constant, isothermal temperature. At a certain temperature of the
column, the retention time through the column is equal to the half-life of the introduced

nuclide. The half-life of the nuclide is thus used as an internal clock for the system.

One of the most successful isothermal chromatography approaches to the study of
transactinide is the OLGA (On-Line Gas Chromatography Apparatus) technique, which
allows the a-spectrometric measurement of the final products [9, 95-97]. To improve the
chromatographic resolution and increase the speed of separation, OLGA (III) was
developed. Time needed from separation to detection is for OLGA II about 20s and for
OLGA III only a few seconds. A schematic drawing of OLGA (III) connected to either a

rotating wheel or a tape detection system is shown in Fig. 3.5.
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Fig. 3. 5 Schematic drawing and the principle of the method for on-line isothermal gas
chromatography. Reprinted from [20].

The aerosols carrying the reaction products are collected on quartz wool inside a
reaction oven. Reactive gases, halogenating agents, e.g. HBr, HCI or Cl,, are introduced to
form volatile species, which are transported downstream by the carrier gas flow to an
adjoining isothermal section of the column, where the chromatographic separation takes

place. The products leaving the column are reattached to clusters in the recluster chamber
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and transported to the detection system, which can be based on a rotating wheel or a tape
detection system. The wheel or the tape is moved between pairs of PIPs (Passivated
Ions-implanted Planar Silicon) detectors providing o energy resolutions in the order of

20~30 keV [98, 99].

3.3.2 Aqueous-phase Systems

ARCA

The computer-controlled ARCA II (Automatic Rapid Chemistry Apparatus) is a chemically
inert automated micro high performance liquid chromatography system [100]. Several
chemical solution studies of dubnium were carried out by the ARCA 1II experimental set-up
[37, 38, 40, 101]. ARCA 1II is composed of three main sections: a central integrated unit for
collecting activity from the gas-jet and for performing the chemical separations, a section for
transporting and storing the liquids containing pumps, valves and solvent reservoirs and an
eletropneumatic valve system and a control unit with microprocessor. The main chemical

separation section is shown in Fig. 3.6.
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Fig. 3. 6 The general principle of the main chemical separation section of ARCA II. Reprinted from
[20]

This system is symmetrical. While previously collected activity is dissolved and
transported to a column for chemical separation on one side, meanwhile the activity from the
gas-jet is collected on a polyethylene frit, and the next column is washed and conditioned on

the other side. All parts in contact with the solutions are of inert materials such as
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polyethylene, Kel-F, Teflon or sapphire, which resists mineral acids. The nuclides of interest
are eluted from the columns onto heated tantalum or titanium plates. The eluent is
evaporated by heating with an infrared lamp and heated gas stream. After cooling the
tantalum or titanium plate is measured using a surface barrier detector. It takes typically 50

seconds from the end of irradiation to the start of measurements.

RACHEL
Another liquid separation system is RACHEL [41, 102-104] (Rapid Aqueous Chemistry

Apparatus for Heavy Elements). It is a system for continuous separation with three ion
exchange columns. In this system the reaction products transported to a dissolver-degasser
unit are dissolved in an aqueous medium and further transported into a series of cationic and
anionic ion exchanger columns. In the first cation exchange column, of the reaction products
the actinides and lanthanides are strongly captured. The studied transactinide, e.g. Rf or Db,
is adsorbed on the following anion exchange column and the a-decay products from Rf or
Db are kept on the third anion exchange column. After the columns were taken apart their
activity of long-lived granddaughters **Fm and *** Es is eluted and measured; thus, the

adsorption behaviour of the nuclides of interest can be determined.

The three-column technique was used for the study of the chemical properties of Db

22D, which was produced in the **Cm(19F, 5n)***Db reaction and transported

using 34 s
to the chemical separation apparatus with an aerosol gas-jet. The activities delivered by the
gas-jet were continuously dissolved in an appropriate aqueous solution and passed through a
series of three ion exchange columns. The first column was used to separate all of the
directly-produced daughter activities, allowing the Db atoms to pass through to the second
column, where they are quantitatively retained. As the Db atoms decay to Lr, Md, and Fm
(via a- and EC-decay), they are desorbed from the second column and pass to the third

column. The third column quantitatively retains the longer-lived daughter activities. Since

all directly-produced Lr, Md, and Fm activities were retained on the first column, this third

column should contain only Lr, Md, and Fm atoms that are the decay descendents of Db
atoms which were retained on the second column. At the end of a suitable production and
chemical separation cycle, the daughter activities are chemically separated from this third

column, and assayed for the a-decay of the ***Fm great-granddaughter of 2**Db [20].
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3.3.3 SISAK System

Being a fully continuous multistage solvent-extraction system based on H centrifuges [46,
105, 106], the SISAK III system has been developed for transactinide research. The main
components or core parts of the system are the degasser and the centrifuges, the gas/liquid
mixers and the liquid/liquid mixers, and the detection equipment. Chemical procedures used
in the transactinide research are shown in Fig. 3.7, Fig. 3.8 and Fig. 3.9 respectively. Setup
A is intended for direct measurement of the amount of activity entering the system. Setup B
is constructed as a one-extraction-step for measurement of the amount of activity in the
organic phase after extraction. Setups A and B are used together to enable calculation of the
amount of activity in the aqueous phase in order to calculate distribution ratio values (D-
values). Setup C, with a two-extraction-step system, is a more advanced procedure in which
the activity in the aqueous phase after the first extraction stage is partially or completely
extracted into the second organic phase. Thus, the activity in the two phases can be
measured simultaneously, which simplifies the calculation of the D-values. The
experimental techniques are under constant development and optimization to meet new
requirements imposed by the research in the transactinide field. The general principles,

technique, equipment and limitations are discussed in [15].

Setup A

Gas-jet input

Liquid Detector cells

scintillator Degasser
input

Fig. 3. 7 Setup for direct measurement of the amount of activity entering the system
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Fig. 3. 8 Setup with one-extraction step for measurement of activity in the organic phase
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Fig. 3. 9 Setup with a two-extraction step for measurement of activity both in the organic and
aqueous phases

Gas/liquid and Liquid/liquid Mixers

The species produced in the nuclear reactions have to be transferred from gas phase into
liquid phase. Hence, a gas/liquid mixer is needed. There are two types of gas/liquid mixers,
A and B, as shown in Fig. 3.10. Mixer A is a quartz tube with two glass frits inside where
the mixing of gas and liquid takes place. The hold-up volume is about 2.6 ml. Mixer B is a
zigzag-mixer. It consists of a PEEK rod with carved tracks, wrapped in a tube of quartz or
PEEK. Along the crossings of these tracks the mixing of gas and liquid occurs. Two lengths
of this mixer, 45 mm and 85 mm are produced. The efficiency of mixing He-jet transported

radionuclides (0.5 L/min) into an organic liquid (0.4 ml/s) is in the range of 30% ~ 40% for
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the two mixers at room temperature. When the radionuclides are dissolved in aqueous HNO;
or H,SOy4 solutions, the mixer efficiencies are typically between 67% ~ 86%. The number is
a function of the flow rates of the liquid and gas-jet and the temperature of the aqueous
solution. The highest efficiencies can be obtained at around 80 C° [70, 71].
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Fig. 3. 10 Schematic drawings of three different mixers. A and B are two types of gas/liquid mixers.
C is a liquid/liquid mixer

Another construction is the liquid/liquid mixer as shown in Fig. 3.10 C. The purpose of

using the mixer is to ensure that the aqueous phase and organic phase are mixed sufficiently
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well to achieve a high extraction yield before the phases are separated in the succeeding
centrifuge. Earlier SISAK setups only used a Y connector at this stage. The interior of the
mixers is stuffed with PEEK wool.

The contact time of the two liquids depends on the mixer length used. By applying
different lengths of the static mixer, while keeping other parameters constant, it is possible
to measure the effect of the contact time on the extraction efficiency. The effectiveness of

this type of mixer is determined by the diameter of the PEEK fibres and the compactness of
the PEEK stuffing.
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Fig. 3. 11 Cut-away drawing of the HG-0.1 degasser centrifuge. The gas and liquid mixture enters
the separation chamber from the centre. Then, the gas moves up and exits through an opening in the
outer wall. The liquid is forced downwards, and is pumped out of the centrifuge with a pump wheel.
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Fig. 3.11. shows a cut-away drawing of the H-0.1 degasser centrifuge. The mixture of gas
and liquid leaving the gas/liquid mixer enters centrally and is accelerated to the rotational
speed within the inlet chamber. After acceleration the mixture is forced through three holes
upwards into the separation volume, which contains three chambers. In each of these
chambers the liquid is forced along the wall and then downward into the liquid phase
collecting chamber where it encounters a stationary pump wheel conducting the liquid out of
the degasser via a throttle valve. The valve guarantees a proper pressure balance in the
degasser centrifuge so that gas bubbles do not escape through the liquid phase outlet. The
gas is discharged through an outlet surrounding the central shaft and then fed into the

exhaust system [46].

