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Heavy-ion-induced production and physical preseparation of short-lived

isotopes for chemistry experiments

Ch.E. Diillmann*?”, C.M. Folden I11*?, K.E. Gregorich®, D.C. Hoffman'?, D. Leitner",

G.K. Pang'? R. Sudowe', P.M. Zielinski'?, H. Nitsche'?

"Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA
94720, USA

?Department of Chemistry, University of California, Berkeley, CA 94720-1460, USA

Abstract:

Physical separation of short-lived isotopes produced in heavy-ion-induced fusion
reactions is a powerful and well know method and often applied in investigations of the
heaviest elements, called the transactinides (Z>104). By extracting these isotopes from a
recoil separator, they can be made available for transport to setups located outside the
heavily shielded irradiation position such as chemistry setups. This physical
preseparation technique overcomes many limitations currently faced in the chemical
investigation of transactinides. Here we describe the basic principle using relatively
short-lived isotopes of the lighter group 4 elements zirconium (Zr) and hafnium (Hf) used
as analogs of the lightest transactinide element, rutherfordium (Rf, element 104). The Zr
and Hf isotopes were produced at the LBNL 88-Inch Cyclotron using a cocktail of **0
and *°Ti beams and the appropriate targets. Subsequently, the isotopes were physically

separated in the Berkeley Gas-filled Separator (BGS) and guided to a Recoil Transfer



Chamber (RTC) to transfer them to chemistry setups. The magnetic rigidities of the
reaction products in low-pressure helium gas were measured and their identities
determined with y-spectroscopy.

Using preseparated isotopes has the advantages of low background and beam
plasma free environment for chemistry experiments. The new possibilities that open up
for chemical investigations of transactinide elements are described.

The method can readily be applied to homologous elements within other groups in

the periodic table.
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1. Introduction

The experimental investigation of the chemical behavior of the transactinide
(TAN) elements (Z>104) is an active and interesting field of current research. Chemistry
experiments have been concentrated on the lighter TANSs and their properties in selected
systems in the gas and aqueous phase have been measured. A recent review can be found
in [1]. TAN isotopes are produced as evaporation residues (EVRS) in heavy-ion-induced
fusion reactions. In order to overcome many of the limitations currently faced in TAN
chemistry research, we introduce the concept of physical preseparation where the EVRs
are separated from the beam and unwanted reaction products in a physical recoil
separator. They are extracted from the separator and made available for transport to a
chemistry setup, usually by means of a gas-jet [2-4]. The beam-free environment in the
gas volume at the exit of the separator as well as the suppression of unwanted by-
products of the nuclear reaction allow for the investigation of the TAN elements in new,
previously inaccessible chemical systems. We will discuss some current experimental
methods in the chemical investigation of TAN and the limitations that prevent more
detailed studies in Section 2. Then, we will describe how the technique of physically
preseparating the isotopes overcomes many of these limitations and highlight a few
situations where the method is most useful in the chemical investigation of TANs and
short-lived isotopes in general. Section 3 details this concept in one example, namely the
production of preseparated isotopes of Zr and Hf, the lighter homologs of Rf, at the

Lawrence Berkeley National Laboratory using the 88-Inch Cyclotron and the Berkeley



Gas-filled Separator (BGS). Sections 4 to 6 highlight specific aspects of the new

technique and Section 7 contains the conclusions.

2. Physical preseparation for chemistry experiments

All TAN isotopes to date have been produced in heavy-ion-induced fusion
reactions. In many TAN chemistry experiments, the nuclear reaction products recoiling
out of a thin target were stopped directly behind the target and attached to the surface of
aerosol particles suspended in a gas volume held at a pressure of about 1-2 bar. These
particles were then transported through a capillary in rapidly flowing gas to a chemistry
setup located outside the shielding placed around the irradiation position. This technique
is referred to as an aerosol-gas-jet [2-4]. In gas-phase experiments, carbon aerosol
particles suspended in a carrier gas were usually employed [5]. In the chemistry setup,
the particles were converted to gaseous species and thus released the transported
radionuclides. In solution chemistry experiments such as solvent extraction [6,7] or ion
exchange chromatography studies [8], aerosol particles of soluble materials like KCI
were used.

