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ABSTRACT 
The use of heavy ions to induce nuclear reactions was reported as early as 

1950. Since that time it has been one of the most active areas of nuclear 
research. Intense beams of ions as heavy as uranium with energies high enough 
to overcome the Coulomb barriers of even the heaviest elements are available. 
The wide variety of possible reactions gives rise to a multitude of products 
which have been studied by many Ingenious chemical and physical techniques. 
Chemical techniques have been of special value for the separation and 
unequivocal identification of low yield species from the plethora of other 
nuclides present. Heavy ion reactions have been essential for the production 
of the trans-Md elements and a host of new Isotopes. The systematics of 
compound nucleus reactions, transfer reactions, and deeply inelastic reactions 
have been ?luddated using chemical techniques. A review cf the variety of 
chemical procedures and techniques which have been developed for the study of 
heavy 1on reactions and their products is g-Sven. Determination of the 
chemical properties of the trans-Md elements, which are very short-lived and 
can only be produced an "atom-at-a-tlme" via heavy ion reactions, is discussed. 
[Heavy Ion reactions; trans-Md elements; "atom-at-a-time" chemistry; chemical 
separations.] 

1.' INTRODUCTION 
The chemistry of heavy 1on reactions has certain unique aspects compared 

to the chemistry of the fission products or of neutron-activation products, or 
of light-ion reactions. For the purposes of this discussion, heavy ions will 
be defined as those heavier than alpha particles which restricts the 
projectiles to those which are produced at some kind of accelerator. This 
makes the environment in which heavy ion reactions are carried out unique and 
1t presents a special set of challenges to the chemist. These include: 
target preparation; the hostile environment associated with the irradiation 
site; removal of desired products from the immediate vicinity of the 
irradiation site; need for selective' and efficient chemical separations for 
measurement and identification of nuclides whose cross sections are often very 
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small, e.g., of the order of nanobarns or less, rather than barns or 
millibarns; validity of conclusions about chemical properties based on 
"atom-at-a-tlme" chemistry; efficacy of conventional chemical procedures for 
separation of only a few atoms. 

These problems are considered and illustrations of how they have been 
solved, and some examples of the use of chemical methods in studies of heavy 
1on reactions and their products are given. Examples will be chosen primarily 
from studies of the heaviest elements because access to the region of the 
periodic table beyond mendelevium (element 101) has been dependent on heavy 
1on reactions. 

II. TARGET PREPARATION 
Although 1t 1s sometimes taken for granted, the preparation of targets for 

use 1n accelerator irradiations is often non-trivial, particularly when the 
targets are to be prepared from rare and/or radioactive isotopes which have 
relatively short half lives. The environment In which the target must exist 
during irradiation also places unique constraints on the physical and chemical 
form of the targets to be used. An extensive review of target preparation is 
outside the scope of this paper, but some requirements which limit the 
materials that can be used as targets must be considered. 

The availability of the target material may determine the preparation 
methods to be used. Vacuum evaporation of elements or species such as the 
fluorides onto the desired substrate has been used, but higher yield 
procedures, such as electroplating, which can also give uniform, thin 
deposits are often essential. Chemical impurities such as lead from which 
Interfering reaction products can be produced during irradiation need to be 
eliminated. Uniformity of the target Is required if product cross sections 



3 

are to be determined. The deposit must be adherent and resistant to the 
beam. A variety of techniques including painting, evaporation and baking of 
successive layers, electrospraylng, vacuum sublimation, and electrodeposition 
have been used. Isotopically pure targets of the rare isotopes 60-day "*Cf 
and 40-day "*Es have even been prepared2 by electromagnetic separation 
followed by collection directly on a Be substrate suitable for use as the 
target backing. Molecular plating has been most commonly used for preparing 
actinlde targets although vacuum sublimation techniques have also been 
used. 3' 4 A schematic of an electrodeposition apparatus for molecular plating 
1s given 1n Fig. 1. 

The substrate must be relatively Inert and thin enough to avoid excessive 
degradation of the projectile energy. It must have good mechanical and 
thermal properties. Thin beryllium foils are often used because of their 
superior mechanical properties even after repeated irradiation heating and 
subsequent cooling. Furthermore, because of its low Z and A, fewer reaction 
products are induced by the beam. Molybdenum has also been successfully used 
as a substrate for 2 ,*Es targets as it has good mechanical strength and the 
energy loss per unit thickness is less than for beryllium. 