Liquid/liquid Centrifuge

The cut-away drawing of the H-0.3 centrifuge is illustrated in Fig.3.12. The mixture of the
two liquid phases enters centrally the 0.3 centrifuge and is accelerated to the speed of
rotation within the inlet chamber. After acceleration, the mixture is forced into the separation
volume which contains four small chambers, symmetrically arranged around the axis of
rotation and totally isolated from each other. In these separation chambers the mixture has to
follow a zigzag motion imposed by the peripheral partition walls and interspersed baffle
ridges. The separated phases are discharged - the light phase from the upper collecting
chamber, the heavy phase from the lower one - by stationary pump wheels which are
individually designed to provide the appropriate pressure and avoid excessive frothing of the
liquids. The outlets are equipped with valves the purpose of which is to maintain a proper
pressure balance in the centrifuge. By means of the valves the liquid-liquid interface can be
adjusted such that both outgoing phases are free from entrainments of the opposite phase

[46].
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Fig. 3. 12 Cut-away drawing of the HG-0.3 centrifuge. The liquids enter the separation chamber
from the centre. The phases are separated due to different centrifugal forces and each phase is
discharged via a stationary pump wheel.

Pumps

Cog-wheel pumps with a flow capacity that can be continuously varied are used in the
SISAK equipments as feed pumps. The flow rates of the pumps are measured with mass
flow meters, and variation from the desired amount is controlled and adjusted by an
automatic control system.

Detection System

i. Liquid Scintillation

The detection system for the on-line SISAK solvent extraction system used in TAE studies
is based on liquid scintillation counting LSC. Liquid scintillation involves the conversion of
the energy of a radioactive decay event into photons of light in a fluor (the light emitting
molecules) solution with an organic solvent. The basic principle involved in this process is
the excitation of scintillator molecules (fluor) by the transfer of energy from radioactive
decay and deexcitation of the fluor molecules by emission of light. In photomultiplier tubes

(PM-tube) coupled to a liquid scintillation detector this light is converted into an electronic
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pulse and amplified. The amplitude of the pulse is proportional to the amount of light
striking the photocathode of the PM-tube. o radiation, B radiation and low-energy gamma
radiation are normally completely stopped in a scintillation solution. And the light output
produced by the scintillator is proportional to the energy involved in the decay for a certain
type of radiation. After energy calibration LSC can be used for a (or B) spectroscopy. A
measurement system based on the combination of the liquid scintillation detection technique
and fast, continuous on-line liquid-liquid extraction using SISAK 3 has been developed [51].
In this system, liquid scintillation detection can be applied on-line directly on the outgoing
organic phase. Moreover, 41 measuring geometry inherent in the detection technique offers
a nearly 100% detection efficiency for o and SF events, which is important concerning the
low production rates of TAEs. However, liquid scintillation detection suffers from relatively
poor o peak resolution. It is also sensitive to high B/y count rates producing pile-up events

interfering in the TAEs a decay energy region [49].

The most important techniques implemented are [16]:

1. Electronic pulse-shape discrimination is used to reduce the B/y background in
the a spectra by a factor > 1000. Without this technique the B- and y-induced
background from the surroundings and from nuclides produced in the target will
interfere with the a spectrum to such extent that it becomes useless.

2. Real-time scintillation-yield monitoring by continuous measurement of the
Compton edge of 662-keV "*’Cs v rays is applied. The position of the Compton edge is
used to automatically adjust the energy calibration. Based on this adjustment the event
gates used for switching the detection cells between mother and daughter mode (open or
closed valve, respectively) will always be set to the correct energy range.

3. Adding the scintillator chemicals after the final extraction step and flushing
the mixture with an inert gas (Ar or N,) to remove O,. Oxygen quenches the scintillation
processes; in particular, the time resolution necessary for the pulse-shape discrimination

is severely affected. This procedure also improves the phase separation and extraction

yield. It is desirable to dry the sparging gas and saturate it with the solvent used in the
scintillation, such as toluene, p-xylene, or others, before it is passed through the sample

so that sparging will not evaporate solvent from the sample.
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The energy loss per unit length of absorber depends strongly on the type of radiation.
The heavy and highly charged particles lose more energy in the same length of absorber and
the ionisation track will become denser. The dense ionisation track increases the probability
of recombination reactions and ion-molecular interactions. The process of energy transfer
from the ionised and highly excited molecules around a dense ionisation track is slower
since these molecules must diffuse to find a pertinent molecule on which to deposit their
excess energy. These effects result in a longer and smaller light output from an a or a
spontaneous fission event than from a § or a y decay. Alpha energy is only about one-tenth
as efficient in producing light in a liquid scintillation system as beta and gamma radiation,
e.g., a5 MeV a particle has approximately the same scintillation light output as a 0.5 MeV B
particle. This effect is very troublesome in alpha spectrometry by liquid scintillation since it
means that alpha peaks will almost always be overlapped by a beta-gamma continuum.
Thus, it is necessary to eliminate contamination of - and y-activity interference in_an alpha
spectrometry as much as possible. Fortunately, the time required for energy discharge for an
o-event is much longer than for a § event or y event, in other words, the o pulse diminishes
and returns to zero more slowly than the - or y-produced pulse. These different timing
characteristics of o and B events allows alpha-particle-produced pulses to be electronically
discriminated from beta-and gamma-produced pulses in an o measurement, which can be
achieved by measuring the difference in decay time between an oo and a  pulse [57]. By
setting proper gates in the timing spectra it is possible to discriminate B/y and o events by
such a pulse shape discrimination (PSD). With the PSD technique, one can expect to reject
better than 99.95% of all beta and gamma pulses without loss of any alpha pulses. If two 8
particles are emitted close in time these may be treated as single a particle by the detection
system, a PBB-pileup rejection system (PUR) has been constructed in order to reduce the

pileup problem [51, 71].

Three component scintillation mixtures are normally applied in an o-liquid scintillation
spectroscopy. Using a toluene-based extractive scintillator with naphthalene (primary
scintillator) and dimethy-POPOP (secondary scintillator) has been adapted for the SISAK
liquid-scintillation detection system [70]. In the SISAK detection system, the
scintillation-light yield was enhanced by adding the scintillation solution to the organic exit-
phase after the extraction. It was further improved when the gas-wash (booster) step was

implemented, and naphthalene was substituted with 1-methyl naphthalene, a derivate more
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soluble in toluene. A gas-wash step between the extraction centrifuges and the detection
cells was fulfilled by a degasser (booster), which is also needed to overcome the
backpressure from the detection cells. Flushing the solution with Ar is necessary to remove
the dissolved air in the organic phase and scintillation mixture. Another advantage of the
gas-wash step is to make calibration possible and convenient via the flushing gas. The **’Ac-

219

source supplying the short-lived “"Rn gas (radionuclide generator) is applied for calibration

during TAE experiments.

To be able to unambiguously confirm the detection of a TAE, a single detected a event
is not sufficient for a positive identification of the desired TAE studied. Positive
identification of a single TAE atom can often be made by detection of the time-correlated a-
decays of the TAE parent and the resulting daughter. When an a emitter is observed in the
selected energy window a valve closes the detector flow cell. The cell remains closed for a
certain time or until the decay of the daughter is observed. The time between the two decays
is registered and used in the off-line analysis after the experiment. The technique of a-a

correlations in liquid-liquid scintillation is described in [16, 51, 107].

ii. Detector Cells

As indicated above, on-line o liquid scintillation measurement is performed in a detector cell
through which the scintillator solution is continuously pumped. The shape, size and choice
of materials in the detector cell impact the energy resolution, and the cell shape and size
control the hold-up time (residence time distribution) of the solution in the cell. A detailed
drawing of the detection cell is shown in Fig. 3.13. The flow cell is made in a 70 mm wide
piece of Teflon with a meander-shaped flow track. A 1 mm thick disk of Kel-F and 80 mm
long cylindrical light guide are mounted on top of the Teflon piece to conduct and spread the
scintillation light evenly over the window of a 3- inch photo-multiplier tube. The volume of
the cell is 5.5 ml. Several detection cells can be mounted in series enabling detection of

radionuclides with longer half-lives than the hold-up time of a single detection cell.