In some gas-phase studies, volatile compounds were formed directly behind the
target by thermalizing the recoiling products of the nuclear reaction in a gas that is
enriched in a reactive component, such as chlorinating agents [9] or oxygen [10-12]. The
gaseous molecules were transported with a carrier gas without being attached to aerosol

particles. Both of these techniques, transport with an aerosol-gas-jet and transport in the



form of a volatile compound, permitted the investigation of simple inorganic compounds
such as halides or oxides. More complex organometallic molecules and others that are
thermally unstable could so far not be investigated by either of these approaches. In
experiments using an aerosol-gas-jet, a high-temperature oven (T>800 °C) is used to
destroy the aerosol particles in order to release the transported radionuclides. The high
temperature prevents the formation and study of the thermally unstable compounds.
When a pure-gas-jet system without aerosol particles is used, volatile species were
produced in the recoil chamber directly behind the target and then transported out of the
chamber. In this case, thermally unstable compounds would be immediately destroyed
by the plasma behind the target caused by the intense heavy-ion beam [13]. Adding such
compounds outside the recoil chamber as was done in [13] is expected to result in
reduced yields. As a consequence of all these limitations, only few chemical systems
such as the group 4 chlorides [14], group 6 oxychlorides [9] or group 8 oxides [10,12]
could be studied with this approach.

One major problem in many TAN chemistry experiments is the substantial
amount of nuclear transfer products produced in incomplete fusion reactions as well as
products of the interaction of the beam with the target assembly and impurities in the
target. The resulting background arises from isotopes of elements from many different
groups of the periodic table. Some of these isotopes may exhibit decay properties similar
to the TAN element of interest and complicate or even render impossible its unambiguous
identification. In past experiments, choice of a chemical system was dominated by the
need for a good separation from these elements, which necessitated favoring selectivity

between different groups of the periodic table over selectivity between the different



members of a given group. The differences in chemical behavior among the different
elements in the same group could thus only be studied in limited detail.

In the preceding paragraphs we have identified four major limitations of the
currently employed techniques for chemically investigating TANSs: (i) the plasma behind
the target caused by the intense heavy-ion beam, (ii) the high temperature needed to
release radionuclides adsorbed on aerosol particles in gas-phase studies with an aerosol-
gas-jet, (iii) high background rates from interfering byproducts of the nuclear production
reaction, and (iv) the need for chemical systems that favor separation of elements of the
investigated group of the periodic table from all other elements over selectivity between
group members, thus limiting the available chemical systems dramatically.

All of these limitations can be overcome by employing physical preseparation of
the desired nuclear reaction products formed as evaporation residues (EVRS) in heavy-
ion-induced fusion reactions. In this technique, a physical device such as a gas-filled
magnetic separator or a vacuum separator comprising electrostatic and/or magnetic
deflection elements is used to remove the intense heavy-ion beam and a substantial
fraction of the nuclear transfer products from the desired radionuclide. The separation is
based on differences in magnetic rigidity, electric rigidity, or velocity. The desired atoms
are guided to a so-called Recoil Transfer Chamber (RTC) [15] which transfers the
separated EVRs to the appropriate chemistry setup. The RTC consists of a gas-filled
(usually 1-2 bar) chamber mounted at the focal plane of the separator and is isolated from
its vacuum chamber or low-pressure (0.5-1 mbar) filling gas by a thin Mylar foil referred
to as the RTC window. The transport from the RTC to the chemistry apparatus can be

performed, e.g., by using a gas-jet (either with or without aerosol particles). In contrast



to experiments without preseparation where thermally unstable compounds were added to
the carrier gas outside the recoil chamber, these can now be fed directly into the the RTC
which is expected to lead to increased yields. Removal of most unwanted elements,
which was not possible in [13], is performed in the separator. In contrast to conventional
chemistry experiments without preseparation, where targets with thicknesses up to 1.5
mg/cm? have been used, only rather thin targets with thicknesses up to about 500 pg/cm?
can be used for preseparation due to the acceptance limitations of the physical separators.
Together with losses due to separator efficiency, this can lead to production rates that are
smaller than in experiments without preseparation. However, this possible limitation is
usually outweighed by the advantages of our method.