III. IRRADIATION CONDITIONS 
Bombardments with heavy ions are carried out in a rather hostile 

environment and the Interaction of the heavy ions with heavy targets gives 
rise to severe chemical problems. A typical target system* used tor heavy ion 
Irradiations with actinlde targets is shown in Fig. 2. This target system is 
isolated from the accelerator vacuum with a thin Havar window. Interaction of 
the projectiles with the various components such as the Havar entrance window, 
target backing, catcher foil, etc., gives rise to unwanted reaction products. 
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Heat is also generated which limits the beam intensities that can be used. 
Often a "wobbler" is used to help spread the beam evenly over the target and 
avoid local "hot spots." When radioactive targets are used, special 
precautions must be taken to protect the accelerator. Some type of "slammer" 
valve 1s placed between the target and the accelerator beam vacuum. This 
valve is activated If ion gauges near the target system show a large increase 
in pressure indicating a possible target rupture. A vacuum seal is then 
quickly made in the beam pipe, thus protecting the accelerator from possible 
contamination from a broken radioactive target. A beam stop and provision for 
measuring the beam current and history must also be accommodated. 

IV. REMOVAL AND RECOVERY OF REACTION PRODUCTS 
Methods tor expeditiously removing the desired products from the 

Irradiation site where they were produced need to be devised to avoid 
excessive radiation exposure to personnel. If short-,1ved radionuclides are 
involved this must be done quickly and is often done remotely and by an 
automated system. Both "destructive" and "non-destructive" methods for 
recovery of the desired nuclides from the target have been developed and are 
discussed below. 
A. "Destructive" Methods 

In some cases it may be desirable to completely dissolve the target. The 
advantage of this method is that a thick target can be used to enhance the 
production and recovery of species with very low cross sections. However, the 
target is, of course, destroyed and in the case of rare or valuable materials 
must be recovered. In any case, a new target must be prepared, a 
time-consuming process. Separation of the desired products from the bulk of 
the target material can also be time consuming and difficult so other methods 
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for recovering the products are used when possible. Pneumatic "rabbits" or 
automated mechanical systems have been used to remove targets, but since gas 
or water cooling and reduced pressures are often involved, these systems are 
more complex than for reactors. 
8. "Non-Destructive" Methods 

1. Recoil Catcher Foils. The target system in the schematic diagram in 
Fig. 2 shows the beam collimator through which the beam must pass and the 
Havar window which separates the target system from the accelerator vacuum. 
Provision is made tor gas cooling between the Havar window and the back of the 
target. Products recoiling from the target can be caught in an appropriate 
thin foil (e.g., Au. Cu, or Al) through which the beam also passes, but the 
energy loss (and heat generation) is relatively low for thin catcher foils. 
The recoil catcher foil is usually placed close to the target to subtend as 
big an angle as possible for collecting recoiling reaction products. The 
Faraday cup and collimator are water cooled. The "catcher" foil can be 
quickly removed by letting the chamber up to air and manually or remotely 
removing the foil without disturbing the accelerator vacuum. 

2. Aerosol-gas Jet Transport Systems. Gas transport systems 
incorporating a variety of different gases and aerosols have been studied and 
used by many investigators.''* This technique provides a rapid and highly 
efficient means of transporting products to sites some distance away from the 
reaction site. Fig. 3 shows the KCI-aerosol, He-gas transport system which is 
used at the LBl 88-lnch Cyclotron to transport products to collection foils, 
to automated systems for subsequent chemistry, or to a rotating wheel system 
for direct measurements of alpha and spontaneous fission activities. 

3. Shuttle or Rabbit systems. Shuttle or rabbit systems, moving tapes, 
and a host of other mechanical techniques have also been used. A diagram of a 
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moving tape system 1 0 for collecting recoiling reaction products and measuring 
SF half lives 1s shown in Fig. 4. 

V. CHEMICAL SEPARATION METHODS 
Stringent demands are placed on the chemical procedures to be used in 

separating the desired nuclides from the multitude of reaction products which 
are produced 1n heavy ion reactions, both in the target Itself and in the 
surrounding materials. When heavy targets are used, the variety of the 
resulting products can approach or even surpass that resulting from nuclear 
fission. Indeed, often the target itself 1s readily fissionable giving rise 
to fission products in addition to the plethora of other reaction products. 
The chemical separation problems become even more severe when the cross 
sections of interest are of the order of microbarns or nanobarns or even less 
rather than the millibarn or barn cross sections typically encountered in 
reactor-produced species. Cartoons of the major types of heavy ion reactions 
which have been studied by chemical separation techniques are shown in Figs. 
5-7. Cross sections for compound nucleus reactions drop to nanobarns for 
element 105 and less than a nanobarn for element 106. Cross sections for 
heavy element transfer reactions are as high as mllUbarns for near target 
products, but decrease rapidly with the number of nucleons transferred. 1 1 An 
illustration of the variety of above target isotopes formed via transfer 
reactions in the irradiation of S 4 , C m with l*0 and l*0 projectiles and the 
orders of magnitude variation in the yields 1s given in Fig. 8. Chemical 
separation techniques have been central to the earliest l a studies of deeply 
Inelastic reactions involving actinide targets and continue to be essential in 
determining 1 3 the yields, angular distributions, and recoil ranges of the 
resulting products. 
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Over the years a variety of Ingenious and novel procedures have been 

developed for separation. Identification, and measurement of the products of 

heavy 1on reactions. Herrmann and Trautmann1* have published a comprehensive 

review of rapid chemical methods for identification and study of short- lived 

nuclides 1n general. They grouped the various methods under (1) separations 

from and 1n liquid phases, and (2) separations in the gas phase, as shown in 

Table I. Separations can be conducted in a discontinuous, "batch" mode or in 

a continuous "on-Hne" mode. In the following section, some examples of the 

application of various radiochemical separation techniques to a number of 

different areas of heavy ion research are given. 