As briefly mentioned above, a-particles from *'’Rn and 2'°Po are employed to calibrate

the detection cells, and a **’Ac source (1.7 kBq on beryllium foil) is available for this
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purpose. The 3.96 s ?'*Rn is a member of the **’Ac decay chain. In the booster step He gas is
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passed over the **’Ac source, allowing *"’Rn to dissolve in the scintillation solution before
entering the detector cells. *"Rn emits o-particles of several energies, with the most
pronounced at 6.819 MeV (79.4%), 6.553 MeV (12.9%) and 6.425 MeV (7.5%) [107]. The
daughter product, *'*Po, decays with a half-life of 1.78 ms, by a-particle emission of 7.386
MeV (100%) [108].
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Fig. 3. 13 A schematic drawing of the meander cell, used for continuous liquid-scintillation detection
of a particles

o Liquid-scintillation detection has relatively poor energy resolution compared to
plate-counting  solid-state  detectors. However, with careful selection of the
liquid-scintillation cocktail, energy resolution of about 300 keV full width at half maximum

(FWHM) for 6.5~7.5 MeV a particles can be achieved [16].
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4 Experimental Procedures

4.1 Procedure in Model Experiments

Both batch experiments and on-line SISAK experiments were conducted to develop suitable

separation systems for a future Db SISAK study.
4.1.1 Batch Experiments and Measurement

The batch liquid extraction experiments were carried out with equal volumes (3 mL) of
organic and aqueous phases in test tubes at room temperature (20-25°C). The two phases
were thoroughly mixed in a mechanical shaker for an equally long time, e.g., 2 minutes and
45 seconds. After phase separation, aliquots of each phase were withdrawn and the
extraction distribution ratios were determined by measuring the activities in each phase by

y-ray spectroscopy using an HPGe detector.

Tracers and stock solution

For the batch experiments, carrier-free niobium tracer, *’Nb (T, = 35 d), was obtained by
irradiating 1 mg UQs, enriched to 88% in **°U, with thermal neutrons in a thermal neutron
flux of 1.1-10"n/(cm*s) for 72 hours. *°Zr (T;, = 64 d) was isolated from the fission

mixture. “*Nb could then be obtained as a decay product from **Zr.
The non-carrier-free tantalum tracer, '**Ta (Ty, = 114.4 d), was produced by irradiating

12.5 mg tantalum metal foil. The carrier-free protactinium tracer, ***Pa (T, = 27 d), was

obtained as a decay product from ***Th (T;, = 22.3 min) produced by irradiating 6 mg
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Th(NO3)4 under the same irradiation conditions as described above. The reactor JEEP 1I at

the Institute for Energy Technology (IFE) was used for all neutron irradiations.

The stock solution of tantalum was prepared by dissolving the tantalum metal foil in 1
mL concentrated HNO; with 20 drops of concentrated HF added during heating in a
polyethylene vial. After evaporating to dryness, the residue was dissolved in 0.5 mL
concentrated HNOs and again heated until dryness. Finally, the residue was dissolved in 4.5
mL 3.5 M H,SOs.

Preparation of stock solutions of *’Nb was performed by dissolving the irradiated UO;
in 0.5 M H,SO,. From this solution, carrier-free Zr was extracted with 0.05 M TOA in
toluene (5 mL of each phase). The radionuclide %57r, which produces niobium tracer, was

stored in the organic solution.

Carrier-free protactinium stock solutions were prepared by directly dissolving the
irradiated Th(NO); in 1 ml water.

Experimental errors

In the extraction experiments the overall experimental error is caused mainly from two
sources:

e the uncertainty in measuring the amount of radioactivity

e the uncertainty in withdrawing samples from each phase, due to pipetting errors and

entrainment of the wrong phase.

The contribution of the former to the total experimental error was less than 2~3% in
most experiments. The direct pipetting error (i.e. volume error) is less than 2%. The error
due to entrainment of the wrong phase is highly dependent on the distribution value: For
very low or very high distribution values small amount of the wrong phase can significantly
increase the measured activity in the phase which should have nearly no activity. The
experiments were performed with at least four parallels for each point of the extraction
curves. The presented distribution ratios are the mean values of the parallel measurements

and the error bars based on the variation between the parallels.
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4.1.2 SISAK on-line Experiments

The schematic setup of the SISAK Db model experiments is illustrated in Fig. 4.1.
Compared to the general SISAK setup for performing transactinide experiments in Fig. 3.9,
it is clear that the setup for model experiments is much simpler. This is because the model
experiments use y measurements to determine the amount of activity in each phase, which is
much simpler to do than the on-line liquid scintillation detection used in the transactinide
experiments. However, it should be emphasised that all the parts up to and including the
main extraction stage is identical. Thus, the setup for model experiments provides exactly

the same experimental conditions as those of a transactinide experiment.

Aqu.phase Org.phase
l input input
Flow Flow
meter meter
Target chamber Mixer
Mixer
Beam $ =
Ceramlc boat
with K Gas & Org. phase Aq.phase
(Exhaust)
Tube furnace Degasser Centnfuge /
centrifuge
Org.phase Aq.phase
outlet outlet B
HPGe
detectors

Helium gas

Fig. 4. 1 Schematic setup of the SISAK Db model experiments.

Carrier-free tantalum and niobium tracers were produced by *He irradiation of suitable
targets (for details, see below). During *He irradiation, the produced radionuclides recoil out
from the backside of the target and are stopped in the sweeping helium gas. The He gas
contains KCl-aerosol clusters, to which the ions recoiling out of the target will be attached,
and thus swept out of the target chamber continuously. The gas-jet flow rate was 0.5 L/min.
The reaction products are then transported through a capillary to the SISAK separation
system. Here, they are dissolved in an aqueous phase heated to about 80°C. The dissolution

takes place in a gas/liquid mixer. Possible gaseous reaction products and the He carrier gas
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are then removed in a degasser unit. After degassing the aqueous phase is contacted with an
organic solution containing the extracting agent trioctyl amine (TOA) or Aliquat 336
through a liquid/liquid mixer and the mixed phases are fed into the centrifuge and separated.
Flow rates were typically 0.40 mL/s for both phases. After phase separation the organic and
aqueous phases are simultaneously collected and measured on y-ray HPGe detectors. Sample

collecting and counting times depend on the half-lives of the radionuclides in question.

Tracers and Chemicals

In the SISAK experiments, carrier-free tantalum tracer, '"*Ta (T, =2.45 h) and carrier-free
niobium tracers, *Nb (T,= 14.3 min) and *"Nb (T,,= 7.8 min), were obtained by irradiation
of a target of natural hafnium and a target of natural yttrium, respectively, with a 45-MeV
*He-particle beam. The beam energy reduces to approximately 42 MeV at the target. The
beam intensities for producing the Nb- and Ta- tracers are around 300 enA and 600 enA,
respectively. All irradiations were carried out at OCL. For production of '"*Ta (T, = 2.45
h), the nuclear reaction is '"*Hf (*He,p2n)'"*Ta. For ®™Nb (T, = 7.8 min) and **Nb (T ,, =
14.3 min), the nuclear reactions are *Y (*He, 4n) ®"Nb and **Y (*He, 4n) **Nb.

TOA, a tertiary amine with three octyl groups attached to a nitrogen atom (see Fig. 4.2),
was obtained from Merck Schuchardt OHG 85662 Hohenbrunn, Germany. Some physical
properties of TOA are presented in Table 4.1.

Table 4.1 Some physical properties of TOA

Property chs\ CH.,
Formula (CH3(CHz)7)sN N /
Molar mass 353.68 g/mol ‘

Density 0.81 kg/L CH..
Purity 93%

Fig. 4. 2 Structure of TOA

Aliquat 336, quaternary ammonium salt with one methyl group and three longer alkyl
chains (C8—C10) attached to nitrogen, yielding a positive charge at the nitrogen atom (see
Fig. 4.1), were obtained from Sigma Aldrich.Therefore, a chloride ion is attached to the

nitrogen atom. Some physical properties of Aliquat 336 are shown in Table 4.2.
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Table 4. 2 Some physical properties of Aliquat 336

Property CH;,

Formula CH;N[(CH;);CH;3]5Cl ‘ cr

Molar mass 404.17 g/mol CH,—(CH,),s— N'—(CH,),s—CH,
Density 0.88 g/cm’ |

(CH,).s—CH,

Fig. 4. 3 Structure of Aliquat 336

Table 4. 3 Some physical properties of H,O,, H,SO4 and toluene

Property Hydrogen peroxide  Sulphuric acid Toluene
Formula H202 HQSO4 @
Molar mass 34.01 g/mol 98.08 g/mol 92.14 g/mol
Density 1.13 g/em’ 1.84 kg/L 0.8669 g/cm?

Hydrogen peroxide (about 35%) was provided by VBR Internatioal AS. Sulphuric acid
and toluene with claimed purities of 95-97% and 100%, respectively, and potassium
sulphate p.a. were provided by Merck KGaA, Darmstadt, Germany. Hydrofluoric acid

(40%) was obtained from Fluka. All acid solutions are made with deionised water.

Experimental Error

The experimental error for the on-line experiments is a function of several factors, e.g. the
concentrations of the aqueous and organic solutions, the flow rates in each of the two phases,
the uncertainty in the radioactivity measurement, the phase purity of the two phases out of
the centrifuge, etc. The contribution to the overall error from these sources can be kept low
by carefully using standard laboratory practices during the experiments. However, even in
carefully carried out experiments, the entrainment of small droplets of one of the phase in
the other might distort the results, especially for very low or high distribution ratios. On-line
monitoring by optical phase purity meters, and visual inspection of the samples ensured that
the errors due to entrainment were kept to a minimum. The presented distribution ratios are

mean values of several parallel measurements.

