Radiochim. Acta 97, 403-418 (2009) / DOI 10.1524/ract.2009.1630
© by Oldenbourg Wissenschaftsverlag, Miinchen

Gas chemical investigation of hafnium and zirconium complexes
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Summary. Volatile metal complexes of the group 4 elem-
ents Zr and Hf with hexafluoroacetylacetonate (hfa) have been
studied using short-lived radioisotopes of the metals. The new
technique of physical preseparation has been employed where
reaction products from heavy-ion induced fusion reactions are
isolated in a physical recoil separator — the Berkeley Gas-filled
Separator in our work — and made available for chemistry ex-
periments. Formation and decomposition of M(hfa), (M = Zr,
Hf) has been observed and the interaction strength with a flu-
orinated ethylene propylene (FEP) Teflon surface has been
studied. From the results of isothermal chromatography ex-
periments, an adsorption enthalpy of —AH, = (57 +3) kJ/mol
was deduced. In optimization experiments, the time for for-
mation of the complex and its transport to a counting setup
installed outside of the irradiation cave was minimized and
values of roughly one minute have been reached. The half-life
of ¥°Hf, for which conflicting values appear in the literature,
was measured to be (73.9+0.8)s. Provided that samples
suitable for «-spectroscopy can be prepared, the investigation
of rutherfordium (Rf), the transactinide member of group 4,
appears possible. In the future, based on the studies presented
here, it appears possible to investigate short-lived single atoms
produced with low rates (e.g., transactinide isotopes) in com-
pletely new chemical systems, eg., as metal complexes with
organic ligands as used here or as organometallic compounds.
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1. Introduction
1.1 Gas phase chemistry with transactinides

Gas phase chemical methods have proven powerful for the
investigation of the heaviest elements, called the transac-
tinides (TAN, Z > 104). For recent reviews, see [1, 2]. These
elements are produced as evaporation residues (EVRS) in
heavy-ion induced nuclear fusion reactions. Simple inor-
ganic species like (oxy)halides, hydroxides or oxides have
been studied for elements up to hassium (Hs, element 108).
Recently, element 112 was investigated in a gas phase chem-
istry experiment in its elemental state [3]. Single atoms of
these elements were either transported to a chemistry setup
with a gas-jet, i.e., attached to aerosol particles that are sus-
pended in rapidly flowing carrier gas [4-8] or as volatile
species after thermalization in a gas mixture containing the
reactive component [9,10]. Element 112 was transported
in its volatile elemental state [3]. Inherent to both of these
approaches are harsh conditions as far as chemistry is con-
cerned: either high temperatures are needed to release the
species from the aerosol particles used in the gas-jet; or
a plasma is present, which is formed by the intense heavy-
ion beam that is passing through the gas volume where the
EVRs are thermalized. These conditions prevented studies
of more complex molecules like organometallic compounds
or volatile metal complexes which are generally rather ther-
mally unstable.

1.2 Physical preseparation for chemistry experiments

Recently, the method of physical preseparation [11-14] has
been developed to overcome these technical limitations. In
this technique, the EVRs are spatially separated in a physi-
cal recoil separator from unwanted nuclear reaction products
as well as the intense heavy-ion beam. The EVRs are then
guided to a so-called recoil transfer chamber (RTC) [12, 15],
a gas-filled volume in which they are thermalized. The RTC
is isolated from the vacuum or low pressure gas atmosphere
of the separator through a thin foil referred to as the RTC
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window. The EVRs penetrate this window if their kinetic
energy (from full momentum transfer of the beam) is suf-
ficiently high. The pertinent advantages of the technique
are i) the beam-free environment in the RTC, and ii) the
strong reduction of unwanted nuclear reaction products. The
beam-free environment promises to allow studying ther-
mally unstable chemical species. The absence of most un-
wanted background species was already exploited in liquid
phase studies of rutherfordium (Rf, element 104) [11, 16, 17]
where physical preseparation from isotopes that interfere
with the unambiguous identification of single atoms of the
heaviest elements through detection of their characteristic
radioactive decay was essential, and in extraction studies of
group 4 elements with crown ethers [18]. The potential that
physical preseparation offers in the field of TAN chemistry
has been recognized and has led to the upgrade of existing
recoil separators such as i) the Berkeley Gas-filled Separa-
tor (BGS) [19] installed at the Lawrence Berkeley National
Laboratory, Berkeley, CA, US [12,15], ii) the GAs-filled
Recoil lon Separator (GARIS) [20, 21] at the RIKEN labo-
ratory, Wako, Saitama, Japan, and iii) the Dubna Gas-Filled
Recoil Separator (DGFRS) [22] at the Flerov Laboratory
of Nuclear Reactions, Dubna, Russia, so that they can now
be used as preseparators. For a recent overview of phys-
ical separators used for studies of the heaviest elements,
see [23].

1.3 Choice of the chemical system
1.3.1 Thegroup 4 elements

In this work, conducted at the Lawrence Berkeley National
Laboratory, the possibility of investigating new compound
classes of the heaviest elements in the gas phase was studied.
We used the BGS as a physical preseparator [12]. The group
4 elements, of which Rf is the heaviest member [1, 2] were
chosen for initial experiments. Rf has two advantages over
other TAN elements. First, because the cross sections for
producing TAN are decreasing with increasing Z, Rf as the
lightest TAN is the one that can be produced with highest
rates. Second, two Rf isotopes can be produced that appear
suitable for chemical investigations. One is »’Rf, which is
best produced in the cold fusion reaction 2®Pb(**Ti, n) with
a cross section of a few tens of nb [24, 25]. Known states in
STRf with half-lives of about 4 s and about 7 s [25] are both
populated when this nuclide is produced as an EVR. The
»TRf EVRs are rather fast due to the use of a heavy beam
particle, which is advantageous because it allows for the use
of a relatively thick RTC window. The other isotope is 68-s
201aRf [26—28]. (Note that recently another, shorter-lived nu-
clear state has been observed in #!Rf [29, 30].) *Rf can
only be produced in asymmetric reactions with light beams
and actinide targets, e.g., in the reactions 2**Pu(*Ne, 5n)
with a cross section of about 4 nb [31] or Cm(*¥0, 5n)
with a cross section of about 13 nb [32]. EVRs from such re-
actions are generally very slow and thus, more sophisticated
RTC windows that i) are thin enough that these EVRS can
penetrate them with 100% efficiency, ii) can withstand a sub-
stantial pressure difference, and iii) have a very small leak
rate for He, which is typically used in the RTC, are needed.
Also the targets are highly radioactive and require special

precautions for their safe irradiation. Note that the produc-
tion of 28R with 28U targets in the reaction 28U (*Mg, 3n)
was recently reported [33], but with a very small cross sec-
tion of only ~ 30 pb. This is almost three orders of mag-
nitude smaller than the cross section obtained in, eg., the
reaction 2Cm(*®0, 5n) [32] and thus, the 28U-based reac-
tion is not a viable option for chemical studies of Rf using
%IRf. The choice of which isotope should be utilized is
thus between a fast short-lived isotope and a slow long-lived
one.

As a member of group 4, Rf is a homolog of zirconium
(Zr) and hafnium (Hf). So far, gas chemical investigations
have been conducted with the tetrachloride [26, 34—36] and
the tetrabromide [36,37] of Rf. The use of preseparated
isotopes of the group 4 elements should permit use of or-
ganic ligands, which has not been an option so far. ®'Rf,
which was physically preseparated in the BGS, has already
been successfully used in liquid phase chemistry experi-
ments [11,16]. Unlike in those experiments, which used
preseparated isotopes to take advantage of the reduced back-
ground, we are aiming at investigating new, thermally un-
stable compounds in the gas phase and use preseparation
because it provides a beam free environment in the RTC.

1.3.2 B-diketonates of Zr and Hf

A compound class that appears suitable for such studies is
the B-diketonate metal complexes, i.e,, coordination com-
pounds of a metal with ligands of the structural type shown
in Fig. 1b.