VII. APPLICATIONS 

A. Studies of Production Yields and Reaction Hecnanisms. 

It is often desirable to separate as many products as possible from a 

single Irradiation because of the difficulties involved in obtaining heavy 

1on bombardments. This is especially Important in studies of production cross 

sections and reactions mechanisms when measurements must be made for different 

projectile energies and when cross sections as a function of product recoil 

energy and angle are to be measured. A comprehensive scheme was devised by 

Moody et al. for separation of the elements from protoactinium (91) through 

mendelevlum (101) from the macro amount of gold from the catcher toil and from 

products of the reactions of high energy **Kr and "*Xe projectiles with 

actlnlde targets. This procedure, which takes two to four hours, is shown in 

F1g. 9. The shorter-lived nuclides must be isolated in separate 

irradiations. 

Procedures for separation of isotopes of thorium through mendelevium from 

either gold or copper catcher foils have been devised by Fowler et al. and 
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involve an initial group separation of the transplutonium actinides from 
the lighter actinides. They presented both a relatively fast procedure which 
1s well-suited for alpha and spontaneous fission measurements and a more 
extensive procedure including a lanthanide/ actinide separation which 
furnishes samples suitable for gamma-ray measurements of low-yield products as 
well. A flow diagram of this procedure is shown in Fig. 10. After the 
initial group separation, further separations are performed to isolate the 
Individual actinides from each fraction. As an example, the final 
purification scheme lor uranium is shown in Fig. 11. 

Turler et al. 1* developed the procedure shown in Fig. 12 for separation 
from copper catcher foils of relatively short-lived Isotopes of radium through 
amerldum produced in heavy ion reactions with actinide targets. It can be 
carried out in 20 to 30 minutes and gives samples clean enough for yield 
determinations by gamma and/or alpha spectroscopy. 

Gorski et al. 1' have devised a highly selective separation scheme for 
transplutonlum elements produced 1n heavy 1on reactions with heavy element 
targets based on extractions from nitrate solutions with trloctylphosphine 
oxide in the presence of complexlng agents. The target or catcher foil metals 
served as salting-out agents. This method was used to measure very low yields 
of transplutonium and rare earth Isotopes produced In heavy ion reactions with 
heavy targets. One cycle of an extraction chromatographic column adaptation 
of this method gave a decontamination factor from most fission products, 
target, and/or collector materials of about 10 5 to 10*. 

B. Isolation and Identification of Isotopes for Nuclear Studies 
Chemical separation is especially valuable in the purification and 

positive assignment of the atomic number of new isotopes. For example. 
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Lougheed et al. 1* used the stringent procedure shown in Fig. 13 to isolate 
lawrencium from the reaction products of 2 2 N e bombardments of i ! 4 E s and to 
identify two new spontaneously fissioning isotopes, 39-m " l L r and 216-m 
2"lr. It provided the required decontamination from 2.6-hour 2 5 S F m (a, SF) 
produced with a cross section of about a millibarn compared to those of only 
240 nanobarns and 40 nanobarns for Lr and Lr. The elution position 
relative to rare earth tracers provided proof that these were isotopes of 
lawrencium. Electromagnetic separation was used to make positive mass 
assignments. 

The "SISAK" centrifuge system1* has been used to perform rapid, continuous 
I1qu1d-I1qu1d extraction separations of the products of heavy 
1on-bombardments. For example, neptunium was isolated from the products of 
l'*Xe bombardment of 2 4 4 P u on a time scale of the order of 10 seconds via 
extraction into hydrogen di-2 ethylhexylorthophosphoric acid (HDEHP). This 
procedure permitted continuous measurement of the outgoing solution by 
gamma-ray spectroscopy and the new isotopes, 1.8-minute 2 4 , N p and 2.3-minute 
S 4 4 N p were identified. 

A variety of computer-controlled chemical separation systems have been 
developed to perform the many repetitive separations required in searches for 
superheavy elements, in the Identification of new isotopes produced in heavy 
ion reactions, and 1n studies of their chemical and nuclear properties. In 
1984, Summerer et a l . 2 1 reviewed the application of gas-jet and on-line 
chemistry techniques to heavy-Ion reactions with heavy actinide targets such 
as 2 4 , C m and 2 , 4 E s . They included automated systems for performing on-line 
gas phase separation systems as well as systems for on-line collections of 
recoiling products followed by chemical separation in a cyclic mode of 
operation. An example of the latter type of system, the microcomputer-
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controlled Automated Rapid Chemistry Apparatus, ARCA, has been described in 

detail by Schadel et a l . " and was used in studies"'" of the chemical 

properties of lawrencium, element 103. 