So far, only one TAN element has been chemically investigated using
preseparated isotopes [16,17] and the Berkeley Gas-filled Separator (BGS) [18] installed
at the Lawrence Berkeley National Laboratory (LBNL) was used as a physical separator.
In these liquid-liquid extraction experiments, the behavior of rutherfordium (Rf) was
studied and compared to its lighter homologs, hafnium (Hf) and zirconium (Zr), which
were investigated in separate studies. Use of preseparated isotopes resulted in nearly
background-free experiments which enabled unambiguous identification of >°'Rf
(T12=4.3 s), which had previously not been possible [19].

Chemical investigations of the TAN elements usually compare their behavior to
that of their lighter homologs in the periodic table. The most accurate comparisons can
be obtained when all studied elements are produced and investigated simultaneously.
The influence of differing experimental conditions, which can lead to irreproducible

results and erroneous conclusions, is an important factor to consider when assessing the



results of studies where the compared elements have not been investigated
simultaneously. The transport yield of aerosol-gas-jets, for example, is often not
reproducible, which is disadvantageous for studies that depend on a constant production
and transport yield. Other examples of differences in gas-phase experiments are unequal
surface conditions or different trace amounts of reactive impurities (e.g., oxygen or
water) which are less important in studies of macroamounts. In liquid-phase
experiments, differences in the size and composition of the aerosol particles may affect
their solubility. It is also preferable to use the same solutions for all chemistry
experiments since aging effects (e.g., uptake of O, or CO,) can alter the results. All such
problems can be avoided by direct comparison of all the elements under study in the same
experiment. This is commonly done by irradiating targets containing a mixture of
different elements that lead to the production of all homologs using the same projectile.
However, when physical preseparation, which is based on differences in magnetic
(as in case of the BGS) or electric rigidity or in velocity, is employed, these isotopes
cannot be guided to the RTC simultaneously. Additionally, the BGS is not suited for
separating Zr isotopes produced in almost symmetric Ti-induced nuclear reactions. This
is due to the very similar magnetic rigidities of the beam and evaporation residues in this
reaction type which make a separation of the two impossible. Choosing more
asymmetric reactions, e.g., based on **0 as a common projectile, is generally undesirable,
since the slow Hf and Rf EVRs produced in such reactions cannot penetrate the Mylar
foil used as the RTC window. The minimum thickness of this foil is defined by the
maximum acceptable leakage from the high-pressure chemistry side into the separator

and is an even bigger concern should a vacuum separator be used instead of a gas filled



one. In case of the BGS and the current RTC window design, a limit of about 2.5 um
was determined for Mylar. It follows that it is not possible to investigate Zr, Hf, and Rf
simultaneously when isotopes preseparated in the BGS are used.

The next best approach is switching between short-lived isotopes of these
elements without long delay times and without having to open or change any part of the
experimental setup, minimizing variations in experimental conditions in studies of the
different homologous elements. This can be achieved when isotopes of all these elements
are produced in heavy-ion-induced fusion reactions employing projectiles of similar E/m
and m/q, where E is the beam energy in the lab frame, m the mass, and q the charge state.
Such projectiles can be simultaneously injected into a cyclotron and switching from one
beam to the other can be achieved solely by adjusting the frequency of the cyclotron,
which is fast if the m/q difference is small. This near-simultaneous acceleration of
different ions is referred to as a "heavy-ion cocktail” and similar cocktails are already
routinely employed at the LBNL 88-Inch Cyclotron for applied research [20]. The
kinematic differences of the nuclear reactions lead to different recoil ranges of isotopes of
different elements. In order to compensate for this effect, fast EVRs are degraded so their
recoil range matches the one of the slowest EVRs. In the work presented here the
technique was used for the near-simultaneous production and preseparation of short-lived
Zr and Hf isotopes. This allows the study of the chemistry of these elements on an atom-
at-a-time level and development of a chemical system that can be used in a future
experiment where the three known group 4 homologs, Zr, Hf, and Rf, are investigated in
one single experiment. Switching from the production of Zr to Hf involves (i) changing

the beam, (ii) changing the target (since no mixed targets were used), (iii) changing the



BGS magnet settings, and (iv) introducing or removing a Mylar degrader foil. The time
required for these changes is usually about 15 minutes. A slight increase in beam energy
over the value used here, which does not affect the conclusions of this work, allows for
the production of all three elements including Rf. The method can be applied to
homologous elements within other groups of the periodic table without major conceptual

changes.