The presence of g-carbonyl groups with at least one pro-
ton on the intermediate carbon atom allows a tautomeric
equilibrium of keto- and enol-forms (see Fig. 1a), which is
the most important feature of g-diketones as it is the enolate
anion which forms complexes with metals. The g-diketone
enolate anions are well known to act as bidentate ligands
forming neutral complexes with many elements. Some of
these complexes can be transferred to the gas phase with-
out decomposition [38]. Depending on the nature of Ry
and Ry, ligands with vastly different properties are known.
A large variety of ligands has been synthesized and assessed
with respect to their usefulness in gas chromatography of
metal complexes [39]. Nowadays, many different ligands are
commercially available. Systematic investigations of com-
plexes of many elements using a variety of ligands have
led to the observation that the introduction of fluorinated
groups leads to enhanced volatility of the respective com-
plexes [38, 40, 41]. Volatile g-diketonate complexes of many
metals are widely used, e.g., as precursors for thin film
production by the metal-organic chemical vapor deposition
(MOCVD) method [42,43]. Among the best studied com-
plexes are those using anions of 2,4-pentanedione (acetyl-
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Fig.1. (@) The B-diketones in their keto- (left) and enol- (right) form,
and (b) the structure of their anions.
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acetone; acac; R,=R,=CHj) and its partially or fully flu-
orinated analogs, 1,1,1-trifluoro-2,4-pentanedione (trifluo-
roacetylacetone; tfa; R,=CHs;, R,=CF;) and 1,1,1,55,5-
hexafluoro-2,4-pentanedione (hexafluoroacetylacetone; hfa;
R;=R,=CF;) as ligands. The chemistry of fluorinated lig-
ands has been reviewed [44]. The introduction of electron-
accepting fluorine-containing groups greatly alters the distri-
bution of electron density in the molecule, which shifts the
keto-enol equilibrium towards the enol. In the case of hfa,
this shift is complete and, in the neat liquid at 33 °C, 100%
of hfa is present in the enol-form [45]. Hfa is moisture sen-
sitive; hydrolysis yields a stable tetrol [46, 47].

Due to their high volatility and stability, the hfa-complex-
es of Zr and Hf were chosen for first investigations with pre-
separated isotopes, keeping in mind that the system should
be suitable for later experiments with Rf. M(hfa), (M = Zr,
Hf) are well known complexes [48] and have been inves-
tigated with respect to their usefulness as precursors for
thin oxide film production of these metals [48]. Zr(hfa),
is thermally stable (unlike Zr(tfa), and Zr(acac), [49]) and
often employed in gas chromatography studies [50]. The
M(hfa), complexes of Zr and Hf are also very similar in
other chemical properties [48]: i) both are moisture sensi-
tive, ii) they cannot be separated by gas chromatography
owing to their very similar volatility, iii) thermogravimet-
ric analysis (TGA) experiments gave indications for partial
decomposition at 146-147 °C, iv) their boiling points were
determined to be about 230°C, and v) the complexes of
both metals decompose at 500—-600 °C to form monoclinic
dioxides.

1.4 Aspects of atom-at-a-time studies

In our work, we are solely concerned with the investigation
of microamounts of metals as there is currently no method
available that allows the production of macroamounts of
Rf. We therefore studied Hf and Zr under the conditions
of a potential future Rf experiment, i.e., using short-lived
radioisotopes that were produced in heavy-ion induced
fusion reactions. Earlier studies that used single short-
lived atoms for studying g-diketonates in the gas-phase
have been reported. Travnikov et al. separated **Zr from
®Nb in the form of hfa complexes and achieved separa-
tion factors > 2 x 10® [51]. Ono et al. investigated com-
plexes of 2,2,6,6-tetramethyl-3,5-heptanedione (thd, also
referred to as dipivaloylmethane, dpm, R1=R2=C(CH,),)
with ruthenium (Ru) and rhodium (Rh) [52], the lighter
homologs of hassium (Hs, element 108) and meitnerium
(Mt, element 109) using short-lived Ru and Rh isotopes
produced in a *?Cf fission fragment source. Fedoseev
et al. reported the preparation of volatile hfa-complexes
of mendelevium (Md) and fermium (Fm) using 1.3-h
Md and its electron capture decay daughter 2.6-h 26Fm
where heterophase ligand exchange in ligand vapor con-
taining carrier gas was employed [53]. Greulich etal.
used a non-carrier-added mixture of several lanthanides
obtained from thermal-neutron-induced fission of ***U to
investigate the fast separation of the lanthanides from
each other with a combination of solvent extraction and
gas chromatography of these elements, eg., in the form
of hfa-complexes [54]. Their technique is applicable to

the separation of actinides (including preparation of thin
samples suitable for «-spectroscopy) on a time-scale of
a few minutes.

Fedoseev et al. investigated the interaction of scandium
(Sc), ytterbium (Yb), and Hf produced in heavy-ion in-
duced nuclear fusion reactions with acac, tfa, and hfa [55].
These elements served as models for heavy actinides and
Rf. Using relatively long-lived isotopes, it was demonstrated
that these elements formed highly volatile complexes with
hfa. In a temperature gradient tube, these were found to de-
posit at temperatures below 100 °C. However, two major
problems were encountered in these experiments: first, pass-
ing the hfa enriched carrier gas through the recoil chamber
(where the heavy-ion beam passed through) led to the ra-
diolytical decomposition of the organic ligand. The decom-
position products formed aerosol particles that led to non-
chemically-selective transport of all products of the nuclear
reaction to the detection system. The authors of [55] there-
fore split the gas stream into two fractions. The ligand-
free fraction passed through the recoil chamber and served
to transport the recoiling nuclear reaction products to the
exit of the chamber. The other fraction, which was en-
riched in ligand vapor, bypassed the chamber. The two
gas streams were merged at the exit of the recoil cham-
ber. This procedure can be expected to result in reduced
yields, especially when short-lived isotopes are used, which
is not acceptable in a TAN experiment where the elem-
ent under study is available in quantities of single atoms
only. Secondly, their experiments did not achieve separa-
tion of the three studied elements since all of them form
highly volatile complexes with hfa. This is a severe problem
since the production of transactinides is always accompa-
nied by the production of orders of magnitude more un-
wanted nuclides in, e.g., nuclear transfer reactions or reac-
tions of the beam with the target assembly or impurities in
the target material. Some of these unwanted products, es-
pecially «-decaying Po isotopes and heavy actinides with
a substantial spontaneous-fission branch, interfere with the
unambiguous identification of the TAN element under study.
Separation of Po and actinides is crucial in the chemical
study of Rf.

The method of preseparation represents a significant step
forward as it eliminates both these problems: the EVRs are
separated from the beam in the physical preseparator and the
conditions in the RTC are mild. At the same time, most of
the transfer products are also removed in the separator and
thus relatively clean beams of the desired EVRs enter the
RTC.

With respect to the investigation of Rf, the kinetics of the
chemical reaction leading to the volatile species is a crucial
factor. The half-life of the longest-lived known Rf isotope
that can be produced and preseparated, 6*Rf, is 68s. As-
suming typical values for target thickness, average beam
intensity, and efficiency of the preseparator to guide formed
EVRs to the RTC, the rates of ®’Rf and ?**Rf entering the
RTC are of the order of 0.1-1 min—. These minute rates, to-
gether with partial yields of each step involved in the chem-
ical reaction and the detection of the nuclear decay of ®'Rf
or ®1Rf of (for some steps significantly) less than 100%
make it clear that only reactions that proceed on timescales
of a few tens of seconds at most are acceptable.
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We therefore investigated the gas-phase formation of
M(hfa), (M = Zr, Hf) with respect to their potential for
investigating Rf in the same chemical system. Using Hf ra-
dioisotopes with half-lives between some tens of seconds
and several minutes allowed for the determination of the re-
action time as a function of the reaction temperature, which
was done over a large temperature range. Chemical speci-
ation is difficult to achieve under the conditions of our ex-
periments, and we therefore investigated the volatility of the
involved chemical species using the well-known methods of
isothermal gas chromatography [7] and thermochromatog-
raphy (TC) [56], hoping that these results would give us
information about the formed compound(s) by comparing its
(or their) behavior to literature data.