Recently, Hall et a l . 2 S have developed ACCESS, an Automated 

Chromatographic Chemical Element Separator System. This is a modular system 

(see F1g. 14) using primarily corunercia I ly available components. It is 

controlled by a personal computer and can be configured and programmed to 

perform a variety of chromatographic column separations including automatic 

collection of appropriate fractions using a commercial fraction collector. 

Systems of this kind can be used 1n either "off-line" or cyclic "on-line" 

modes. For example, a solution of activities can be injected into the system 

or, the recoiling products from heavy ion reactions can be transported via an 

aerosol-loaded gas jet and collected on a frit for a suitable length of time 

and then washed directly into the first stage of the systen. 

Zvara and cr-workers" have pioneered in the development of gas phase 

separation techniques for the study of short-lived species. Separation ti.iies 

as short as a second can be achieved under favorable conditions. Continuous 

high-speed gas chromatographic techniques were developed 3' to separate and 

search for spontaneously fissioning Isotopes of element 107, assuming it; 

chemical properties are those of eka-rhenium. However, no SF activities in 

the ha If-life range from 2 seconds to 5 x 10* seconds were found in the 

rhenium fraction with a cross-section sensitivity of 0.1 nanobarns. 

C. "Atom-at-a-Time" Chemistry. 

The previously described chemistry and techniques were dosigntj primarily 

to separate a given species from the many others produced in heavy ion 

reactions 1n order to measure its yield or study its nuclear properties or to 
1*ent1ty new isotopes or elements. On the other hand, it the nuclear decay 
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properties are known for a suitable isotope of a given element, then many of 
the same techniques can be used to study the chemical properties of heavy 
elements which have only short-lived isotopes and are available only on an 
"atom-at-a-time" basis via production at an appropriate accelerator using 
heavy ions. 

This is the case for all of the elements with atomic number greater than 
101, mendelevium. (Mendelevium, as the isotope 76-minute a s*Md, can be 
produced with millibarn cross sections2* in irradiations of 20-day 2 5 3 E s or 
276-day a s*Es, but it can also be produced in heavy ion reactions with less 
exotic targets.) Currently, the longest known isotopes of the trans-Hd 
elements are: 58-m "*No; 216-m 2' 2Lr; 65-s a " R f ; 36-s " a H a ; 0.9-s 
"'106. The known isotopes 2 9 of elements 107, 108, and 109 have half lives 
of only milliseconds, much too short for study by current chemical separation 
techniques. Chemical studies of these elements will have to await methods for 
production of the more neutron-rich isotopes which may have longer half lives. 

Why go to so much effort to study the chemical properties of these 
elements when the studies are so difficult because of their short half lives 
and low production rates, and the large interferences from other radio
activities? There are a number of compelling reasons. First of all obtaining 
information about these elements at the end of the actinide series and 
beginning ot the transactlnide elements is thfc only way to test predictions 
based on extrapolations of periodic table principles derived from lighter 
elements (see Fig. 15). A knowledge of their chemical properties is essential 
in assessing the extent of the relativistic effects which have been 
predicted 3 0 - 3* to become increasingly important for the heaviest elements 
because of their increasingly larger nuclear charge. These relativistic 
effects are expected to stabilize the 7s and 7p . relative to higher spin 
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orbitals. This may result in observable differences in chemical properties 
such as the stabilization of lower oxidation states, e.g., H- or 2+ in 
addition to the 3+ state of Lr, a 2+ as well as a 4f state of Rf, and a 3*- in 
addition to a 5+ state for Ha. This information will be extremely important 
1n predicting the chemical properties of still heavier elements and in better 
understanding those of lighter elements. Finally, a knowledge of the chemical 
properties can be used in separating and unequivocal'y identifying and 
studying the nuclear stability and properties of new isotopes of these heavy 
elements. Information on nuclear properties is essential in the development 
of a dynamic model of nuclear fission and in the prediction of the halt lives 
of still heavier elements and extrapolations to superheavy elements. 

Some very recent studies ' ' of the chemical properties of elements 
103, 104, and 105 illustrate the use of atom-at-a-t1me production via heavy 
1on reactions of known Isotopes of these elements to determine their chemical 
behaviors relative to those of Isotoplc tracers of elements believed to be 
their lighter nomologs. In such experiments, 1t is Important to produce and 
study the tracers and heavy elements under conditions as nearly identical as 
possible in order to make valid comparisons. It is also important that the 
chemical procedures Involved will give reliable results even for only an atom 
or two of the element to be studied. Obviously, precipitations which require 
even modest concentrations to exceed the solubility product of a given 
compound cannot be used in elucidating the chemical properties when only a tew 
atoms are present. Typically, solvent extraction and ion exchange methods in 
which the atoms of interest take part In many identical chemical reactions 
between two phases can be used, 4 0' 4 1 in contrast to methods in which a large 
number of atoms undergo only a single reaction. It is important that the 
equilibria involved are established in a short time relative to the half lives 
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of the isotopes that are being studied. 