4.2 Procedure in TAE Experiments

The Berkeley Gas-filled Separator (BGS) coupled to the 88-inch cyclotron at Lawrence
Berkeley National Laboratory (LBNL) was used for preseparation of the EVRs from the
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298pp(°°Ti,n)*'Rf reaction and the **’Rf-ions were selected and focused to enter the RTC,
then became attached to the KCI aerosols carried by helium gas and were sucked through a
20 m tube to the SISAK chemical separation system. The BGS and the RTC are explained in
more detail in chapter 3.2 and Paper IV.

It should be noted that the SISAK experiments were performed with the 4.7 s Rf isotope
instead of with the much longer lived 78-s “°'Rf. The later is commonly used in the
chemistry experiments using other techniques. The reason is that the relatively asymmetric
“hot fusion” reactions used for producing 78-s “°'Rf transfer little kinetic energy (about 6.8
MeV for the ***Cm(**0, 5n)**'Rf reaction and about 9.5 MeV for ***Pu(**Ne,5n)**'Rf) to the
Rf ions recoiling out of the target. This is not enough to penetrate the window between the
separator chamber and the RTC. Hence, the more symmetric “cold fusion” reactions for
producing **’Rf, which transfer enough energy (45.5 MeV for 2**Pb(*"Ti,n)**'Rf) to push the
recoils through the 6 pm mylar window, must be used. The window between the separator
and the RTC is necessary due to substantial pressure difference: The separator is typically
operated at around 1 mbar and the gas-jet transfer line connected to the RTC is operated at

1.4-1.8 bars for SISAK experiments.

The focusing and production rates of the *’Rf ions are checked by inserting a silicon-
strip detector in front of the RTC window. In addition, the production rate is continuously
monitored by measuring the amount of ions Rutherford scattering from the target onto two

pin detectors positioned * 27° incident to the beam.

During the experiments in 2003, Setup B (see Fig. 3.3 ) was used to measure the amount
of Rf extracted from 0.5 M H,SO,; solution into 0.02 M TOA in toluene. This TOA
concentration was selected to ensure that Rf would be extracted, which is important since
only the organic phase can be measured. Both Zr and Hf extract with high yield at this TOA
concentration. In Setup B, the liquid/liquid mixers were used in front of the centrifuges.
They consisted of a tube with a length of 43 mm and an internal diameter of 8 mm. The tube
was stuffed with PEEK wool (Fig. 3.4, Mixer C). In front of the last degasser, usually
referred to as the booster because it helps pump the scintillator solution through the detector
cells, there is another mixer, a traditional SISAK “Zigzag” type (see Fig. 3.4, Mixer B) with

a length of 45 mm. This mixer serves two purposes: 1) Thorough mixing of the organic
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phase and scintillator and 2) Flushing the scintillator cocktail with He to remove O,, due to

the quenching effect it has on the scintillation process.

Two detector cells were used for measuring *’Rf-**No a-a correlation in this
experiment. In addition, one detector cell was used to monitor the scintillation performance

using a '*’Cs source to generate Compton electrons in the liquid as described in [107].

For calibration a *’Ac source was used. As mentioned previously, it emanates *'°Rn
which is carried with the He (two 3-way valves are used to either include or bypass the
source). '’Rn disintegration is quickly followed by disintegration of *'*Po, which gives two
as in quick succession. The a pairs can be identified in the Data Stream and used to calibrate
the detectors. For each of the two main detectors, the number of counts in the Rutherford

scattering detectors was measured when the cell was open.

During the experiments in 2005 a more advanced setup was used, which enabled
simultaneous measurement of the activity in both phases (Fig. 3.3 setup C). The advantage
of the advanced setup is that uncertainty in the gas-jet performance is eliminated. In the
simple setup only activity in the organic phase can be measured. In Setup C, the 1/4” PFA
tubes normally used to connect the various units was substituted by 1/8"” tubes if the
connection transported activity. This decreases transport time through the system. Another
modification done to decrease the transport time was to reduce the size of the valve heads:
All throttles (for phase separation adjustments) which were not strictly needed were
removed. Another new addition was the ability to quickly and simply measure the residence
time through any part of the system by using coloured solutions. This is much quicker and
easier than using pulsed beams or purposely injected radiotracers and was used to accurately
measure the delay caused by the second extraction step. This delay must be known in order
to correct for the decay loss caused by the second centrifuge when distribution values are to
be calculated [17, 109]. The delay for a total flow of 0.84 ml/s, as used in the second
experiment, was calculated to be 4.1 s. This value was then used to calculate the delay loss

due to the second extraction step.
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There are two ways to use this setup to measure the distribution ratio of the first
extraction stage. One is to use an extractant in the second stage which has nearly 100%

extraction efficiency. The distribution ratio, D, will then be given by

R R
D= R"rgl = 7)‘.1;@ Eqn. 5.1

aql org2

where R denotes the activity in the phases indicated by the subscripts. The factor f'is used to
correct the Rorg> value if the extraction is not 100% in the second stage. A problem with this
method is that the factor £ might not be very well known. In that case, an alternative is to use
the same extractant in the first and second stages, i.e., both stages will have the same
distribution ratio. The distribution ratio can then be calculated from the measured activity in

the two organic phases according to:

orgl -

= ol ow? Eqn. 5.2

org2

For this experiment a TOA concentration was selected such that if Rf behaved as Zr, it

would extract and if it behaved more like Hf it would not extract.



5 Results and Discussion

5.1 Studies on Extraction of Nb, Ta and Pa
from H,SO,

The requirements of a SISAK liquid-liquid extraction system suitable for transactinide

experiments in general and dubnium in particular, due to short half-lives and low production

rates, are:

i)

ii)

iii)

iv)

vi)

the extraction system needs to achieve sufficient separation from all interfering
radionuclides;

the system needs to have suitable distribution ratios for experiments with very
few events. This implies that the distribution ratio must be kept between 0.1 and
10 to be able to observe events in both phases;

the extraction involved needs to have fast reaction kinetics to allow the
transactinide to be detected;

the system should have good phase separation and the chemicals involved should
be easy to handle;

the system should be selective between the lighter homologues of the element of
interest.

the reagents must not quench or interfere with the liquid scintillation process

used for o detection.
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5.1.1 Distribution Ratio of Nb, Ta and Pa in H,SO4+/TOA
system

The TOA/H,SO, chemical system was successfully applied in 2003 in Rf SISAK
experiments at LBNL (see Paper 1V). The difference in TOA extraction of Zr and Hf from
H,SO, solutions is large enough to make SISAK experiments feasible for distinguishing
between Zr- or Hf-like behaviour of element 104. From the extraction sequence, chemical
properties such as the stability of the extracted complexes can be determined [109]. Based
on the positive experience gained from these experiments, there was incentive to investigate
whether the same extraction system could be applied to Ta and Nb. Experiments to
investigate if the TOA/H,SO4 system could also be used for studying Db were then carried
out at OCL. The Group-5 elements Nb and Ta were used in these investigations, which were
carried out both as batch experiments and as on-line experiments using the SISAK system.
In addition, in batch experiments the Group-5 pseudo-homologue Pa was also investigated.

The results of these experiments are reported in Paper I. Below is a summary of the results.

Fig. 5.1. shows the dependence of the distribution ratios of Ta, Nb and Pa on H,SO4
concentration in the batch experiments. The distribution ratios increase at low acidities and
reach a maximum at around 0.10 M H,SO4 and decrease at higher acidities. The increase
towards a maximum might be ascribed to the salting-out effect caused by the sulphuric acid.
The decrease at higher acidity might be explained either by competition for the TOA
extractant between the metal species (Ta, Nb and Pa) and the sulphuric acid or by the
formation of less readily extractable complexes [110, 111]. In the batch experiment it is

interesting to note that Ta behaves more like Pa than Nb.

Under the same range of H,SO,4 and TOA concentrations, we further conducted SISAK
experiments. Due to poor phase separation at low acidities, the effect of increase in the ionic
strength was tested by addition of K,SOj4 to the aqueous phase in concentrations of 0.25 M
K»SO4 and 0.15 M K,SOy, respectively. The result is shown in Fig. 5.2 and Table 5.1. At
low acidities, distribution ratios of both Ta and Nb are clearly higher in 0.15 M K,SOy than
in 0.25 M K,SO,4, while with the increase of acidity such a difference becomes insignificant.
This might be explained by the fact that the difference of concentrations of the ligands,

HSO, or SO, in solutions decreases with increasing H,SO, concentration as illustrated in
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Fig. 5.12. At low acid concentration, the difference of H", HSO4™ and SO,* concentrations
in solutions with 0.15 M K,SO4 and 0.25 M K,SO; is significant. At high acid concentration
such difference becomes insignificant. The D-values of Ta and Nb decreased relative to the
batch experiments while the phase separation improved. The lower D-values in the on-line
experiments may possibly be explained by increased competition for the available TOA by
the increased concentration of SO4*/HSO, [24] (see Fig. 5.12). Possible different valence
states of the nuclides in the batch and on-line experiments are another factor which may
affect the D-value. However, the general trends of Nb and Ta D-value curves are the same as
those from the batch experiments. From 0.020 M to 2.0 M H,SO, the separation factors for
Nb/Ta range from 2.9 to 9.2 for 0.15 M K,SOy4 and from 2.1 to 13.1 for 0.25 M K,SO4. D
values of Ta are between 0.16 and 1.78 for 0.15 M K,SO,4 and between 0.05 and 1.61 for
0.25 M K,SO4. D values of Nb are between 0.47 and 9.54 in 0.15 M K,SO4 and between
0.11 and 11.4, see Table 5.1. With 0.25 M K,SO4 present in aqueous solution the extraction
of Nb and Ta with 0.20 M TOA in toluene was also investigated as illustrated in Fig. 5.3. It
shows that 0.20 M TOA gives expectedly higher values of distribution ratios of both Nb and
Ta and the separation factors range from 2.1 to 15.5. D values of Nb and Ta are 0.32~19.32

and 0.15 ~2.6, see Tab. 5. 3. 2.