3. Near-simultaneous production of physically preseparated isotopes

3.1 The cocktail beam

18O4+ 50Ti11+

A cocktail beam of and was developed using isotopically enriched
metallic *°Ti and gaseous 0. The particles were extracted from the LBNL ECR ion
source [21], injected into the 88-Inch Cyclotron and accelerated to about 4.6 MeV/n. By
varying the cyclotron frequency, either the 83.6-MeV **0*" or the 228.0-MeV *°Ti*!*
projectiles were extracted. The pertinent parameters of the beams are summarized in
Table 1. As the difference in the cyclotron frequency of the two beams is larger than the

~5 kHz resonance width of the 88-Inch Cyclotron, they are isotopically pure.

3.2 The Berkeley Gas-filled Separator (BGS) as a physical preseparator
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A schematic of the experimental setup is displayed in Figure 1. Short-lived
isotopes of Zr and Hf were produced in heavy-ion-induced reactions of **0 with a "™'Ge
or an enriched "*Se target, and reactions of *°Ti with targets of enriched Sn isotopes,
respectively. The beam passed through a (40-45)-ug/cm? carbon vacuum window and a
negligible amount of helium (He) before entering the target. Isotopically enriched targets
of "Se, 1129n, 11°sn, 12°5n, 123N, as well as "Ge, all in the elemental form, were used.
They were produced by vacuum deposition form a resistance heated source. Up to five
targets were mounted on a sliding ladder that allowed for the desired target to be
positioned in the path of the beam without opening the system.

The desired products of the nuclear reactions were separated from the beam and
the majority of the nuclear transfer products by the BGS [18]. The BGS was filled with
0.7 mbar He. The magnetic rigidities of the major EVRs were measured in a silicon strip
detector positioned in the focal plane of the BGS. Each of the eight individual strips was
10 mm wide x 35 mm high and was position sensitive in the vertical direction. The
whole detector was 80 mm wide x 35 mm high. It was calibrated using an external a-
source containing ***Gd (E,=3183 keV), #°Pu (E,=5157 keV), **Am (E,=5486 keV),
and 2**Cm (E,=5805 keV). The magnetic rigidities were extracted from the magnet
settings at which the EVR distribution was centered in the focal plane. The velocities (in
units of the Bohr velocity v, which is the classical velocity of the 1s electron in the
hydrogen atom) and magnetic rigidities of the main EVRs of all studied beam/target

combinations are given in Table 2.

3.3 Zirconium: %zr
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Relative production rates of ®Zr (T,,=7.9 min, E,=454 keV, l4s,= 45%) for the
two reactions "™'Ge(**0,xn)®zr and "*Se(**0,0.3n)%°Zr at a lab frame beam energy of 82.5
MeV were estimated using the codes HIVAP [22,23] and EVAPOR [24] and are given in
Table 3. In the first case, the two reactions "°Ge(*?0,3n) and "“Ge(**0,5n) are predicted
by HIVAP to be the main contributors to the ®Zr production. Based on these results and
the estimated efficiency [25] of the BGS for guiding the produced EVRs to the 150 mm
wide x 80 mm high RTC window, the "“Se-based reaction was expected to yield four
times as much *Zr as the "™'Ge-based one.

Targets of 350 ug/cm? "™Ge deposited on 45-pg/cm? carbon backings and 384
ng/cm?® “Se deposited on 40-pg/cm? carbon backings were irradiated. The "“Se targets
were covered with a 50-pg/cm? thick Au layer on the downstream side to prevent loss of
target material due to sputtering and evaporation during the irradiations. Typical beam
intensities for measurements with the silicon strip detector were (10-100) particle-pA
(6.2-10"-6.2-10° particles/s). The spectra in the focal plane showed the impact of EVRS
with a recorded pulse height of around 10 MeV and a substantial amount of scattered
beam with a recorded pulse height of about 90 MeV, indicating that the BGS is not very
well suited for separating products of such light nuclear reactions as O + Ge/Se. The
deduced beam separation factor was of the order of 10°; the ratio of registered beam
particles to EVRs was about 6-8. The EVR distribution was very wide, much wider than
the width of the focal plane detector. Since all the nuclear reaction products of the
reactions of 20 with "'Ge and "Se decay by p*-decay and electron-capture (EC) (to

which the focal plane detector is not sensitive) only their entry into the detector could be
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registered. Their identity was determined in measurements of their y-rays. These

experiments are described in Section 5.