Until recently, the longest-lived known isotope of element 103 was 
3-rainute a*°Lr. It can be produced, as shown in Fig. 16, via the 2 4*8k 
("̂ O, o3n) reaction with a 9 nanobarns cross section. ( 2 6 aHa can also be 
produced in these bombardments.) In repeated manual experiments,3" the 
elution position of Lr with ammonium a-hydroxyisobutyrats. (MB) from a cation 
exchange resin column was compared to those cf lanthanide tracers. It was 
found 3' to elute in nearly the same position as Er (Z = 68), based on 
detection of only 7 atoms of " Lr. About one "°lr alpha decay per 2 to 3 
elution experiments could be detected. These were positively identified by 
their alpha-decay characteristics. From these data, the ionic radius of Lr 
was calculated to be 0.0886 ± 0.0003 nanometer relative to Er = 0.0881 
nanometer. In subsequent experiments, 2 3 the ARCA was used to perform the 
experiments more rapidly and the decay of 25 Lr and 250 Md atoms was 
detected. The Lr was eluted in the same position as the added Er tracer and 
Md was eluted close to Ho. Thus the elution position of Lr 3 was much later 
than expected based on the known positions of lighter actinides and on the 
positions of homologous lanthanides. From these measurements, the Lr" and 
Md 3* ionic radii were calculated to be 0.0881 f 0.0001 nanometer and 0.0896 + 
0.001 nanometer, respectively, and the heats of hydration of Lr and Md were 
calculated to be -3685 i 13 kJ/mol and -3654 + 12 U/mol, respectively. There 
is only a difference of 0.0015 nanometer in the radii of Md(101) and Lr(103) 
while the difference in radii between the homologous lanthanides, lm(69) and 
Lu(7l), is 0.0021 nanometer. As shown in Table 2, this difference in radii 
between Lr 3 and Md 3 , which differ by 2Z, is comparable to the differences 
between Md 3 and Fm 3 of 0.0015 nanometer and between Fm 3 and Es 3 of 0.0016 
nanometer, which differ by only 1Z. Thus the radius of Lr is considerably 
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bigger than expected based on simple comparisons with the lighter actlnldes 
and homologous lanthanldes. This unusually large radius might be attributed 
to the polarizability of the 5f orbitals. Actinides with unfilled 5f orbitals 
may be relatively more polarizable than Lr 3 which has the filled 5 f 1 4 

configuration. The ligands of the actinides with the unfilled shell can be 
closer to the central 3*- ion resulting 1n a relatively smaller radius. This 
may be a bigger effect in the actinides than 1n the lanthanides since the 
polarizable 5f orbitals are more extended relative to the 6d orbitals than are 
the 4f relative to the 5d orbitals. A measurement of the ionic radius of No 3 

which presumably has 5 f 1 3 electrons will be Important in assessing the 
importance of these effects. Unfortunately, the most stable oxidation state 
of No in aqueous solution is 2+- and the o-hydroxyisobutyrate elution 

3-f 

technique cannot be used under the conditions required to stabilize No 
(The No 3 ' 2 couple is estimated 4 4 to be +1.4 to + 1.5 V.) However, it might 
be possible to use an HDEHP reverse-phase chromatographic technique. 

Attempts have been made 3*' 2 4 to reduce Lr 3 in aqueous solution to see if 
relativistic effects might have stabilized the 7s 2 electrons to the extent 
that Lr 1 could be prepared. An HDEHP chromatographic separation using ARCA 
was devised to separate Lr 1 *2 from Lr 3 . No evidence for the reduction by 
V 2 + or Cr 2* ion was found although M d 3 + was reduced to Md 2* (E u = -0.2 V). 
From these measurements, the limit for the reduction potential of the 
Lr'Vur 1^ 2^* couple is, therefore, more negative than -0.44 V. 

Jost et al. used on-line gas chromatography to search for the volatility 
of elemental Lr. Multidimensional Uirac-Fock calculations 3 0' 3" predict a 
ground-state electronic configuration for Lr of [RnJ5f 1 47s 2p . , rather than 
lRn]5f l 46d l7s 2 by analogy to Lu , indicating that its volatility might be more 
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like the "j)-element" lead, than like the "d-element," lutetium. No evidence 
for Lr as a volatile element was found under reducing conditions at 1000" C 
with either quartz or platinum chromatographic columns. The lower limit of 
290 kJ/mol obtained from thtse experiments is considerably higher than 
expected for the Lr(p) configuration. However, since adsorption on the 
chromatography column could promote Lr(p) to Lr(d), the existence of Lr(p) 
cannot be excluded. 