2. Experimental

Over the course of about two years, relatively short-
lived isotopes of Zr and Hf were studied in eighteen
short blocks (16—32h) of beamtime. The isotopes [57]
852I’ (Tl/Z = 786 mln), 162Hf (T1/2 = 376 S), 165Hf (Tl/Z =
765s), and **Hf (T, = 3.24 min) were produced in the
nuclear reactions "Ge(*0, xn)®Zr, ™Se(**0, a3n)®Zr,
1850 (%0Ti, 4n)2HF, 2Sn(*°Ti, 5n)SHF, 24Sn(*°Ti, 5n)
189Hf and their decay was measured with a y detector.

2.1 The cocktail beam and thetargets

A so-called cocktail beam [12,58, 59] consisting of #0**
and 5°Ti**+ was developed using isotopically enriched metal-
lic *°Ti and gaseous 80,. The particles were extracted from
the Lawrence Berkeley National Laboratory’s (LBNL) Elec-
tron Cyclotron Resonance (ECR) ion source, injected into
the 88-Inch Cyclotron and accelerated to about 4.6 MeV/u.
By varying the cyclotron frequency, either 83.6-MeV B0O**
or 228.0-MeV ®Ti'* projectiles were extracted. They
passed through a ~ 45-pg/cm? thick ™C vacuum window
and a negligible amount of He before entering the target
(backing). Isotopically enriched targets of Se, 116Sn, 12°Sn,
1243n, as well as ™Ge, all in the elemental form, were used.
They were produced by vacuum deposition from a resis-
tively heated source. Table 1 lists the properties of the used
targets along with the EVRs of interest produced in com-
plete fusion reactions with the 0 beams (targets #1 and #2)
and *°Ti beams (#3 to #6).

Hereafter, the targets are referred to according to their
entry in column 1 in Table 1. The energy loss of the beam
through the various layers of matter (neglecting the He be-
tween the vacuum window and the target) was calculated

with SRIM-2003 [60]. The resulting lab-frame beam ener-
gies in the center of the target were around 83 MeV in the O-
induced reactions and around 224 MeV in the *Ti-induced
reactions. Typical beam intensities were ~ 6 x 10* s7* (*O)
and (1-2) x 10* s~ (*°Ti). Up to five targets were mounted
on aslider that allowed for the desired target to be positioned
in the path of the beam without opening the system.

2.2 Physical preseparation in the BGS

The desired products of the nuclear reactions were separated
from the beam and the majority of the nuclear transfer prod-
ucts by the BGS which was filled with 0.7 mbar He. The
magnetic rigidities of the reaction products (on which sepa-
ration in the BGS is based) have been measured earlier and
are given in [12]. The part of the experimental setup down-
stream from the BGS is depicted in Fig. 2.

The EVRs were guided to the focal plane area of the
BGS, extracted from the separator through the Mylar RTC
window (throughout the remainder of Sect. 2, items in italics
refer to experimental equipment explicitly labeled in Fig. 2).
In most experiments, the foil was 3.3 um thick. This allowed
the Hf EVRs as well as the rather slow Zr EVRs to exit the
BGS [12]. In the Hf experiments, an additional Mylar de-
grader foil of 5.8 um thickness was inserted in front of the
window to reduce the kinetic energy of the Hf EVRs so that
they were stopped inside the RTC. After passing through the
RTC window, the EVRs entered the RTC [15].

2.3 Therecoil transfer chamber
and the gas flow system

Two He (purity > 99.999%) streams were individually con-
trolled with mass flow controllers (MKS Instruments Inc.,
type 1179A). A trap containing molecular sieve kept at am-
bient temperature was inserted into the gas supply line up-
stream of the mass flow controllers to remove the main
fraction of the water from the gas. Each He stream was
further dried by passing trough a liquid nitrogen trap. One
of the two gas streams was passed through the hfa enrich-
ment station located outside of the cave and then brought
back into the cave. The enrichment station consisted of two
bubblers containing hfa and a bypass that were installed in
parallel. The bubblers were placed in a temperature con-
trolled water bath to control the amount of hfa that was
added to the He. Periodically, ~ 1-2 mL hfa was added to
the bubbler via the addition funnel allowing for a relatively
constant hfa volume without having to open the system.

Tablel. Targets used in this work. The last columns list key properties of the EVRs of interest.

Target Backing Isotope Target thickness Cover EVR of Half-life  Evaluated y-line
(ng/cm?) interest [57] (keV) [57]

#1 451g/cm? C "Ge 350 - 8Zr 7.86 min 454.3

#2 40 ng/cm? C “Se 384 50 ng/cm? Au 8Zr 7.86min 454.3

#3 451g/cm? C 1680 various, 250-478 - w2 f 37.6s 173.90

#4 451g/cm? C 12080 two, 200 & 300 - 5 f 7653 180.0

#5 451g/cm? C 1245n 500 - 16O f 3.24min 492.86

#6 - 1245n 586 - 16O f 3.24min 492.86
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Oven (heating a
\ O quartz wool plug)

]
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foretrap (SiO, or ACC)
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Fig. 2. Schematic of the experimental setup. Zr and Hf

isotopes recoiling from the target are physically sepa-

rated in the BGS. They pass through the RTC window

and enter the RTC which is kept at 1.07 bar. If ne-

cessary, up to three retractable degrader foils can be

positioned in the path of the EVRs. The distribution

of EVRs in the focal plane can be verified with a re-

tractable Si strip detector, which is calibrated with a re-

tractable «-particle source. The retracted position of the

detector is shielded against scattered particles coming

from the BGS. The low pressure regime in the BGS

is separated from the high pressure regime in the re-

coil transfer chamber (RTC) by a thin Mylar foil. The
P RTC is flushed with He. Two He streams are controlled
S with two mass flow controllers (MFC). The He is dried
by passing through liquid nitrogen (N,(1)) traps. One of
the streams is passing a thermostated bubbler contain-
ing about 5mL of hexafluoroacetylacetone (hfa). Two
bubblers (only one shown) installed in parallel to en-
able uninterrupted switching and a bypass around the
bubblers (not shown) allow for constantly flushing the
system with dry gas. hfa can be added to the bubbler
from the addition funnel without opening the system.

exhaust The two gas streams are merged, passed through an
aerosol particle filter and injected into the RTC through

six inlets (only one shown) distributed around the RTC

Pump window. The gas exits the RTC through a quartz col-

umn containing a quartz wool plug which can be heated

y detector Butterfly up to 700°C. Volatile products are transported out of
valve the irradiation cave through a 5-m long capillary (per-

fluoroalkoxy, PFA teflon or fluoroethylene-propylene,

FEP teflon) with the gas flow to a setup located outside
the cave, which is accessible during irradiation. Two se-
tups are shown: @ a yield measurement setup where the
amount of y-ray emitting species captured in a trap (ac-

/!

.

tivated charcoal or SiO,) is measured with a y detector.
A second identical foretrap can optionally be installed
in front of the measured trap. ® a thermochromatog-
raphy setup where a 77-cm long quartz or FEP Teflon
column is inserted into a copper tube with an oven heat-
ing the entrance and a liquid nitrogen cryostat cooling

/

Thermostated

Thermochromatography column

the exit. Volatile species containing y-ray emitting ra-

: bubbler
Ny(1) containing hfa
trap

Pb collimatorsss_m=s

i

¥ detector on a slider

The hfa (98+% purity) was purchased from various sup-
pliers and distilled before use. The hfa-enriched He stream
was then merged with the second gas stream. This sys-
tem allowed large variations of the gas flow rates without
severely affecting the hfa consumption rate and provided
freedom in the choice of hfa content in the gas stream.
For some experiments, a heatable (up to 550°C) quartz
wool plug was installed in the position labeled “Pos. 1”
in Fig. 2. This served to determine the decomposition tem-
perature of hfa, see Sect. 3.1.3. The merged He stream was
then passed through an aerosol particle filter to prevent
the transport of radionuclides attached to aerosol particles
and then fed into the RTC, a 322-cm?® large volume kept
at a pressure of about 1.07 bar. Typical gas flow rates were
650 mL /min for the stream that was passing the bubbler and
650-1450 mL/min for the other stream, resulting in total
He flow rates of about 1300—-2100 mL/min. The hfa con-
centration in the carrier gas was determined to be 2.1 mol-%
(with an estimated uncertainty of a factor of two) from the
He flow rate and the consumption rate of the hfa. The gas

dioisotopes deposited in the column are measured with
a spatial resolution of 2 cm with a y detector mounted
on aslider. The pressure and gas flow are computer con-
trolled and regulated with two MFCs and a butterfly
valve. The two positions labeled “Pos. 1" and “Pos. 2”
are explained in the text.