3.4 Hafnium; 1°8:162.165.169 4

The option to investigate several isotopes exhibiting different decay properties is
very useful in the preparation of experiments with TAN isotopes. The combination of a
*°Ti beam and any of the stable Sn isotopes with masses between 112 and 124 permits
production of different Hf isotopes with half-lives that cover a wide range, without
changing the beam energy. ***Hf (T,=3.2 min, E,=493 keV, l405= 84%), *®Hf (T,,=76s,
E,=180 keV, l1g0,xi=100%), and '*°Hf (T,=38 s, E,=174 keV, l174,.=100%) are well
suited for measurement with a y-detector. These nuclides are appropriate for developing
a chemical system for use with ®'™Rf (T,,=78 s) due to their similar half-lives. On the
other hand, the a-branch of 44% (E,=5.268 MeV) and relatively short half-life of ***Hf
(T=2.6 s) make this a good model isotope for optimization of a system for the short-
lived *'Rf (T,,=4.3 3).

The following targets were irradiated in these studies: 470 ng/cm? **2Sn deposited
on a ~45-pg/cm? carbon backing; 250 pg/cm? °Sn deposited on a 45-pg/cm? carbon
backing; 300 pug/cm? *°Sn deposited on a 45-pg/cm? carbon backing; and a self-
supporting 586 pg/cm? *#*Sn target. Typical beam intensities for measurements with the
silicon strip detector were (0.5-2) particle-nA (3.1:10%1.3-10" particles/s). All nuclear
reaction products of the reactions of *°Ti with 01201245 decay by p*-emission and EC

and only their deposition in the detector could be registered. The identity of the products
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of the 1'®#*Sn-based reactions was determined in experiments where their y-rays were
measured as described in Section 5. In contrast, the reaction with a *2Sn target produced
isotopes with non-negligible a-branches. An a-a-correlation analysis of the results
revealed decay chains starting with the isotopes **"**®**°Hf (the products of the 5n, 4n,
and 3n exit channels), **’Lu (p4n), and *®Yb (a2n). From the ratio of observed *’Lu and
Tt events it follows that most of the **’Lu is produced directly in the p4n channel. In
line with earlier experiments, no full-energy >°Ti projectiles were detected in the focal

plane detector, indicating a beam separation factor in excess of 10™.

3.5 Rutherfordium: ®'Rf

The cocktail technique has so far not been used to produce Zr, Hf, and Rf isotopes
in the same experiment and here we introduced the method using Zr and Hf isotopes
only. In a future experiment where all three elements are studied near-simultaneously,
the energy of the cocktail will have to be increased slightly to about 4.68 MeV/n for
0Ti** corresponding to E,=233.7 MeV in order to match the maximum of the
excitation function of the 2®Pb(*°Ti,n)**'Rf reaction which was measured to be (10+1) nb
at Epean=229.7 MeV (lab frame) in the center of (450-500)-ug/cm? thick targets [26]. The
same parameters for the vacuum window and target composition as used in [17] were
assumed in this calculation and the energy loss of *Ti in the various layers of matter was

1804+

calculated with SRIM-2003 [27]. The corresponding energy for the beam would be

85.8 MeV.
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A rotating “°Pb-target wheel which can tolerate highly intense beams can be
installed between the vacuum window and the target ladder to allow the production of
2TRf in the reaction 2®Pb(*°Ti,n)*'Rf. The ladder is retracted for the Rf studies and
inserted again for the studies of Zr and Hf. The beam energy will be slightly lower for
the homolog studies due to the energy loss of the beam in the “*Pb target. According to
HIVAP [22,23] calculations, these slight changes of the beam energy should not affect
the production rate of Zr and Hf isotopes dramatically, and the near-simultaneous

investigation of all three elements is possible with such a cocktail.