Zvara 3 7 has recently reported on work at Oubna to search for relativistic 
effects in element 104 using the 3-second 2 S 9 1 0 4 produced in the 2 " P u 
( 2 2Ne, 5n) reaction. They predicted that element 104 should behave as a 
typical d-element like Ht rather than a p-element like Pb when forming bonds. 
A gas-solid chromatography technique with Ar/H 2 gas and a quartz column at 
1170" C was used to show that 104 as well as Hf and rare earths did not pass 
through the column while Au, Tl and Pb did. About 30 fissions which they 
attributed to 2 S , 1 0 4 wtre detected. From these data, they deduced a lower 
limit of 370 kJ/mol for the sublimation enthalpy of the metallic state, twice 
as high as that for Pb. The volatilities of the chlorides and bromides of 104 
and HI were also compared and the 104 compounds are believed to be slightly 
more volatile. 

Recently, the first experiments3" to explore the aqueous chemistry of 
element 105, hahnium, were initiated. The only previous studies of the 
chemistry of element 105 were of its properties in the gas phase. In these 
early gas phase studies, Zvara and coworkers 4 5' 4 6 used thermochromatograpl.y to 
study the volatilities of the chlorides and bromides. They used the SF 
activity from the very short-lived 2 ' ° , 2 6 l H a (~2 seconds) produced via the 
2 4 3 A m ( 2 2Ne, 4-5n) reaction. Because of its short half life, appreciable 
corrections due to decay of the nuclide during its transit through the 
thermochromatography tube were necessary. The bromides were found to be 
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somewhat more volatile than the chlorides, and in comparison with *°Nb and 
i««,i?oHf. t r a c e r s produced on-line, the fissions attributed to element 105 
were found 1n the same region as the HfBr (see F1g. 17). After correction 
for the much shorter half life attributed to these events, the "105 calc" 
curve was obtained which still falls essentially on top of the l 7°Hf tracer 
region. Thus, 1t 1s not clear that the 105 bromide is more like the lighter 
homologs of group 5 than those of group 4. However, 1t is much more volatile 
than the actlnlde tribrotnides which were measured in earlier experiments." 
Only SF activity was measured in these element 105 studies which makes it 
difficult to unequivocally identify the detected events as coming only from 
element 105. 

In the recent aqueous chemistry experiments of Gregorich et a l . , " 
34-second " J H a produced 1n the "*Bk (l*0, 5n) reaction was used. It 
decays by both alpha-particle emission and spontaneous fission. The detected 
events were positively identified by half life, alpha-decay energy, and 
alpha-alpha correlations with the 4-second 2 5 , L r daughter. Hahnium was found 
to adhere to glass surfaces after fuming twice with nitric acid, a chemical 
property characteristic of the group 5 elements, niobium and tantalum. Under 
similar conditions, group 4 element tracers showed little sorption, Zr~0X and 
Ht~llX; much larger fractions of the group 5 elements Nb (42%) and Ta (80%) 
were adsorbed on the glass. The chemical procedure took about 50 seconds and 
some 800 manual separations were performed: Only 0.25% of the Fm activities 
produced 1n the bombardment were sorbed on the glass while essentially all of 
the element 105 activity was sorted, Indicating that it behaved most like the 
group 5 element tantalum. However, hahnium did not extract into methyl 
isobutyl ketone from mixed nitric acid/hydrofluoric acid solutions under 
conditions in which tantalum was extracted nearly quantitatively. It may be 
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that this "non-tantalum-like" behavior is due to the Increasing tendency for 
the heavier group 5 elements to hydrolyze or to form high coordination number 
fluoride complexes, leading to non-extractable species. The SF to alpha ratio 
for *" aHa was found to be about one-third as large in the chemically 
separated fractions as was measured in on-line experiments, indicating that 
another SF activity with a similar half life, which does not belong to element 
105, is produced in the on-line experiments. This Illustrates the power of 
chemical separations in elucidating the nuclear properties of the heaviest 
elements. 

VIII. FUTURE STUDIES 
Additional experiments are being planned to investigate the chemical 
properties of the trans-mendelevlum Isotopes and to try to produce more 
neutron-rich Isotopes of these elements which may have longer half lives, thus 
making more detailed studies of chemical properties possible. It is important 
to try to stabilize No and determine its ionic radius relative to the ionic 
radii of the adjacent actinides, M d 3 + and Lr 3 . This should help assess the 
Influence of the completed 5f shell and relatlvlstic effects in determining 
the Ionic radii at the end of the actinide series. The longest-lived known 
Isotope of No 1s the !>8-m1nute "*No. It is an excellent isotope for use in 
chemical studies and can be produced4* with microbarn cross sections via 
transfer reactions between 2 2 N e projectiles and Es targets. 