5.1.2 Effect of TOA on the Distribution Ratio of Nb, Ta
and Pa

A series of batch extractions were performed to measure D-values for Ta, Nb and Pa (in 0.25
M sulphuric acid) as a function of various TOA concentrations at 0.25 M H,SO4, shown in
Fig. 5.4. In general, the D-values increase with increasing concentration of TOA, Nb is
extracted with higher yields than Ta and they are well separated. As before, Pa is extracted
with higher yield than Ta, but they follow the same trend. Again, one observes that the
behaviour of Pa is more similar to Ta than to Nb and reflects the ionic similarity of the
species of Ta and Pa and the ionic variety of Nb. This is in agreement with the result in Fig.
5.1. The slopes of Nb, Ta and Pa extraction curves are found to be 0.36+0.03, 1.3+0.1 and
1.3+0.1, respectively.

Based on the result obtained from the batch experiment, the SISAK on-line experiment
was also performed with 0.10 M, 0.25 M and 0.50 M H,SO, respectively. D-values for

extraction of Ta, Nb as a function of various TOA concentrations at 0.10 M, 0.25 M and



48 Results and Discussion

0.50 M H,SOy are illustrated in Fig. 5.5. The results show that D-values of Nb and Ta are
the highest at 0.25 M H,SO, and the lowest at 0.10 M H,SO4. The separation factors and D-
values are shown in Table 5.3. The slopes of Nb extraction curves from the SISAK
experiments are found to be 0.39+£0.01, 0.58+0.05 and 0.46+0.04 for 0.10 M, 0.50 M and
0.25 M H,SOq, respectively, and the corresponding slopes of Ta extraction curves are
0.90+0.01, 0.87£0.1 and 1.11+0.02, (see Fig). With respect to the extraction curve for 0.25
M H,SOs, the measurements in high TOA concentration deviated from the linear trend
observed for batch experiments (Fig. 5.4); thus, the D-values for 0.20 M TOA (the highest

value) were not included in the determination of the fitted slope of the extraction curve.

The y-ray spectra obtained from organic phase in the extraction of Ta and Nb from 0.50

M H,S0; into 0.20 M TOA/toluene are shown in Fig. 5.6.
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Fig. 5. 1 Results from batch extraction of tantalum, niobium and protactinium from various initial
(Cy) H,SO4 concentrations. The metal complexes were extracted into solutions of 0.10 M TOA in
toluene.
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Fig. 5. 2 Results from SISAK on-line extraction of tantalum and niobium from 0.15 M and 0.25 M
K,SO;, solutions with various initial (Cy) HySO,4 concentrations. The metal complexes were extracted
into solutions of 0.10 M TOA in toluene.

Table 5. 1 Distribution ratios and separation factors for Nb/Ta (SF) with 0.15 M K,SO, or 0.25 M
K,S0; in various H,SO,4 concentrations and 0.10 M TOA in toluene

H,SO4 (M) 0.15 M K,SO,4 0.25 M K,SO,4
D (Ta) D (Nb) SF D (Ta) D (Nb) SF
0.02 0.16 0.47 2.9 0.05 0.11 22
0.05 0. 40 2.32 5.8 0.15 1.14 7.6
0.1 0.83 4.84 5.8 0.35 3.79 10.8
0.25 1.34 6.89 5.2 1.18 7.87 6.7
0.5 1.78 7.53 42 1.61 123 7.6
1 1.04 9.54 9.2 0.87 11.4 13.1
0.55 2.89 5.3 0.7 3.24 4.6
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Fig. 5. 3 Results from SISAK on-line extraction of tantalum and niobium from 0.25 M K,SO,
solutions with various initial (Cy) H,SO4 concentrations. The metal complexes were extracted into a
solution of 0.10 M and 0.20 M TOA in toluene

Table 5. 2 Distribution ratios and separation factors for Nb/Ta (SF) with 0.10 M and 0.20 M TOA
from various initial H2SO4 concentrations with 0.25 M K2SO4

H,S04 (M) 0.10 M TOA 0.20 M TOA
D (Ta) D (Nb) SF D (Ta) D (Nb) SF
0.02 0.05 0.11 22 0.15 0.32 2.1
0.05 0.15 1.14 7.6 0.36 1.88 5.2
0.1 0.35 3.79 10.8 0.70 429 6.1
0.25 1.18 7.87 6.7 2.6 8.75 3.4
0.5 1.61 12.3 7.6 2.4 17.16 7.1
1 0.87 11.4 13.1 1.24 19.32 15.5
0.7 3.24 4.6 1.0 5.66 5.7
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Fig. 5. 4 Batch extraction of tantalum, niobium and protactinium from 0.25 M H,SO4 with various
concentrations of TOA in toluene
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Fig. 5. 5 SISAK on-line extraction of tantalum and niobium from 0.10 M, 0.25 M and 0.5 M H,SO,,
respectively, with various concentrations of TOA in toluene
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Table 5. 3 Distribution ratios and separation factors for Nb/Ta (SF) with 0.10 M TOA in toluene
from 0.10 M, 0.25 M and 0.50 M H,SOj, solutions

TOA 0.10 M H,S04 0.50 M H,S04 0.25 M H,S04
M)
D(Ta) D(Nb) SF | D(Ta) D(Nb) SF D(Ta) D(Nb) SF

0.01 0.14 1.48 10.6 0.23 1.81 7.9 0.18 3 16.7
0.02 0.23 2.67 11.6 0.28 2.98 10.6 0.48 5.2 10.8
0.05 0.53 3.29 6.2 0.62 5.4 8.7 1.32 7.1 5.4
0.1 0.75 4.2 5.6 1.2 8.1 6.7 2.29 9.1 4
0.2 1.23 5.16 4.2 3.1 9.84 3.2 2.79 9.5 3.4
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Fig. 5. 6 y-ray spectra obtained from organic phase in the extraction of Ta from (a) 0.5 M H,SO, into
0.2 M TOA/toluene in the reaction *He + "*Hf used for production of '7*Ta (T % =2.45 h) and (b) the
extraction of Nb from 0.5 M H,SO, into 0.2 M TOA/toluene in the reaction *He + ™Y used for
production of *Nb (T %4 =14.5 min) and **™Nb (T % =7.8 min). Acquisition of the spectra was started
after a 7-min sampling and a 1-min gap. Measuring time was 9 min. y-lines of different radionuclides
of Nb, Ta and W were observed and labelled.
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5.1.3 Extraction Kinetics of Pa, Nb and Ta in the H,SOy4
/TOA System

The extraction kinetics of Nb and Ta were investigated in both batch and SISAK on-line
experiments. For batch experiments the mixing time is the shaking time of the test tubes (by
a mechanical shaker). Fig. 5.7. shows the distibution ratio of Pa as a function of shaking
time in 0.5 M H,S0O4/0.1 M TOA solutions; it takes about 100 seconds for Pa to reach
equilibrium. Similar kinetics experiments with Nb and Ta were also performed: It takes
about 15 seconds for Nb to reach extraction equilibrium at 0.1 M TOA/1 M H,SOy, see Fig.
5.8. Tt takes around 200 s for Ta to reach extraction equilibrium at 0.1 M TOA/0.25 M
H,SO4 solutions, shown in Fig. 5.9.

With the SISAK equipment the investigation on extraction kinetics of Nb and Ta is
realized by applying different lengths of the static mixer to measure the effect of the contact

time on the extraction efficiency while the other parameters were kept constant.