exited through the center of the RTC back-plate through
a 36-cm long quartz column (i.d. 4 mm). A quartz wool
plug that could be heated by a resistance oven to about
700 °C was located ~8-10 cm downstream of the entrance
and kept in place by two indentations in the quartz col-
umn. Cooling jackets on both sides of the oven kept the
temperatures of the RTC back plate and the exit of the
quartz column at < 50°C. At the exit of the column, at
the position labeled “Pos. 2” in Fig. 2, activated charcoal
(ACC) traps as described in Sect. 2.5 could be installed
to collect species that were transported to the exit of the
quartz column. The traps were retrieved after the end of
the irradiation and counted off-line. In most of the experi-
ments, however, the gas was transported in either a perflu-
oroalkoxy (PFA) Teflon or a fluorinated ethylene propylene
(FEP) Teflon capillary (about 5m long, i.d. 1.6 mm) to an
experimental area that was accessible during the irradiation
as retention of the chemical species of interest in the cap-
illary was found to be negligible at temperatures > 30 °C,
see also Sect. 3.4. Those capillaries together with two ex-
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ternal pumping loops connected to refrigerated and heating
circulators were installed inside of a thermal insulation on
a length of about 4 m. The temperature of the capillaries
could thus be set to any desired temperature between 0°C
and +90°C, allowing them to serve as isothermal chro-
matography columns. The setup ensured the temperature in
the tubes to be constant to within less than 1°C along the
whole 4 m.

The remainder of the capillaries, i.e.,, 50 cm on each side
of the isothermal section, were heated with heating tape to
temperatures higher than the one of the isothermal section
to ensure negligible retention in this part compared to the
isothermal section. The pressure inside the RTC was meas-
ured with a pressure transducer (MKS Instruments Inc.,
type 722A) and held at a preset value with a butterfly-valve
(MKS Instruments Inc., type 153). Both mass flow con-
trollers, the pressure transducer, and the butterfly valve were
controlled by a MKS Instruments Inc. type 186B process
controller.

2.4 The catcher foil holder

The standard RTC back plate could be exchanged for a dif-
ferent one containing a so-called catcher foil holder, which
was placed a few mm behind the RTC window and cov-
ered its whole area. Catcher foils of 25-um thick household
Al foil were attached to the holder. All nuclear reaction
products (except the scattered *O beam) entering the RTC
(which was kept at a pressure below 0.1 bar for these ex-
periments) were stopped inside the catcher foils, as was
predicted by SRIM-2003 [60] calculations and confirmed
experimentally. These reaction products could be brought to
the counting area outside the cave within about 90 s after the
end of bombardment. Thus, absolute quantities of the iso-
topes of interest entering the RTC could be measured even
for the rather short-lived ***Hf (T,, = 37.63).

2.5 Theyield measurement setup

The amount of Hf or Zr isotopes that was transported was
determined using two different kinds of traps. To meas-
ure the total amount of transported species, traps consisting
of about 5cm long pieces of plastic tubing (i.d. 4.8 mm)
filled with ACC (20—40 mesh grain size) were used. The
ACC was kept in place by quartz wool plugs on both sides
and that in turn was kept in place by tubing with a smaller
diameter that was glued into the larger tubes with a two
component glue. The tube was filled with ACC on a length
of about 15 mm, corresponding to about 80 mg of ACC. In
other measurements, radioactive species that were adsorbed
to aerosol particles and transported with the gas flow in this
form were selectively measured. Traps for these experiments
consisted of PFA tubes that were filled with quartz (SiO,)
wool which was previously deactivated at 900 °C in an oxy-
gen containing atmosphere. They are referred to as SiO,
traps hereafter.

The traps were connected to the FEP or PFA transport
lines with BOLA connectors (Bohlender GmbH, Grins-
feld, Germany) made from polytetrafluoroethylene (PTFE)
Teflon.

The Al catcher foils used to determine the amount of ac-
tivity entering the RTC (see Sect. 2.4) were folded up and
placed in an identical piece of PFA tubing to ensure an iden-
tical counting geometry and thus allow a direct comparison
of the amount of radioactive species with the traps measure-
ments.

The traps were installed directly at the exit of the quartz
column located at the exit of the RTC (“Pos. 2” in Fig. 2) or
at the end of the ~ 5-m long capillaries, as shown in Fig. 2.
They were either counted off-line (those from “Pos. 2”) or
on-line (those installed outside the cave). A holder was built
to ensure reproducible geometry for all measurements.

A HPGe y detector (Ortec, Oak Ridge, TN, model GMX-
23195-S) with an efficiency of 23% relative to a 3" x 3"
Nal cylinder detector with standard NIM electronics mod-
ules was used for all y spectroscopic measurements. In
addition to the y-lines of the EVRs of interest mentioned
in the last column of Table 1, the following y-lines [57]
were used in the analysis of the experiments: #™Y (48 min):
208.1keV; ¥™Zr (14.0s): 134.8 keV, 200.95 keV; ¥™INb
(m: 3.7min; g: 2.6 min): 201.0 keV; ®¥™INb (m: 7.8 min;
g: 14.5min): 399.4keV, 1057.1keV, 1082.6 keV; ®¥Mo
(8.0min): 170.5 keV.

2.6 The thermochromatography setup

Thermochromatography [56] is a well established technique
that has proven successful in the investigation of single
atoms (see, e.g., [61]) including those of the heaviest elem-
ents (see, eg., [3,10]). In this method, a negative tempera-
ture gradient is established along an open chromatography
column. Depending on the interaction strength of the species
with the column material, deposition of the species occurs at
a specific temperature corresponding to a specific position.
In our case, the distribution of the species inside the column
was determined with y-spectroscopy.

A 77-cm long quartz or FEP Teflon thermochromato-
graphy column (i.d. 4 mm) was installed in a thin-walled
copper tube which was welded into a 1.9 x 3.8 cm? cop-
per bar (shown in gray in Fig. 2). An oven was installed
on the entrance side of the tube while a container for li-
quid nitrogen was installed on a 2.5 x 2.5 cm? copper bar
attached to the cold end of the column. By varying the dis-
tance of the container from the chromatography column,
the lowest temperature of the temperature gradient could be
adjusted. It was typically mounted at a distance of about
30cm and in this way, a longitudinal negative tempera-
ture gradient from ~ +50°C to ~ —40°C was established
along the thermochromatography column. Lower tempera-
tures led to the deposition of macroamounts of hfa. The
front side of the copper tube was kept clear to be accessi-
ble for y-spectroscopy, which allowed on-line measurement
of the distribution of the Zr and Hf isotopes in the column.
The same HPGe y detector as described in Sect. 2.5 was
used. A 20-mm thick lead collimator with a 1 cm high x
2 cm wide open window was placed in front of the detector
to allow for a spatial resolution of 2cm. The detector and
the collimator were placed on a cart that was sliding along
the column. An ACC trap of the same type as described in
Sect. 2.5 (not shown in Fig. 2) was installed after the exit of
the chromatography column to catch potential species that
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were passing the chromatography column without being re-
tained. The trap was placed in an identical piece of copper
tubing as the quartz column. This ensured the same counting
geometry and thus allowed for absolute quantification of the
radioisotopes that passed the column.

3. Results

Different experiment series were conducted mainly i) to
investigate the formation of volatile species in the cho-
sen chemical system and to find the optimum experimen-
tal parameters for the reactions to be as fast as possible,
ii) to study the thermal stability of the formed volatile
species with the goal of determining the chemical species
through comparison with data available from the study
of macroamounts, and iii) to study their interaction with
FEP Teflon and quartz in gas chromatography experiments.
Table 2 summarizes the experiments described in the follow-
ing sections.