So far the attempts to reduce L r 3 + to lower oxidation states have proved 
unsuccessful, and 1t seems likely that non-aqueous ion exchange or extraction 
systems will have to be used in order to avoid the reduction of water so that 
stronger reducing agents can be utilized. It should be possible 
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to conduct such experiments with 3-minute s*°Lr, but more time-consuming 
procedures might be possible with the newly discovered1*'** longer-lived 
" 1 , 2 " L r Isotopes. However, the production of the latter isotopes in high 
yield requires the use 4' of 2 5 4 E s targets. 

It is Important to continue gas-phase studies of element 104, both of the 
neutral atom and of its volatile compounds, in order to assess the influence 
of relativistic effects and to compare its behavior with lighter group 4 and 
group 5 elements, and with element 105. There have been very few studies of 
the aqueous phase chemistry of Rf since the initial studies by Silva and 
coworkers*0 in 1970. They used 65-second a , l R f to show that the elution 
behavior of element 104 from a cation exchange resin column was the same as 
that of Hf and Zr. In 1980, Hulet et a l . " found that the chloride 
complexation of Rf 1s stronger than that of the trivalent actinides and 
similar to that of Hf. Our group is currently using the 65-second 
alpha-emitter " l R f to Investigate the extraction behavior of element 104 
with tributyl phosphate and tri-iso-octy!amine and compare it with group 4 and 
5 element tracers and J* JHa. 

Experiments to examine both the gas and aqueous phase chemistry of element 
105 will be conducted at the 88-Inch Cyclotron at Lawrence Berkeley Laboratory 
in September, 1988 by a large collaboration of German, Swiss, and American 
researchers. These studies are designed to extend our knowledge of the 
chemical properties of element 105. The properties of hahnium will be 
carefully compared with Its lighter homologs in the same group in the periodic 
table to see if observed trends in properties continue. Because the 
longest-lived Isotope of hahnium, J**Ha, has a half life of only about 35 
seconds, these experiments nust be conducted "on-line" at an accelerator which 
can furnish high Intensity beams of appropriate heavy ions. As in earlier 
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experiments, s , 2 H a will be produced via the "*Bk (^O, 5n) reaction. 
Individual atoms of Ha will be detected by measuring the alpha particles 
or fission fragments resulting from their radioactive decay. However, the 
production rate is so low that even if the chemical separations are repeated 
every minute, only a few atoms per hour can be detected. 

The chemical properties of hahnium in aqueous solution are expected to be 
analogous to those for the group 5 elements and possibly Pa (Z = 91) which 
also has a 5+- oxidation state. Trends 1n chemical properties between niobium 
and tantalum are expected to continue, allowing extrapolation to the chemical 
properties of hahnium as the heaviest group 5 element. The ground state 
electronic configuration is expected to be [RnJ5f 6d 7s and the 5* oxidation 
state is fxoeeted to be the most stable 1n aqueous solutions, analogous to 
tantalum. However, it has been predicted that relativistic effects will play 
an Increasingly important role 1n determining the chemical properties of the 
heaviest elements. These relativistic effects might cause significant 
contraction of the radii and strong stabilization of low spin electronic 
orbltals. They might even stabilize the 7s 1 electrons to the extent that 
different chemical properties, such as stabilization of the 3+ oxidation 
state, might occur. Differences 1n halide volatilities might also be observed. 

The September 1988 experiments will use an automated gas phase separation 
apparatus developed by the Swiss group to produce and investigate the behavior 
of gaseous hahnium bromide. A description of the system and its use in 
separating Isotopes of niobium with half lives as short as I seconds is given 
by Nal-Qi et a l . " The retention times on quartz at 200-800" C for the 
volatile hahnium bromide complexes formed when hahnium atoms come into contact 
with HBr/BBr. gas at about 1000° C will be measured and their behavior 
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compared with that of other group 5 elements and with group 4 elements. From 
these data, the heats of adsorption of the volatile bromide complexes can be 
derived. The volatility of the hahnium bromide can also be used to quickly 
separate the hahnium isotopes for studies of their spontaneous fission and 
alpha decay properties using the rotating wheel system, the "Merry-Go-Around" 
or HGA (see the schematic representation in Fig. 18). 

The unusual fluoride complexing behavior of hahnium which was found by 
Gregorich et a I.3 will be further explored using liquid-liquid extraction 
studies carried out with a mini-ARCA designed by the German group. In these 
experiments the anion exchange behavior of element 105 will be compared with 
the other group b elements, Nb and Ta, as well as Pa, and with the behavior of 
the group 4 elements, Zr and HI. Their elutlon from tri-isoctylamine reverse 
phase chromatographic columns will be investigated. 

The recent discovery 1*' 4' of 39-minute " x L r and 216-minute 2* 2Lr, which 
have spontaneous fission half lives more than two orders of magnitude longer 
than predicted, supports previous observations that odd neutrons or protons 
tend to lengthen spontaneous fission half lives 5 3, often by factors of as much 
as 10 s, for nuclides with both an odd neutron and proton. It seems quite 
probable that longer-lived isotopes of odd 2 elements such as 105, 107, 109 
can be found among the neutron-rich, odd-neutron isotopes (see Fig. 19). 
Compound nucleus reactions or transfer reactions with heavy ions and exotic 
targets such as s 5 4 E s appear to offer the best chance 4* for producing these 
isotopes with relatively high yields. 