4. Design of the RTC window

The interface between the BGS and the gas-filled volume of the RTC [15], which
forwards the separated EVRSs to a chemistry setup, consists of a thin Mylar foil through
which the EVRs penetrate into the RTC. Therefore, the energy loss of the separated
recoils of the *°Ti + 1%*Sn and the 20 + "™Ge reactions in Mylar was measured. Mylar
foils of various nominal thicknesses were purchased. Their thicknesses and
homogeneities were verified with o-particle energy loss measurements using an a.-source
containing %°Pu, ?*Am, and %**Cm. Foils of the following thicknesses
(nominal/measured) were used: 0.9/0.9 um, 2.0/(not measured) um, 2.5/2.4 um,
3.6/3.3 um, and 6.0/5.8 um. The variations of thicknesses of individual foils were below
0.1 um. Various combinations of foils were inserted in the path of the EVRs in front of

the focal-plane detector and the residual energies of the EVRs were measured. These
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values were corrected for pulse-height defect according to Moulton et al. [28] and the
results were compared to theoretical estimates obtained for ***Hf and ®Zr using SRIM-
2003 [27]. The results are displayed in Figure 2. The range for 55.1-MeV *°Hf in Mylar
is about 13.1 um based on an extrapolation of the experimental data (dashed line in
Figure 2), in good agreement with the SRIM-2003 calculations which predict a range of
12.4 um. The range of 13.0-MeV ®Zr is between 4.2 and 4.7 pm while SRIM-2003
predicts 6.4 um. Therefore, a 3.3-um thick Mylar foil was chosen for the RTC window
(dotted line in Figure 2). This foil allows all produced Hf and Zr isotopes to leave the
BGS and enter the RTC. A 3.2-mm-thick stainless steel plate with round holes of 6.25-
mm diameter arranged in a hexagonal pattern serves as supporting structure, which
enables the window to withstand the pressure difference between the RTC (1.1 bar) and

the BGS (0.7 mbar). The geometric transparency of the grid is 79.7%.

5. y-spectroscopic determination of the produced isotopes

The focal-plane detector was retracted and moved out of the path of the EVRs,
allowing them to pass through the Mylar foil and into the RTC, where they were
thermalized in 1.1 bar He. The EVRs produced in *°Ti-induced reactions have a
relatively long range. Therefore, they were degraded by passing through 5.7-um thick
Mylar foils installed in front of the RTC window (3.3-um Mylar) allowing them to
thermalize in the 1.1-bar He in the 40-mm-deep RTC. The EVRs were then available for

transport to a chemistry system. To determine which isotopes stopped in the RTC, they
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were attached to KCI aerosol particles and transported with a rapid gas flow through a
stainless steel capillary (length: ~20 m, i.d. ~2 mm) to a filter consisting of glass fiber and
activated charcoal, where they were trapped. That filter was placed in front of a HPGe y-
detector. The aerosol was produced by feeding 1.5-1.7 I/min He through an oven (640
°C) containing a KCl-laden crucible. The transport efficiency of such KCI/He aerosol-
gas-jets has been measured in separate experiments to be about 70%. The spectra
obtained in the reactions 20 + "Ge, 20 + "Se, *°Ti + ?*Sn, and *°Ti + *°Sn are
displayed in Figures 3 and 4. The beam intensities were 75 particle-nA (4.7-10"
particles/s) for the **0-induced reactions and 30 particle-nA (1.9-10* particles/s) for the
*%Ti-induced reactions, respectively. No notable loss of target material was observed in
these experiments where relatively high beam intensities were used.

The y-spectra of the two reactions used for producing *Zr (Figure 3) show that
both of these reactions are suitable. However, the amount of ®Zr entering the RTC is
about a factor of two to four smaller for the “Se-based reaction than for the "™'Ge-based
reaction after correcting for differing beam intensities and target thicknesses. This is in
contrast to the increase of about a factor of four, which was expected from calculations
for the "Se-based reaction (see Table 3). Whether the discrepancy is mainly due to
differences between estimated and real (i) production cross sections and/or (ii) BGS
efficiencies is not clear at the moment. Because of the higher rate, the "*Ge-based
reaction is preferred for chemistry experiments with the group 4 element Zr. Itis
noteworthy that the reaction 0 + "*Se also appears suitable for the production, via pxn
reactions, of various short-lived isotopes of the group 5 element niobium (Nb). However,

the almost complete absence of y-lines from molybdenum (Mo) isotopes, which are
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formed in xn reactions, indicates that the *0 + "“Se reaction is not suited to study this
lighter homolog of seaborgium (Sg, element 106).