3.1Yidd vs. reaction temperature

Initially, experiments were performed to ensure that the hfa
content of the carrier gas remained low enough that no
formation of aerosol particles occurred. For this, the tem-
perature of the hfa was varied between 15°C and 60°C
and the yield of *?Hf (produced with target #3, thickness
352 ug/cm?) was measured i) in an ACC trap and ii) in an
ACC trap mounted behind a SiO, trap, which was installed
to selectively retain aerosol particles, resulting in the ACC
trap collecting only volatile species that passed the SiO,
trap. The reaction temperature, Tg, of the quartz wool plug
at the RTC exit, which was set by the oven heating it, was
62°C. The direct He gas flow rate was 2050 mL/min and
the flow rate of He through the bubbler was 650 mL/min.
Up to hfa temperatures of ~ 50 °C, the same yield of *?Hf
was measured regardless of whether a SiO, foretrap was in-
stalled or not; at temperatures of 60 °C, significantly more
182Hf was measured in the ACC trap with no SiO, foretrap in
front than in the ACC trap sensitive only to volatile species,
indicating, that aerosol transport occurred at that hfa tem-
perature, likely due to the formation of hfa aerosol particles
due to the high hfa concentration.

Absolute overall yields of 21519Hf and ®Zr were
measured over a broad range of Tg. Two series of meas-
urements were performed: one with gas flow rates of
1300 mL/min (650 mL/min through the hfa bubbler,
650 mL/min directly passed into the RTC) with the hfa

kept at 15°C (hereafter these are referred to as low-flow-
rate experiments), and another one with gas flow rates of
2100 mL/min (650 mL/min/1450 mL/min) with the hfa
kept at 40°C (high-flow-rate experiments). Experiments
were extended over a Ty range of 30-660 °C.

One individual measurement looked as follows: the car-
rier gas was switched to pass through the hfa about one
minute before the start of the irradiation to allow the whole
system to be equilibrated. At time t =0, the beam was
switched on. In experiments where the traps were installed
after the capillary, the acquisition of a y spectrum was
started at t =90s and the sample was counted for 300s
(on-line experiments). The beam was stopped at t =720s
and in experiments with comparatively long-lived ®Zr and
189Hf, a second measurement of the same trap was started
at t=900s. This measurement lasted 600 s (off-line experi-
ments). Traps installed at “Pos. 2” in Fig. 2 were only
counted off-line. For each experiment with an ACC trap,
a fresh one was used. The beam intensity was usually meas-
ured before and after each irradiation. Over the whole tem-
perature range, the total amount of transported radionuclides
was measured by using an ACC trap. In low-flow-rate ex-
periments with Hf as well as in high-flow-rate experiments
with Zr and Hf above ~ 200°C, two additional kinds of
measurements were performed: (i) a SiO, trap was used in-
stead of the ACC trap to measure radionuclides attached to
aerosol particles, and (ii) an ACC trap that was mounted be-
hind a SiO, trap (optional foretrap in Fig. 2) was used to
measure radionuclides that were transported in the form of
volatile species.

The capacity of the ACC traps was found to be sufficient
for ~ 15 min long runs. Tests in which two traps were placed
in series showed that using an already used trap in a second
experiment resulted in a breakthrough into the second trap,
but that they retained 100% of the transported species during
the course of one individual measurement conducted in both,
the on-line as well as the off-line time pattern.

The data analysis was performed as follows: the peak
areas were determined using standard y-spectra analysis
software. The peak areas were corrected for dead time losses
and variations in beam intensity. Every measurement was
normalized to a catcher foil measurement taken in the same
experiment series. A few measurements had slight offsets
in the timing pattern (e.g., when a measurement was er-
roneously started a few seconds too late), the effects of
which were corrected using the half-lives given in Sect. 2.
A specific point in time was defined and the activities of
the samples at that time were calculated. For off-line sam-

Table2. Summary of the performed experiments. Abbreviations and definitions are explained in the

text.

Nuclear EVR of Yield vs. reaction temperature Additional
reaction interest Low-flow-regime High-flow-regime experiments
B0 " Ge &7y on-line + off-line on-line + off-line

80 +"Se 8Zr, Nb search for Nb -

SOTi 4-1163n 62 Hf on-line on-line Isothermal (on PFA)
0T 4 128n SHf on-line on-line Ty, of 1°Hf
0Tj 4-1%3n 1604f on-line 4 off-line on-line + off-line search for Hf (tfa),

TC (on quartz & FEP)
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ples, the radioactive decay law was used. For on-line sam-
ples, in addition, growth during irradiation was considered.
Normalizing these activities to the respective catcher foil ac-
tivities allowed determination of the absolute yield of the
radioisotopes. From the ~ 140 measurements with an ACC
trap, four were disregarded as outliers in the data analysis
as they were significantly deviating from the trends estab-
lished by the rest of the data set, for reasons that are not
clear.

Periodically, experiments with pure He gas (i.e., without
addition of hfa) were preformed to check the integrity of the
system. Hf or Zr were not detected behind the RTC-oven in
any of these experiments.

3.1.1 Low flow rateregime

Initial experiments were conducted in the low-flow-rate
regime with %Zr and Hf at Tz up to around 300°C
and in a second series up to around 600°C. The meas-
ured absolute yields are shown in Fig. 3. In the follow-
ing figures, solid symbols represent results obtained in the
off-line time pattern, open symbols such obtained in the
on-line time pattern. Different symbols indicate different
isotopes. ®Zr (squares) and %°Hf (diamonds) were meas-
ured in both time patterns, ***Hf (circles) and *%2Hf (stars),
due to their short half-lives, only in the on-line pattern.
As shown in Fig. 3, the off-line data for 7.86-min ®2Zr
and 3.24-min °Hf exhibited different behavior. While the
yield of ®Zr was constant and high over the whole tem-
perature range, the %°Hf yield was similar at temperatures
up to 100 °C, then decreased significantly and reached the
high %Zr values again at temperatures above ~ 250°C. In
subsequent on-line studies (open symbols), also ®Zr (open
squares) showed a reduced yield at temperatures between
~100 and ~ 250 °C, and for **Hf (open diamonds) the dip
was even more pronounced.

The same low-flow-rate experiments were also con-
ducted with even shorter-lived isotopes. These were re-
stricted to Hf (***Hf and **Hf) due to the lack of suitable
Zr isotopes. ®MZr (10.9s) has never been observed in our
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Fig. 3. Absolute yields of %Zr (squares) and **Hf (diamonds) obtained

in the low-flow-rate regime in the off-line (solid symbols) and on-line
(open symbols) time pattern.
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Fig. 4. Absolute yields of ***Hf (diamonds), **Hf (circles), and *?Hf

(stars) obtained in the low-flow-rate regime in the on-line time pattern.

The %°Hf data are the same as in Fig. 3 and are included to facilitate
comparison of Figs. 3 and 4.

experiments. Some of the samples taken in the on-line pat-
tern were also counted in the off-line pattern. Comparison of
these peak areas with those from catcher foils allows deter-
mining absolute yields, also for 37.6-s ¥2Hf. These results
are shown in Fig. 4. For better comparison, the **Hf (on-
line) data from Fig. 3 are included in Fig. 4 as well.

These studies covered a temperature range up to ~
300°C because decomposition of the complexes at higher
temperatures was expected. However, Figs. 3 and 4 indicate
that the yield was strongly increasing with increasing tem-
perature once the minimum between ~ 100 °C and ~ 250 °C
is exceeded. Not unexpectedly, further tests showed an in-
creasing yield with increasing gas-flow rate, so a second data
set was acquired in the high-flow-rate regime.