Mixer lengths varied from 29 mm to 130 mm (see Fig. 5.10). The measured mean liquid
hold-up time for the 44 mm mixer with the applied volumetric flow rate of 0.4 mL/s is 0.5 s.
Fig. 5.10 shows that extraction equilibrium for both Nb and Ta has been reached already
with the shortest mixer of 29 mm. This implies that extraction equilibrium time is < 0.5 s
(even < 0.33 s provided equal porosity and packing conditions for the mixers at 29 mm and
44 mm). This is acceptable for efficient SISAK experiments. Obviously, the extraction
kinetics in the SISAK experiments is much faster than in the batch experiment. This may be
explained by the following consideration:

The metal ions of Nb and Ta are supposed to be highly hydrolyzed in the batch
experiments while the freshly produced ions in the SISAK experiments are expected to be
less hydrolyzed. Considering the probable extraction mechanism, one may expect that time
to extraction equilibrium is slower for the hydrolyzed species than for the anionic

sulphate- or bisulphate-complexed species.
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Fig. 5. 7 Distribution ratio of Pa as a function of phase contact time in an
composed of 0.5 M H,SO, into 0.1 M TOA in toluene with batch experiments.
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Fig. 5. 8 Batch extraction experiments of Nb from 1.0 M H,SO, into 0.10 M TOA in toluene as a

function of phase contact time.
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Fig. 5. 9 Batch extraction experiments of Ta from 0.25 M H,SO4 into 0.1 M TOA in toluene as a
function of phase contact time.
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Fig. 5. 10 SISAK on-line extraction experiments of Ta and Nb from 0.25 M H,SO, into 0.1 M TOA
in toluene at a volumetric flow rate of 0.40 mL/s for both phases as a function of the length of the
static PEEK wool mixer.
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5.1.4 The Cluster Dissolution Efficiency

The cluster dissolution efficiency is evaluated by the ratio of the activity collected from the
degasser aqueous outlet to the activity captured in the direct catch. As discussed in 5.3 for
SISAK transactinide experiments, it is important to know the cluster dissolution efficiency
in order to calculate the expected number of correlation events in detectors, since correction

must be done for decay loss of short-lived TAE nuclides studied.

The experimental procedure is as follows:

1. In the first experiment the nuclear reaction products transported by the gas-jet
are caught on a glass microfibre filter (Whatman, Grade “GF/C”) in a setup usually
refereed to as a "direct catch" setup. Then the nuclides of interest caught by the filter
are dissolved in H,SO4 solution and are measured for activity with an HPGe detector.
The amount of sulphuric acid solution used is selected to match the amount sampled
in step 2, see below.

2. In the second experiment the nuclear reaction products transported by the
gas-jet are dissolved in a heated H>SO4 solution at about 80°C through a gas/liquid
mixer. Possible gaseous reaction products and the He carrier-gas are removed in a
degasser unit. After degassing, the liquid exiting from the degasser is measured in the

same HPGe detector for the amount of activity of interest.

The experimental results show that the efficiency varies with H,SO4 concentrations and
ranges from 63% to 87%. The highest efficiency is measured at 0.1 M H,SO4 with the least
viscosity, which is found to be 86% for Ta and 87% for Nb. At 2 M H,SO4 with the highest
viscosity, the efficiency was found to be at the lowest values, namely 63% for Ta and 64%
for Nb, respectively; see Fig. 5.11. and Table 5.4. The different viscosities of H,SO,4
solutions might be one of the main reasons for the different efficiencies observed. For the
relative viscosity of the H,SO, solution, [112] is referred to. In the literature [15], similar
investigation was performed with both HCI and Lactic acid using **Al activity and the
efficiency values range between 50% and 100%. This efficiency also depends on the type of

mixer, aqueous flow rate used and the ratio of mixer gas to liquid volume.
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Fig. 5. 11 Cluster dissolution efficiency for Ta and Nb as a function of H,SO,4 concentration

Table 5. 4 The efficiency of the cluster dissolution

Concentration of Relative viscosity  Efficiency for Efficiency for
H,SO4 Ta Nb
0.10 M 1.017 86% 87%
0.50 M 1.105 64% 71%
1.OM 1.210 69% 66%
2.0M 1.450 63% 64%

5.1.5 Dependence of the Concentration of H', HSO4 and
SO,* on H,SO4 Concentration

It is important to acquire knowledge about the concentration of all ligands present in the
aqueous phase in order to analyze the possible extraction reactions and species formed in the
extraction system. The calculation of concentrations of H", HSO4 and SO42' in H,SO4
solutions with or without K»SO4 and KHSO4 present was performed. As illustrated in Fig.
5.12, the results show that the concentrations of H" and HSO4 increase with the increase of

H,SO4 concentration. The concentration of SO42' decreases with the increase of H,SOg4
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concentration in solutions with K,SO4 or KHSO4 present, and gradually increases in solution
of H,SO, without K,SO4 or KHSO, present. The amount of H' in solutions follows the
sequence: 0.15 M KHSO4>H,S04>0.15 M K;S04>0.25 M K,SOy; for SO42' in solutions, the
sequence is found to be 0.25 M K»S04>0.15 M K,SO4>0.15 M KHSO4>H,SO4; for HSO4,
the sequence is 0.15 M KHSO4>0.25 M K,S04>0.15 M K,SO4>H,S0O,. The details of these

calculation are described in Appendix AS5.
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Fig. 5. 12 The concentration of H', HSO, and SO,* as a function of H,SO, concentration with or
without K,SO, and KHSO, present

5.1.6 The Extraction of Ta and Nb in the H,SO4+/TOA
System with HF Present

Literature [113] shows that the sequence of the extraction of Nb and Ta by TOA in
cyclohexane in the H,SO4 solution is Ta>Nb, which is different from what we have
measured in the H;SO4/TOA system. The difference is suprising, as one would not expect
that cyclohexane and toluene as solvents for this extraction system should behave rather

different. The reason might be that the tracer solutions are essentially different in the two
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experiments. The reference does not give details about the preparation of the tracer solutions
for the cyclohexane experiments. However, according to an earlier work from the same
institute, the Nb tracer is *’Nb in hydrochloric acid medium and the Ta tracer is made of
neutron activated metal powder which is subsequently dissolved in HF+HNO;. After
evaporation, the sample is dissolved in dilute HCI. The sequence of Ta and Nb extraction
might be due to a small amount of HF still present in the solution. We performed some
experiments to check the influence of HF in the H,SO4/TOA system; reported in Paper I.
The results show that when [HF] < about 0.06 M, the extraction sequence is Nb>Ta, when

[HF] > about 0.06 M, the extraction sequence changes into Ta>Nb as shown in Fig. 5. 13.

Presumably, at [HF] < about 0.06 M, Ta and Nb form preferably sulphuric or bisulphate
complexes which dominate over fluoric complexes, and Ta shows a lower extraction
efficiency than Nb. With increasing [HF], Ta and Nb form a fluoric complex, the anionic
fluoride complexes of Ta being stronger than those of Nb: It is known that Ta is very prone
to form various anionic species like [TaFq]", [TaF;]*[TaFs]*, [TaFo]* [TaOFs]*, [TaOF¢]>
etc. [114, 115] while Nb forms only [NbF¢] [116] in hydrofluoric acid medium and shows
little tendency to interact with F~ to generate the higher co-ordinated anion or metal oxy-

anions.

These complexes dominate over the sulphate and bisulphate complexes. Thus, the
preferential extraction of Ta to Nb by TOA may be attributed to the fact that the various Ta
metal-anionic and oxy-anionic species bind to the quaternary ammonium salt to a greater

extent in comparison to Nb complexes. Experimental results confirm this evaluation.



5.1 Studies on Extraction of Nb Ta and Pa from H,SO,4 61

F T T T T ¥ T T T T
10000 [ . '
o 1000 i
[0}
s E = Ta
S 100¢ o Nb| 3
-
E b
k] :
0 osf 4
001 [ 1 1 1 1 1 1 1 1

01 00 01 02 03 04 05 06 07 08
[HF] (M)

Fig. 5. 13 Variation in the distribution ratio as a function of aqueous HF concentration in 0.5 M

H,S0O,: Batch experiments for Ta and Nb extracted with 0.1 M TOA in toluene

5.1.7 The Extraction of Ta and Nb into Aliquat 336 in
Toluene from H,SO,4 with or without H,O, Present

The "W tracer was produced together with the 2.36-h '"®Ta. When extraction data were
processed, those of "W were also processed and used as reference values, which are shown

below.

Fig. 5.13 shows that the sequence is Nb > Ta > W for the extraction with Aliquat 336 in
toluene from H,SO4 solutions. An increase in the concentration of H,SO4 has only a small
influence on the distribution ratios for Nb, but these ratios for both Ta and W decrease with
increasing H,SO, concentrations. The slope of the extraction curve is -0.8£0.1 for Ta
and -1.3 = 0.1 for W. The distribution ratios for W are in good agreement with those in the
work of Johansson et al. [117], although their data was from batch experiments. The
separation factors of Nb/Ta are 1.7 at 0.1 M H,SO4 and 10.5 at 1.0 M H,SO4 (see Table
5.5).

A characteristic feature of the Group-5 elements is the formation of hydrophilic

peroxide complexes [118]. Broden et al. added hydrogen peroxide to the aqueous solution to
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form a complex with Nb. This effectively suppressed its extraction into Alamine 336 in
Shellsol-T, but did not influence the extraction of Zr. Thus, the addition of H,O, enables
effective extraction of Zr from Nb. Our investigation in utilizing Aliquat 336 for the
extraction of Nb and Ta also includes the use of H,O, in complex formation with these

homologues.