Figure 4 clearly shows that the chosen reactions are suitable for producing the
desired Hf isotopes. For all investigated reactions, the removal of nuclear transfer

products in the BGS is good and only y-lines attributable to fusion-evaporation products

of the expected nuclear reactions and their decay products are identified in the y-spectra.

6. Background reduction through preseparation

As mentioned in the introduction, the only TAN chemistry experiments using
presparated isotopes that have been performed so far [16,17] took advantage of the
reduced background. We therefore investigated this aspect by comparing y-spectra of
1%4f produced with and without preseparation. In both experiments, ***Hf was
transported to a collection site with a KCI/He aerosol-gas-jet (1.5-1.7 I/min He). The
aerosol particles were deposited on a Pt disk and then picked up and dissolved in 4 ml of
10 M hydrochloric acid which was placed in front of a HPGe y-detector and measured for
4 minutes. In the first experiment, ***Hf was produced in the reaction ?’Ne + "*Sm where
the target material was electrodeposited on a Be backing and the recoils were thermalized
in a gas volume directly behind the target. This volume was constantly flushed with the
KCl-laden He gas. Hence, no physical preseparation was performed. In another
experiment with the BGS, **°Hf was produced in the reaction *°Ti + *2*Sn using the target

described in Section 3.4. The EVRs were separated from the beam and nuclear transfer
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products in the BGS and guided to the RTC which was flushed with the KCI/He aerosol.
Even though many aspects of the two experimental setups, such as the vacuum window,
target backing material, target thickness, target assembly, and the nuclear reactions are
different, a comparison is justifiable because these experimental situations are close to
those that are typically used for the production of TANs and their homologs for chemistry
experiments. The interesting region of the y-spectrum around the most intense y-line of
191f at 493 keV and the positron annihilation peak at 511 keV is displayed in Figure 5.
This improvement in peak-to-background ratio is probably mostly due to the removal in
the BGS of B*-decaying nuclear transfer products and products of reactions of the beam

with the target backing and various components of the target assembly.

7. Conclusions

The utilization of a heavy-ion beam "cocktail" allows for the chemical
investigation of preseparated TANSs and their periodic table homologs under identical
conditions. The method overcomes some limitations faced in many chemical
investigations of TANs. New classes of chemical systems, such as volatile metal
complexes in gas-phase experiments [29] or novel extraction systems like crown ethers
[30] become available for study and thus completely new possibilities open up for the
field. In this paper, the group 4 elements Zr and Hf, homologs of Rf, are used to illustrate
the method. It is applicable to homologous elements within other groups of the periodic

table without major alteration. For example, the group 5 elements Nb, tantalum (Ta), and
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dubnium (Db, element 105) can be produced with a **0>*/**V*** cocktail using the

reactions 7486(180,pxn)87'88Nb, 112/116/120/1248n(51V,Xn)160-171Ta and ZogBi(Slv,n)ZSQDb.
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Figure 1. Schematic of the BGS experimental setup. One of the two beams of the

Bo* POTi'!* cocktail accelerated by the LBNL 88-Inch Cyclotron is delivered to the
target position. Up to five targets can be installed on a slider that allows for the desired
target to be positioned in the path of the beam without opening the system. The produced
EVRs are spatially separated from the beam and nuclear transfer products in the BGS
which is filled with 0.7 mbar of He. An enlarged view of the focal plane area at the exit
of the BGS is displayed in the circle on the right of the figure. A retractable Si strip
detector with eight strips that are position sensitive in the vertical direction allows
measurement of magnetic rigidities of EVRs to verify that their distribution is centered in
the focal plane. The detector is calibrated with a retractable a-particle source. Both the
detector and the source are moved out of the path of the EVRs to allow them to reach the
RTC which is separated from the BGS by the RTC window. The velocity of EVRs
entering the RTC can be reduced by introducing up to three degrader foils into the path of
the EVRs inside the BGS. Inside the RTC, the EVRs are available for transport to a

chemistry apparatus, e.g., by using a gas-jet.

Figure 2. Residual energies of EVRs produced in the reactions *°Ti + ***Sn (A) and

80 + "'Ge (@) after passing through Mylar foils of various thicknesses. Some points
were obtained by combining two or more foils of appropriate thicknesses. The
thicknesses of the foils were verified by measuring the energy loss of a-particles passing
through them. Measured values were corrected for pulse-height defects according to

[28]. Gray squares denote energy loss calculations using the code SRIM-2003 [27]. The
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dotted line indicates the thickness of the RTC window of 3.3 um, the extrapolated range

of the *°Ti + *2*Sn residues is indicated by the dashed line.