3.1.2 High flow rateregime

For the high-flow-rate regime, the range of T was increased
and covered room temperature up to ~ 600 °C. For better
readability, the results are shown in two separate Figs. 5
and 6. The symbols are the same as in Figs. 3 and 4.
Surprisingly high yields were observed at temperatures
where substantial thermal decomposition of the complexes
was expected. One possible explanation would be that the
macroamounts of hfa were thermally decomposed and that
the decomposition products formed aerosol particles that
would lead to a non-chemically selective transport, similar
to a gas-jet. To investigate this, additional experiments were
performed where a SiO, trap was placed in front of the ACC
trap (“optional foretrap” in Fig. 2) to collect aerosol par-
ticles. In separate experiments covering a temperature range
of 200-610 °C the activity deposited on the foretrap as well
as on the ACC traps was measured. Fig. 7 shows the results
of the SiO, traps. An independent possibility to check for
non-chemically selective transport is offered by the investi-
gation of M™Y. This isotope in its isomeric state is produced
in pxn exit channels in the O +™Ge and **O + ™Se re-
actions (see Fig. 3 in [12]) and easily detectable. Note that
the decay of ®Zr bypasses this state. As the transport of Y
in the form of volatile compounds has not been observed
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Fig. 5. Absolute yields of ®Zr (squares) and ***Hf (diamonds) obtained
in the high-flow-rate regime in the off-line (solid symbols) and on-line
(open symbols) time pattern.
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(stars) obtained in the high-flow-rate regime in the on-line time pattern.
The ®Hf data are the same as in Fig. 5 and are included to facilitate
comparison of Figs. 5 and 6.

in our experiments, the presence of ™Y would indicate
aerosol-transport. Accordingly, all spectra of experiments
where ¥Zr was investigated were inspected for the presence
of the 208 keV y-line. No ®™Y was found in the following
samples:

— all low-flow-rate off-line samples up to 200 °C,

— all low-flow rate on-line samples (which extended up to
300°C),

— all high-flow rate off-line samples up to 220 °C,

— all high-flow rate off-line samples of an ACC trap
mounted behind a SiO, foretrap, also at temperatures
> 550 °C,

— all high-flow-rate on-line samples up to 250 °C,

— all high-flow rate on-line samples of an ACC trap
mounted behind a SiO, foretrap, also at temperatures
> 550 °C.

However, in high-flow-rate experiments above 220 °C (off-
line) and above 250 °C (on-line), ¥™Y was found in ACC
traps that were used to collect all transported species and es-
pecially in SiO, traps used as foretraps. The yields of #mY
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Fig.7. Absolute yields of ®Zr (squares), Hf (diamonds), **Hf

(circles), and 62Hf (stars) found in SiO, foretraps obtained in the

high-flow-rate regime in the off-line (solid symbols) and on-line (open
symbols) time pattern.

as a function of Ty followed closely the trend of Zr and Hf
isotopes found in the SiO, foretraps in the respective sam-
ples, which is shown in Fig. 7 as obtained in high-flow rate
experiments in both, the on-line and off-line time pattern.

The sum of the activities in the SiO, foretraps and the
ACC trap behind the foretraps agreed with the activities ob-
tained in experiments with the ACC trap without a foretrap
(see Figs. 5 and 6) within the experimental uncertainties.

The ®MY results indicate that at temperatures in the range
of 250-350°C, the dominant form of transport still seems
to be chemically selective transport, but at higher tempera-
tures, all ®Zr found in the ACC as well as in the SiO, traps
can be explained by assuming that it was transported at-
tached to aerosol particles. Therefore, from both, the 8mY
as well as the SiO, foretrap experiments, we conclude that
aerosol transport is not the dominant form of transport at
temperatures below ~ 350-400 °C. This indicates that hfa
decomposes at around 350-400 °C, a finding in agreement
with the known thermal stability of hfa: Bassett et al. report
that there is no indication for thermal decomposition at tem-
peratures up to 320 °C [62], Droes et al. report observations
that point to decomposition at temperatures > 425 °C [63],
and Russell et al. describe photolysis experiments conducted
at laser powers that correspond to temperatures of 477 °C
and 527 °C and observed decomposition of hfa [64]. From
the SiO, foretrap data (which are of higher quality i) due
to better counting statistics than the ®™Y ones and ii) be-
cause they cover Zr as well as all three studied Hf isotopes)
the absolute yield of Zr and Hf transported in the form of
a volatile species, i.e, corrected for aerosol particle trans-
port based on the data shown in Fig. 7, can be obtained.
The results are displayed in Figs. 8 and 9, together with the
data from Figs. 5 and 6 for the temperature region below
200 °C, where formation of aerosol particles was shown to
be negligible (see Fig. 7). Two outlying data points for **Hf
(off-line time pattern) have been omitted in Fig. 8. The rea-
son for the very large deviation from the trend established
by the other data points is probably related to foretraps
which did not work as efficient aerosol filters in these two
runs.
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Fig.9. Same as Fig. 6, but corrected for aerosol transport.

3.1.3 Decomposition of hfa vs. decomposition
of Zr /Hf complexes

The yield of chemically transported volatile Zr and Hf com-
plexes decreased sharply at temperatures above ~ 450°C,
see Figs. 8 and 9. To elucidate whether i) the free ligand,
i.e, hfa, or ii) the formed volatile complexes decomposed
at these temperatures, additional measurements were per-
formed. A quartz column with a heatable (up to 550 °C)
quartz wool plug was installed at the position labeled with
“Pos. 1”7 in Fig. 2. At high temperatures, hfa decomposes,
and the non-volatile decomposition products (which form
aerosol particles) are retained on the aerosol filter installed
between the oven and the inlet into the RTC, see Fig. 2. The
experiments were conducted in the low-flow-rate regime in
the off-line time pattern. The Ty was set to 28 °C, where sig-
nificant transport of all isotopes was observed, see Fig. 3.
Experiments were performed with target #1 and #6 and the
yields of ®Zr and **Hf as a function of the temperature of
this additional oven were measured. The yield was the same
as shown in Fig. 3, i.e, around 80%, as long as the tempera-
ture remained below ~ 350 °C. At higher temperatures, the
yields of both isotopes dropped equally and were below 20%
at temperatures above ~ 400 °C. Apparently, at temperatures

> 350 °C, hfa decomposition sets in and is complete at tem-
peratures > 400 °C.

3.1.4 Behavior of Nb and Mo in the hfa system

For some of the experiments in the low-flow-rate regime at
Tr = 42 °C with Zr, target #1 ("™ Ge) was replaced by target
#2 ("Se). Inspection of a y-spectrum, which was obtained in
separate experiments, in which activity produced in this re-
action was transported by a gas-jet to an ACC trap (Fig. 3b
in [12]) reveals that short-lived Nb isotopes (mainly 8™9Nb
and 8m9Nb) are abundantly produced in this reaction in pxn
exit channels. A small peak of the xn evaporation product
%Mo at 170.5 keV is visible as well. A specific measurement
with the ™Se target was therefore performed, and the yield
of 8Zr was 82.5%, i.e., comparable to that obtained with the
"Ge target, and that of Nb (based on the evaluation of five
y-lines from ¥™9Nb and ®™¢Nb) was (64-1)%. The peak
of ®Mo was visible in the catcher foil measurement but not
in the spectrum from the ACC trap, and an upper limit of
25% is obtained. This relatively large upper limit is a result
of the weak #Mo y-line and is in line with earlier observa-
tions [12] that the O + 7“Se reaction is not well suited for
the production of this lighter homolog of seaborgium (Sg,
Z = 106).

3.1.5 Test experiments with trifluor oacetylacetone

Two independent experiments were performed where the
bubbler was filled with trifluoroacetylacetone (tfa) instead
of hfa to investigate the possibility to form volatile tfa-
complexes. The nuclear reaction was *Ti +1%Sn (target #5)
to produce °Hf. The He flow rate in these experiments was
1.5L/min, T was 218°C, and the tfa was heated to 60 °C
and 70 °C in the two experiments, respectively. An ACC trap
was placed at the exit of the quartz column (at “Pos. 2” in
Fig. 2), and consequently, the off-line time pattern was used.
Neither of the two experiments gave evidence for the trans-
port of 1Hf. Either, no Hf (tfa), complexes were formed, or
they are not volatile at temperatures of 30 °C, which was the
temperature at the cold end of the quartz column. This is in
agreement with [55].