Based on the results obtained from the kinetics experiments with H,SO4/Aliquat 336 in
toluene and with H,SO4/TOA in toluene it was decided that 43-mm length is sufficient to

reach the extraction equilibrium for both Ta and Nb at a 0.4 ml/s flow rate.

As the extraction of Ta decreases with the H,SO4 concentration, the competition
between sulphate ions and anionic metal species for association with cationic R'R’R’CH;N”
(R4N") are presumable, but also the possible formation of less readily extractable
complexes. The effect of the bisulphate ions can be disregarded due to the lower affinity of

HSO4 towards the quaternary ammonium ion compared to CI".

With increasing H,SO4 concentration the distribution ratio of Nb is constant. Thus, the
formed neutral species dominates over the anion species in solutions and the value of the
distribution ratio is equal to the partition ratio of a probable Nb(OH)(SO4), complex added
to Aliquat 336 sulphate (see Paper II).

Addition of H,O, lowers the extraction of both Ta and Nb, especially of Nb. However,
addition of H,O; increases the extraction of W. The extraction sequence is changed into
W>Ta>Nb (see Fig. 5.14). The proposed formula of the complex is Nb(OH),(H,0,)" [119],
which explains that this Nb compound is not extractable with Aliquat 336. Ta forms
probably similar species, but to a lesser extent because of its stronger hydrolysis (see Paper

).

With respect to W, the effect of H,O, is enhanced extraction which may be caused by
increased formation of anions, or ions having higher affinity to Aliquat 336. It is possible

that H,O, bound to W gives off H', thus forming a negatively charged complex.
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A distinctive change in distribution ratios takes place when the H,O, concentration in
the aqueous phase is changed from zero to 0.05 M. Further increase in the H,O,

concentration does not make significant changes in the D-values (see Fig. 5.17).

At 0.1 M H,SO4 with 1.0 M H,0,, the separation factor of Ta and Nb is 6, and the
distribution ratios of Nb and Ta are 0.18 and 1.06, respectively. These should be suitable
conditions for exploring possible hydrogen peroxide complex formation with Db in SISAK

experiments.

Fig. 5.15 shows y-ray spectra obtained from organic phase in the extraction of Nb from
1.0 M H,SOy into 0.1 M Aliquat 336 and the extraction from 1.0 M H,SO4 with 1.0 M H,0,
present into 0.1 M Aliquat 336. y-lines of different radionuclides of Nb were observed and
labelled. As seen from (b), almost all Nb peaks compared to (a) disappeared upon the
addition of H,O,, which means the extraction of Nb was greatly suppressed by H,O».

Fig. 5.16 shows y-ray spectra obtained from organic phase in the extraction of Ta from
0.1 M HSO4 into 0.1 M Aliquat 336 and the extraction of Ta from 0.1 M H,SO4 with 1.0 M
H,0; present into 0.1 M Aliquat 336. y-lines of different radionuclides of Ta and W were
observed and labelled. As seen from (a) and (b), the effect of H,O, on the extraction of Ta is

not as strong as it is on the extraction of Nb.
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Fig. 5. 14 Results from SISAK on-line extraction of Nb, Ta and W from various H,SO4
concentrations into 0.1 M Aliquat 336 in toluene. C, is initial H,SO, concentration.
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Fig. 5. 15 Results from SISAK on-line extraction of Nb, Ta and W from various H,SO4
concentrations containing 1.0 M H,O, into 0.1 M Aliquat 336 in toluene. The H,O, introduced into
the degasser along with the H,SO, at around 80 °C.

Table 5. 5 Distribution ratios and separation factors of Nb/Ta (SF) with 0.10 M Aliquat 336 in
toluene from various H,SO, concentrations with or without 1.0 M H,0,

HZSO4 Without H202 With H202
M)
D(Ta) D(Nb) SF | D(Ta)  D(Nb) SF
0.1 1.39 2.35 1.7 1.06 0.18 6
0.25 1.2 4.46 3.7 0.35 0.17 2
0.5 0.82 4.24 5.2 0.14 0.05 3
1 0.38 3.97 10.5 0.07 - -
0.42 4.1 9.8 0.02 0.01 2
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Fig. 5. 16 y-ray spectra obtained from organic phase in the extraction of Nb from 1.0 M H,SOj into
0.1 M Aliquat 336 (a )and the extraction from 1.0 M H,SO4 with 1.0 M H,0O, present into 0.1 M
Aliquat 336 (b) in the reaction *He + "***Y used for production of ¥Nb (T ' =14.5 min) and **"Nb

(T % =

7.8 min). Acquisition of the spectra was started after a 7-min sampling and a 1-min gap.

Measuring time was 9 min. y-lines of different radionuclides of Nb were observed and labelled. As

seen from (b), almost all Nb peaks compared to (a) disappeared upon the addition of H,O,, which
means the extraction of Nb was greatly suppressed by H,O,.
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Fig. 5. 17 y-ray spectra obtained from organic phase in the extraction of Ta from (a) 0.1 M H,SO4
into 0.1 M Aliquat 336 and (b) the extraction of Ta from 0.1 M H,SO, with 1.0 M H,0, present into
0.1 M Aliquat 336 in the reaction *He + "*Hf used for production of '"*Ta (T % =2.45 h). Acquisition
of the spectra was started after a 7-min sampling and a 1-min gap. Measuring time was 9 min. y-lines
of different radionuclides of Ta and W were observed and labelled. As seen from (a) and (b), the
effect of H,O, on the extraction of Ta is not as strong as it is on the extraction of Nb.
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Fig. 5. 18 SISAK on-line extraction of Nb,Ta and W from various concentrations of H,O, present in
0.25 M H,SO; solution with 0.1 M Aliquat 336 in toluene.

5.2 Influence of KCI from Gas-jet on the

Extraction

In studies of the extraction chemistry of Rf produced by the reaction 2**Pb(*°Ti,n)**'Rf, the
radionuclide is separated from other reaction products in a gas separator (BGS) and recoils
into the RTC chamber from which it is transferred to the SISAK liquid-liquid extraction
system by a He gas-jet. The He gas-jet contains potassium chloride aerosol particles in order
to carry and transport reaction products to the SISAK system. Attached to KCl aerosols in
the He gas-jet the activity is dissolved in the aqueous phase by means of a stationary mixer.
Inevitably, the potassium chloride enters the aqueous phase also. Due to the high amounts of
liquid consumed by the SISAK system during transactinide experiments, which typically last
several days, recycling of chemicals is necessary in order to reduce chemicals expense and
the amount of waste. This results in build-up of KCl in the aqueous phase. Under the
extraction conditions given, the possible interference from the KCl aerosol on the extraction
of Rf was examined by determining the influence of KCI on the distribution ratios of Zr and
Hf in the H,SO4/TOA system. The detailed description of this investigation is presented in
Paper I11.
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The investigation shows that the distribution ratios of both Hf and Zr decrease with the
addition of KClI, that of Hf somewhat more than that of Zr. A possible explanation is that the
chloride ions compete with bisulphate ions and form (R3NH)CI ion pairs which may not
extract zirconium and hafnium. There is a small difference in the effect in the sequence

observed: HC1 < LiCl < KCI.

In additional research on this subject, it was found that the reduction in distribution ratio
with addition of LiCl is almost the same as for KCl within statistical uncertainty. This
indicates that there should be no interference in the extraction from K* ions but only from
CI' ions. Adding HCI, however, increases the H" concentration and favours the amine
bisulphate formation, which in turn counteracts the CI effect to some extent. Subsequently,
the reduction in the distribution ratio with addition of HCl is somewhat less than that for
addition of KC1 or LiCl. Thus, the sequence in the effect should be: HC1 < LiCl = KCI.

Any distinct effect from KCI in the gas-jet on the extraction should not appear as long
as the accumulated CI” concentration due to recycling of aqueous phase during transactinide

SISAK experiments is kept below 10~ M.

5.3 SISAK Rutherfordium Experiments

In the 2003 experiment, after correction for the decay loss of 4.7 s *°'Rf, gas-jet yield equal
to 50% for transfer to scintillator solution and 67% for transfer to heated aqueous solution, it
is possible to calculate the expected number of correlation events in the detectors: with
100% yield in the extraction stage, one aa-correlation is expected in detector cell 1 for 70.2k
counts in the Rutherford scattering detectors. Thus, for detector cell 1, with 529k scattering
counts, about 7.5 correlations are expected if the extraction is 100% (see Table 2 in Paper

V).

For the number of expected correlations in detector 2, it is assumed that detector cell 1
always is open and the activity is delayed by about one half-life before it reaches cell 2.