Figure 3. y-ray spectra obtained in the reactions (a) 20 + "™Ge and (b) **0 + “Se used
for the production of #Zr (T,=7.9 min). All nuclear reaction products were attached to
KCI aerosol particles and transported with a KCI/He aerosol-gas-jet to a glass-
fiber/activated charcoal filter which was monitored with a HPGe y-detector. Acquisition
of the spectra was started six minutes after the start of bombardment. Measuring time

was 30 min, while the beam was on. The relevant y-lines are labeled.

Figure 4. Same as Figure 3, but for the nuclear reactions (a) *°Ti + ***Sn used for
production of ***Hf (T,,=3.2 min) and (b) *°Ti + *°Sn used for production of '*?Hf

(T,=37.65).

Figure 5. Comparison of y-ray spectra showing the 493-keV v-line of **°*Hf (T.,=3.2 min)
and the positron annihilation line at 511 keV. The solid line shows the results obtained in
an experiment where the nuclear reaction ?°Ne + "*Sm was used to produce ‘**Hf without
physical preseparation. The dotted line shows the results obtained in another experiment
where the nuclear reaction *°Ti + ***Sn was used to produce ***Hf which was physically
preseparated in the BGS. The nuclear reaction products were transported with a KCI/He
aerosol-gas-jet to a collection site where the aerosol particles were deposited on a Pt disk.
The aerosol material was dissolved in 4 ml of 10 M hydrochloric acid, which was placed

in front of a HPGe y-detector. The solution was counted for 4 minutes.
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Table 1. Parameters of the ions used in the cocktail beam. The second column gives the
energy of the beam delivered by the LBNL 88-Inch Cyclotron. E denotes the energy in
the lab frame, m is the mass of the projectile, and g the charge state. The cyclotron

frequency (3" harmonic frequency mode) is given in the last column.

Projectile E E/m m/q Frequency
[MeV] [MeV/u] [MHZ]
184+ 83.6 4.645 4.50 14.5162
SOl 228.0 4.565 4.54 14.3875
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Table 2. Kinematic parameters and measured magnetic rigidities of the main reaction
products. The third column gives the energy of the beam in the center of the target in the
lab frame. Energy losses inside the vacuum window, target backing, and target material
were calculated with SRIM-2003 [27]. Different energies for the same beam are mainly
caused by different target thicknesses. The fifth column lists the velocities of the EVRs
of interest in units of the Bohr velocity vq (Vo=2.2:10° m/s). The measured magnetic

rigidity is listed in the last column.

Beam Target Egeam [MeV] EVR ofinterest Velocity [v/vo] B-p [T-m]

8o  Mige 82.8 8Zr (7.86 min) 2.72-2.78% 0.92
80 "se 82.7 8Zr (7.86 min) 2.77 0.92
1 2gn 223.0 198Hf (2.85 s) 4.13 1.41
01 Hegp 224.4 10215 (37.6 s) 4.05 1.44
T 1%0gp 224.1 1854t (76 s) 3.95 1.50
0Ti  1%gp 223.7 1894 (3.24 min) 3.86 1.56

AThe reactions "°Ge(**0,3n) and “Ge(**0,5n) were considered.
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Table 3. Predictions of production cross sections using the codes HIVAP [22,23] and

EVAPOR [24] for the reactions "*Ge(**0,xn) and “*Se(**0,a:3n). The BGS efficiency

was estimated with the method described in [25]. The last two columns list the expected

and measured relative yield of ®Zr at the exit of the BGS for the two reactions. In the

calculations with the "*Ge target, ®Zr formed in reactions with the isotopes "°Ge, "“Ge,

and "°Ge was considered.

Target Reaction o (HIVAP) o (EVAPOR) BGS Expected Measured
[mbarn] [mbarn] efficiency rel. yield rel. yield
“Ge 3n 44.3 31.0
2Ge 5n 34.8 15.9
8Ge 6n 2.6 2.4
nalGe XN 19.2 11.15 ~40% 23 100
se a3n 193.4 ~10% 100 25-50
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Figure 3
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Figure 4
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Figure 5
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