3.2 Measurement of the half-life of ®Hf

There are several reports in the literature about the half-
life of **Hf which are summarized in [65]. In most works
a half-life of about 75 s has been measured: (76 +45s) [66],
(78.6 :1.0s) [67], (75+£35) [68], (1.28+0.07 min) [69],
while others report a significantly longer half-life of about
100s: (1.7 +0.1 min) [70, 71]. We have therefore measured
the half-life of **Hf using the reaction **Sn(*Ti, 5n)*®Hf
at a beam energy of 223.9 MeV in the center of target
#4 (300 wg/cm? thickness). The beam intensity was about
1.1 x 10" s7. The nuclear reaction products were presep-
arated in the BGS and Hf was converted to the volatile
Hf(hfa), complexes which were transported to an ACC trap
installed outside of the irradiation cave. Five parallel irradi-
ations were performed. Each lasted 12 min to reach equilib-
rium of **Hf. The decay was followed for 7.5 min. Fifteen
individual y-spectra were acquired, each lasting 30s. Due
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Fig. 10. Decay curve of 5Hf. Error bars are smaller than the size of
the symbol.

to both, the physical preseparation and the chemically selec-
tive transport of volatile hfa-complexes, very clean y-spectra
were obtained. The peak areas were evaluated and after
correction for dead time and minor time lapses between
stopping of a file and starting of the next one, the decay
curve was produced. All five files for each individual time
bin were summed up, which resulted in a decay curve as
shown in Fig. 10. An exponential fit to the data of the first
twelve measurements resulted in a half-life of (73.94+0.8) s,
as indicated.

This half-life is a little bit shorter than but still in gen-
eral agreement with the ones reported in [66—69], but clearly
different from the ones from [70, 71].

3.3 Thermochromatography

Thermochromatography experiments with **Hf produced
with targets #5 and #6 were conducted with FEP as well
as with quartz TC columns. Prior to these experiments, the
deposition temperature of hfa in the quartz columns was de-
termined to be about —65 °C in both, the high-gas-flow as
well as the low-gas-flow regime. Already in the first experi-
ments, not unexpectedly, the presence of water on the sur-
face proved to be an important point. In the initial runs, the
deposit was observed to be a solid, likely the tetrol formed
upon interaction of hfa with water [47]. Consequently, the
quartz columns were pre-heated to 900 °C for about 30 min,
then connected to the gas flow system and flushed with dried
He carrier gas before hfa was added. In these experiments,
a white deposition zone was still observed at the same tem-
perature, but upon heating to room temperature, it liquefied
and released the strong typical hfa odor. The surface thus
seemed to have been largely free from adsorbed water at
temperatures above —65 °C and the TC experiments were
performed using quartz columns pre-treated in the same
way.

The presence of two different species, one formed at
room temperature, the other mainly at elevated tempera-
ture could not be ruled out based on the studies of the
transport efficiency as a function of Tg. Therefore, TC ex-
periments were conducted at Tz of 37 °C and 371 °C with

the hope that different deposition patterns would corrobo-
rate the notion that indeed different chemical species were
being transported. A preliminary account of some of these
early experiments can be found in [72]. Since then, addi-
tional experiments have been performed, and, unfortunately,
the encouraging results of these experiments could not be
confirmed. In experiments conducted at low gas-flow rate
(900 mL/min), often two deposition peaks were observed,
and at higher gas flow rates (2100 mL/min), always only
one. The deposition temperatures were around 0-20 °C and
< —20°C in the 900 mL/min experiments and around 0°
in the 2100 mL/min experiments. The presence of minute
amounts of moisture in the column could not be ruled out,
especially as the BOLA connectors used to connect the
quartz tubes to the transport capillary were likely not ab-
solutely gas-tight. Free hfa has been shown to deposit at
—65°C, but it cannot be ruled out that the complexes un-
derwent chemisorption as soon as water traces were present
on the column surface, leading to non-volatile species. Op-
tical inspection of the quartz tubes after the TC experiments
showed traces of a white solid at temperatures where Hf
was found. It was similar in appearance to the hfa deposit
at —65°C in the preparatory studies, where formation of
the tetrol was assumed. In addition, a greenish deposition
zone was found at the position of the higher-temperature
peak in the 900 mL/min experiments. It is assumed to orig-
inate from Cu(hfa),, the hydrate of which is reported to be
green [41], because, unfortunately, a short section of the tub-
ing leading from the hfa enrichment station to “Pos. 1” con-
sisted of Cu tubes. Around (1045)% of the **Hf were found
to have passed the quartz column and reached the ACC
trap mounted behind it. Whether this activity was trans-
ported attached to aerosol particles or not is unclear. What
can still be concluded from these studies is that there were
no differences observed between experiments performed at
Tz of 28°C and 371°C. To obtain better data, attempts
were made to significantly reduce the moisture of the gas.
Therefore, FEP tubes (i.d. 4 mm), which were connected
to the transport capillary with Swagelok fittings, were used
as TC columns in the following experiments. Thermochro-
matograms obtained in these studies are displayed in Fig. 11.

Using a Monte Carlo procedure [73] simulating the mi-
gration of a volatile species along the column with the ad-
sorption enthalpy —AH, on the column surface as the only
free parameter yielded the dashed curves in Fig. 11 when
—AH, =62 kJ/mol was used. The deposition pattern looked
very similar to the one in the quartz columns. We conclude
that the TC experiments gave no indication that different
species were formed at different T, and that the deposition
process is not clear. It was not possible to find experiment
conditions where deposition of the species above 0°C was
observed.

3.4 Isothermal gas chromatography

A different approach to investigate the interaction of the
compound with PFA was chosen in the following experi-
ments, mainly to overcome problems associated with sur-
faces kept below 0°. The 4-m long central section of the
PFA-capillary connecting the RTC with the ACC trap was
used as an isothermal chromatography column with the goal
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Fig. 11. Thermochromatograms of **Hf deposited in quartz columns
in runs with reaction temperatures of 28 °C (a) and 271 °C (b). The dis-
tribution of 9Hf is given by the bars (left-hand scale), the temperature
gradient is indicated by the solid line (right-hand scale). The dashed
lines indicate results of a Monte Carlo simulation [73] for the expected
deposition pattern of a species with 3.24 min half-life and adsorption
enthalpy on FEP of —62 kJ/mol.

of obtaining the adsorption enthalpy of the Hf complexes on
PFA Teflon. These experiments were performed with 62Hf
(produced with target #3, thickness: 384 j.g/cm?) in the high-
flow-rate regime. The quartz wool plug at the RTC exit was
heated to Tz = 357 °C. Transported species were collected in
an ACC trap placed in front of the y-detector and the spec-
tra were acquired in the on-line time pattern. Experiments at
eight different isothermal temperatures were performed and
the yield normalized to the maximum measured value. Care
was taken to keep the column temperature above 0 °C to avoid
coverage of the surface with an ice layer and accordingly, the
lowest used temperature was +2 °C. The resulting isother-
mal chromatogram is displayed in Fig. 12, together with the
results of Monte Carlo simulations of the migration of the
complexes through the capillary [73] assuming adsorption
enthalpies of — AHyy = (57 £+ 3) ki/mol.

The fact that only (6 +1)% of the maximum yield was
observed at 2°C indicates that no appreciable amount of
182Hf was transported by aerosol transport but that instead,
mobile adsorption was taking place inside the PFA tube.
It is noteworthy that a species with an adsorption enthalpy
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Fig.12. Isothermal chromatogram of *?Hf (hfa),. A 4-m long isother-
mal section of a PFA Teflon tube served as isothermal chromatography
column. The gas flow rate was 2100 mL/min. The solid line represents
the result of a Monte Carlo simulation of the transport process with an

adsorption enthalpy of —57 kJ/mol, the dashed lines indicate the 1o
limits of +3 kJ/mol.

of —57 kJ/mol would have been transported to lower tem-
peratures in the TC studies described in Sect. 3.3, provided
no irreversible adsorption on the column takes place. This
supports the assumption that the chromatography column
surfaces were not clean in the TC experiments described in
Sect. 3.3.

4. Discussion

4.1 Comparison with experiments without physical
preseparation

Fedoseev et al. [55] have reported TC studies of Hf using
long-lived (T;,, = 12-16 h) ***"*Hf and have found deposi-
tions at ~ 40°C in their TC column, which was made from
glass. Their reaction temperature was likely the start tem-
perature of their temperature gradient, i.e., ~ 180-200 °C.
Overall, these results are not in contradiction to ours, as
deposition of different surface materials (quartz vs. glass)
and especially different amounts of impurities in the gas can
be expected to shift the deposition temperatures by a few
tens of degrees. As stated in the Introduction, their method
(adding hfa only at the exit of the recoil chamber due to the
absence of a physical preseparator) resulted in lower yields,
~ 50% even for the very long-lived Hf isotopes used, com-
pared to ~ 70-80% in our case even for much shorter-lived
isotopes.