Thus, only one correlation per 140.4k counts is expected in cell 2.
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Of the 32 events which closed cell 1, a possible daughter was observed in only 13. Three are
disregarded due to energy above 12 MeV (two cases) or energy below 7.5 MeV (one case);
see Figure 5 and Table 4 in Paper 4. For detector 1, five correlations compared to the 7.5
correlations expected indicate that 2.5 correlations must be assumed to have remained in the
aqueous phase. Taking the flow rates of the two phases into account, these results in a
distribution value, D, equal to 2.2. Since the uncertainty in the transport time, gas-jet yield,
the degasser yield, etc. are difficult to estimate, the uncertainty of this D value is large and
difficult to calculate. The large uncertainty due to the many parameters in the equation to
calculate the activity in the aqueous phase clearly indicates that a more accurate method is
highly desirable. Therefore, such a method, a two-step extraction procedure, was developed

and used for the 2005 experiment.

In the 2005 experiment, as shown in Table 5 in Paper 4, the observed number of
»TR£-*No aa correlations in the organic phase for the first detector was two. Twenty-eight
events closed the cell, but a daughter was observed in only five cases. Only three of those
had energy within the 8.2-9.3 MeV range expected for »*’Rf. One of the three events had too

high daughter energy and was rejected, as shown in Figures 6 and Figure 7 in Paper 4.

The number of correlations observed for the second organic phase was 6; this represents
the amount of aqueous activity. Twenty-eight events closed the cell; in 12 of these closures a
daughter event was observed. Ten of the correlated closures had mother energies within the

right range; of these, six had acceptable daughter energies.

The number of correlations in the aqueous phase is estimated to be 13.5. This is based
on 6 observed correlations in the first detector for the organic phase in the second extraction
step, in which it is assumed that 80% of the 2R f is extracted, and an additional delay of 4.1

s due to the second extraction step.

The gated integrals, (counts in the the Rutherford-scattering detectors when the alpha-
detector cells are "open" are 55 kcounts for the first organic phase and 552 kcounts for the
second organic phase. Taking the gated integrals and the flow rate into account, a

distribution ratio, D, equal to 0.2 is obtained for extraction with 0.003 M TOA.
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The two-step extraction procedure demonstrates the advantage of measuring the activity
in both phases simultaneously with direct detection of alpha activity of both organic phases
as compared to indirect determination of the amount of activity in the aqueous phase. This
simultaneous measurement of activity in the phases increases efficiency since the amount of
activity entering the system no longer needs to be measured in a separate experiment.
Furthermore, the uncertainty resulting from changing and uncertain yields in the aerosol gas-

jet transport of activity from the RTC to the aqueous phase is eliminated.
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1. The investigation of the extraction system H,SO4/TOA demonstrates that:
1) the extraction kinetics are fast enough concerning decay loss of the
nuclides of interest;
ii) both pure aqueous and organic phases have been achieved;
iii) the chemicals involved are easy to handle;
iv) distribution ratios between 0.1 and 10 can be obtained,;
V) the separation factors between Nb and Ta are large enough so that Ta and
Nb can be clearly distinguished.
This promising chemistry has been recommended as the chemical extraction system for the
Db SISAK experiments to be performed at LBNL, as proposed in the 2007 proposal (see
Appendix 6). Due to beam time rescheduling, this experiment was postponed and is now

planned for 2008 [REF: Heino Nitsche, personal communication].

At 0.1 M TOA/0.1 M H,SO,4 with 0.25 M K,SO4 present, the D values of Nb and Ta are
0.35 and 3.79, respectively, with a separation factor of around 11. At 0.02 M TOA/0.25 M
H,SO4, the D values of Nb and Ta are 0.48 and 5.2, respectively, with a separation factor of
around 11. These two concentrations should be suitable for Db SISAK transactinide

experiments to start with.

If 0.1 TOA/H,SO4 with 0.25 M K,SO4 system were chosen, the recommended

procedures for implementing Db SISAK experiments would be as follows:

71
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Starting with 0.1 M H,SO4 with 0.25 M K,SO4 and 0.1 M TOA by using
two-stage extraction setup to measure the D-value of Db.

If the measured D-value from the first procedure is between 0.1 and 4, then
increase the acid concentration to 0.5 M H,SO4 with 0.25 M K,SO;4 to
measure the D-value of Db at this concentration. With the D-values of the
two concentrations, the slope of the Db extraction curve can be obtained.

If the measured D-value of Db is bigger than 4, then decrease the acid
concentration to 0.05 M H,SO4 with 0.25 M K,SO4 to measure the D-value
at this concentration. With the D-values of the two concentrations, the slope

of the Db extraction curve can be obtained.

If TOA/0.25 M H,SO, system were chosen, the recommended procedures for Db

experiment would be as follows:

a.

Starting with 0.02 M TOA by using two-stage setup to measure the D-value
of Db

If the measured D-value from the first procedure is between 0.1 and 5.2, then
increase the extraction agent concentration to 0.1 M TOA to measure the D-
value of Db at this concentration. With the D-values of the two
concentrations, the slope of the Db extraction curve can be obtained.

If the measured D-value is bigger than 5.2, then decrease the extraction agent
concentration to 0.01 M TOA and measure the D-value of Db at this
concentration. With the D-values of the two concentrations, the slope of the

Db extraction curve can be obtained.

One might be able to judge whether Db is Nb-like or Ta-like by comparing the slope of the

Db curve with the ones for Ta and Nb curves.

2. Under Aliquat 336 in toluene/H,SO4 system, at 0.1 M H,SO4 with 1.0 M H,0,, the

separation factor of Ta and Nb is 6, and the distribution ratios of Nb and Ta are 0.18

and 1.06, respectively. These should provide suitable conditions for exploring

possible hydrogen peroxide complex formation with Db in SISAK experiments.

Based on the theoretical calculations by V. Pershina [120] of the hydrolysis of
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compounds of Group-5 elements with increasing HCl concentration, the hydrolysis of

complexes decreases in the order

Ta > Db > Nb > Pa.

If this is the sequence also for sulphate complexes of Group-5 homologues and if peroxide

complexes are formed, the distribution ratios of Db would be expected to be between those

of Ta and Nb.

3.

The two Rf SISAK experiments demonstrate the advantage of measuring the activity
in both phases simultaneously using a two-step extraction procedure with direct
detection of alpha activity of both organic phases as compared to indirect
determination of the amount of activity in the aqueous phase. This simultaneous
measurement of activity in the phases increases efficiency since the amount of
activity entering the system no longer needs to be measured in a separate experiment.
Furthermore, the uncertainty resulting from changing and uncertain yields in the
aerosol gas-jet transport of activity from the RTC to the aqueous phase is eliminated.
Moreover, Setup C in Fig. 3.3 establishes the way in which future SISAK
transactinide experiments will be performed and enables the SISAK system to be

used for dubnium or even heavier elements.

Future Perspective

1.

SISAK extraction schemes can be developed to focus on the chemical properties
within one periodic group. It would be ideal to study a transacinide element when its
homologues are produced and investigated simultaneously. The utilization of a
heavy-ion “cocktail” allows for such chemical investigation of preseparated TAEs
and their periodic table homologues under identical conditions. For example, the
Group-5 elements Nb, Ta and Db can be produced with a '*0°*/°'V'*" cocktail using
the reactions 74Se(]80,pxn)87’88Nb, H2I6120.1248 STy x1y) 6171 and
29Bi*'V,n)*Db [121].

The Pre-separator BGS has made the chemistry experiments with SISAK greatly

profit from a strongly reduced background and more “chemistry-friendly”
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conditions. The BGS is most efficient for nuclides produced in fusion reactions between

Z ~ 20 accelerated particles onto targets of Pb/Bi. Another recoil separator designed for

Superheavy-element chemistry, namely TASCA (TransActinide Separator and

Chemistry Apparatus), is currently under construction at the GSI UNILAC facility in

Germany. The TASCA separator is being designed to enable the use of Pu targets. This

has previously not been possible at BGS due to concerns regarding safety and

maintaining a low-level detection environment. With the TASKA facility, relatively
long-lived nuclides of Db isotopes will become accessible for SISAK Db chemistry
experiments. For example, the 33-s 2**Db from the reaction ***Pu(**Na,5n)**’Db (with

32% decay loss in SISAK, which is much less than that for the *’Rf used in SISAK Rf

experiments), can penetrate up to a 1.9 um Mylar RTC window with 10.8 EVR recoil

energy [17]. A new RTC-window design is being developed for TASCA [122, 123]

which will enable much thinner windows than those that have been used at the BGS so

far. A similar window construction should also be possible for the BGS. Thus, chemistry
studies with EVRs from Pu-targets should be possible at both separators in the near
future.

3. Single atom chemistry and detection with the current set-up of SISAK coupled to the
BGS is optimum for nuclides of half-lives in the range of ~ 4 to 30 seconds.
Detection of nuclides with longer half-lives, e.g., 22Db with a half-life of 33 S, can
be achieved with additional detection cells, but a detection cell and the analogue
electronic modules are an expensive investment. Further development of the

detection cell should result in a larger hold-up volume.
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