4.2 Transport time

From the absolute yield data shown in Figs. 8 and 9, the total
time that passed between the entry of the EVRs into the RTC
and their arrival in the ACC traps can be calculated if it is as-
sumed that yields below 100% are due to radioactive decay
during that time. From the figures in Sect. 3.1 can be seen
that yields over 90% were never reached, not even by long-
lived isotopes. This may be due to, e.g., imperfect flushing
of the RTC or losses through irreversible adsorption on the
walls of the RTC or quartz wool plug. These losses are un-
related to decay losses, and consequently, for the analysis
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Fig. 13. Average time for Hf atoms between their entry into the RTC
and their arrival in a trap, based on the yield data from Figs. 5, 6,
8, and 9. Transport times from the low-flow-rate regime are shown
by gray squares, data from the high-flow-rate regime with black di-
amonds. Error bars represent one standard deviation for data points
based on results of > 1 isotope. Two minima are visible, one at tem-
peratures of < 75°C and another one at higher temperatures (for the
high-flow-rate regime ~> 150°C). The dashed horizontal line indi-
cates the half-life of *Rf of 68 s [28].

here, 10% of the total observed loss (total loss = 100% —
observed yield) was ascribed to irreversible processes with
the remainder being caused by decay loss during transport.
The absolute yields (from Fig. 3, 4, 8, and 9) were thus di-
vided by 0.9 to calculate the transport time. All samples
were taken in just two different time patterns (on-line and
off-line), and the standard equations for growth and decay of
a radioactive species were employed to calculate how many
half-lives had passed between entry in the RTC and arrival
in the traps. This was done for i) **°Hf (off-line), ii) *°*Hf
(on-line), iii) **Hf (on-line), and **Hf (on-line). Data point
with absolute yields < 1% were disregarded in the analy-
sis. Fig. 13 shows the result of the analysis. Every data point
shown is the average of one to four values, the error bars rep-
resent the standard deviation in case more than one of the
data series i)—-iv) described above were available. The low-
flow-rate regime series includes data points where more than
only *°Hf off-line data (series i) were available.

In agreement with the yield data (Section 3.1), fast trans-
port occurs in both gas-flow regimes at low temperatures
(< 75°C). With increasing Tg, a maximum is reached, which
is significantly longer for the low-flow-rate regime. Increas-
ing the temperature further decreases the transport time.
Transport in the low-flow-rate regime is generally slower,
but still reaches values as short as those of the high-flow-
rate regime at Tz ~ 300 °C. In the high-flow-rate regime, the
transport time becomes shorter at much lower temperatures
of ~ 150 °C already and stays constant at ~ 70 s. It appears
reasonable to assume that two processes contribute to the
total transport time: i) the time taken by the chemical reac-
tion to form the volatile complex, and ii) the time that the
transport of the species from the RTC to the trap takes. Pro-
cess i) can be expected to be strongly temperature dependent
while process ii) should be independent of the temperature
as this is varied over only a very short section of the total

passed volume. In a rough approximation, the time it takes to
exchange the gas of the total volume of the RTC (322 cm?)
plus the transport capillary (10 cm?®) once can be calculated
for the two flow rates of 1300 mL/min and 2100 mL/min.
It follows that in the two regimes, about 15 s (low-flow-rate
regime) and 9s (high-flow-rate regime) are needed to ex-
change the gas once. If the remainder of the observed total
transport time is ascribed to the chemical reaction time, it
follows that the chemical reaction requires roughly 1 min
in the optimum case, i.e, at < 70°C and at high tempera-
tures. The quality of the transport time data is clearly limited
and not high enough to draw conclusions about the kinetics
of the reaction under different experimental conditions. It is
good enough, though, to conclude that the total time it takes
to convert Hf into the volatile complexes and transport them
to a counting station outside the irradiation cave, is compa-
rable to the half-life of ®@Rf, and therefore short enough
that a future experiment with this isotope appears feasible.
This is corroborated by the fact that 14-s 8™Zr was observed
in some of the Zr experiments (with the "Ge target, where
8m.gNb, which have an interfering y-line at 201.0 keV, are
not produced). The absolute yields of 8™Zr could not be de-
termined as the measurement of a 14-s isotope in a catcher
foil was not possible due to the time delay between the end
of bombardment and the start of counting of the retrieved
catcher foil, however, the general trend of yield vs. Tz was
the same as observed for short-lived Hf isotopes. As ¥™mZr
decays exlusively by y-ray emission, it was also not possible
to measure it with the BGS focal plane detector.

One question that remains open is whether two different
species are produced at low and high Tg. To our know-
ledge, only one volatile hfa-complex of Hf is known, namely
Hf(hfa),. Adduct formation is a well known process for
many pB-diketonates, however, under our experimental con-
ditions, only hydrate adducts seem possible, none of which
are known for Hf (in contrast to, e.g., Cu, where the for-
mation of a monohydrate is known [41]). The presence of
a rather unstable volatile adduct that decomposes around
75 °C would explain our observed results. In the temperature
range above ~ 150 °C, formation of the M(hfa), (M = Zr,
Hf) takes place. At temperatures above ~ 400 °C, decom-
position of hfa [62-64] (and possibly also of the com-
plexes [48]) sets in, resulting in non-chemically selective
aerosol transport. The 3d members of neighboring groups 5
and 6, i.e., Nb and Mo, have been shown to be transported as
hfa complexes to a significantly smaller extent, if at all. This
chemical system therefore seems to allow the chemical sep-
aration of group 4 elements from group 5/6 elements. At-
tempts to transport Hf in the form of volatile tfa-complexes
have failed. It is not clear if that is due to too slow chem-
ical reaction, thermal instability of the complexes, or too low
volatility for transport at ~ 50 °C.

5. Conclusion and outlook

In this work, volatile metal complexes M(hfa), (M = Zr,
Hf) have been produced using physically preseparated short-
lived radioisotopes of the metals. Using a #O* /5Tilt+
cocktail beam allowed near-simultaneous production of ap-
propriate isotopes of both elements. It was shown that phys-
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ical preseparation allows the formation of thermally fragile
complexes, i.e, such with organic ligands, of heavy-ion re-
action products with half-lives of the order of one minute.
The technique can thus be expected to be applicable to trans-
actinides (provided samples suitable for a-spectroscopy can
be prepared). In the chemical system studied here, the ho-
molog TAN element would be Rf. The time required to
transform the metal into the volatile complex and trans-
port it to an appropriate counting system is short enough
for experiments with, e.g., 68-s *Rf. This isotope, pro-
duced in the 2*“Pu(**Ne, 5n) reaction, was recently studied
in preseparation experiments at the new gas-filled recoil sep-
arator TASCA at GSI [74] and its decay measured in an
external wheel-type detection system. Systematic studies of
the stopping power of slow EVRs in Mylar (which is typ-
ically used as the RTC window) have been performed as
well [75], which are helpful for the choice of the thick-
ness of the RTC window and the depth of the RTC. In the
preparation of hfa-experiments with Rf, a few improvements
should be implemented. It was, e.g., observed that the trans-
port yield depended on the time between the last filling of
the bubbler with hfa and the start of the experiment (which
was circumvented by always filling the bubbler to the same
level before the start of an experiment). This is likely due
to the different fill level of the bubbler. For future stud-
ies, a system, where this level stays constant without user
interaction for extended periods of time would be advanta-
geous. Another development of paramount importance is the
preparation of samples suitable for «-spectroscopy. Experi-
ments where the transport time is measured using a pulsed
beam could be performed to corroborate the total trans-
fer times from the RTC to the detection station found here
with y-decaying isotopes. The big advantage when using
a-decaying isotopes is that such measurements are largely
background-free, i.e., their signal/noise ratio is much larger
compared to y-spectroscopy measurements. In our experi-
ments, this prevented the direct measurement of the trans-
port time with a pulsed beam and led us to use isotopes with
different half-lives.

The broader impact of the results reported here is that
new compound classes, such as organometallic compounds,
of transactinides appear to be accessible with physical pre-
separation.
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