A knowledge of the chemical properties of the heaviest elements permits 
separation and positive identification of the atomic number of new isotopes 
and can provide clean samples for studies of nuclear properties, such as 
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spontaneous fission and the limits to nuclear stability. Conversely, isotopes 
whose nuclear properties and elemental assignments are known can be used in 
the study of chemical properties on an atom-at-a-tlme basis. Thus, studies of 
the chemical and nuclear properties of these heavy, unstable elements are 
complementary and must proceed hand-1n-hand in order to most effectively 
explore this heaviest region of the periodic table and to take the next steps 
on the path to Identifying still heavier, and possibly superheavy, elements. 
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Table 1. Rapid Chemical Methods. (Adapted from Herrmann and Trautmann. ) 

SOLUTION CHEMISTRY 

Precipitation 
Electromigration 
Volatilization 
Ion Exchange Chromatography 
Solvent Extraction: 

Discontinuous 
Continuous 

GAS PHASE CHEMISTRY 

Gas Jet Transport System 
Condensation and Trapping 
Chromatography 
Evaporation from Molten Phases and Solids 

Table 2. Comparison of ionic radii for 3+ ions of heavy actinides2*>*2 

and lanthanides.4' D is the difference between the indicated radii. 

tlement Z r 3 + D Element Z r34" D (nm) (nm) (nm) (nm) 

Lr 103 0.0881^ Lu 71 0.0818. 

No 102 ? ,0.0015 Yb 70 0.0858 ^0.0021 

Md 101 0.0896^C Tm 69 0 . 0 8 6 9 ^ ' 
-0 .0015 J^O.0012 

Fm 100 0 .0911<1 Er 68 0.0881C 
:0 .0016 ^ 7 0 . 0 0 1 3 

Es 99 0.0927-^ Ho 67 0.0891-
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FIGURES 
1. Schematic of apparatus for molecular plating of actinide targets. The 

solution 1s contained 1n the glass chimney, which defines the diameter of 
the target (from Ref. 5). 

2. Schematic of Irradiation chamber with catcher foil (from Ref. 6). 
3. Diagram of gas transport and rotating wheel system for on-line 

measurements of alpha and SF activities. 
4. Schematic of the gas-cooled target and mica detectors of the 2-km 

moving tape system used for the detection of short-lived SF activities 
(from Ref. 10). 

5. Cartoon of compound nucleus reaction. 
6. Cartoon of direct binary transfer reaction. 
7. Cartoon of deeply inelastic reaction. 
8. Above target yields of trans-Cm actlnides from the reaction of " 0 

and l , 0 projectiles with 2 4»Cm (from Ref. 6). 
9. Comprehensive separation scheme for Pa through Md isotopes from heavy 

ion reactions with actinide targets (from Ref. 5). 
10. Flow diagram for Initial group separation of low-yield actinide products 

from copper catcher foils (Ref. 15). 
11. Final purification scheme for uranium (Ref. 15). 
12. Outline of procedure for initial separation of short-lived isotopes of 

Ra through Am (Ref. 16) from copper catcher foils. 
13. Procedure for isolation of Lr from products of 2 2 N e bombardment of 

2 S«Es (Ref. 18). 
14. Schematic of ACCESS in off-line configuration for o-HIB elutlon of 

actinldes from a cation-exchange resin column (from Ref. 25). 
15. Periodic table of the elements. 
16. Production of 2*°Lr and 2* 2Ha via compound nucleus reactions 

during irradiation of 2«»Bk with 101- to 102-MeV »»0 projectiles. 
17. Location of fission tracks attributed to element 105 in gas 

chromatographic column using bromine chemistry compared to »°Nb, 
i'°Hf, and «»Hf. The "105 calc" curve has been corrected to 
compensate for the relatively shorter half-life of 2«. 2«il05. 
(from Refs. 41,47). 
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18. A schematic diagram of the arrangement to be used for the gas phase 
studies of hahnlum 1s shown. The recoiling products from the reaction of 
" 0 with the 2 " B k are attached to KC1 aerosols and transported 1n 
helium gas to the bromlnatlon and separation apparatus. After separation, 
the hahnlum 1s again transported via an aerosol-loaded gas jet and 
deposited on thin pclypropylene discs held on a horizontal wheel which can 
be rotated so as to position the foils successively between six pairs of 
surface barrier detectors for measurement of the alpha and spontaneous 
fission activities. 

19. Portion of chart of nuclides showing neutron-rich trans-Am actinides. 
Hatched regions Indicate new isotopes postulated to be produced with 
1 nanobarn or larger cross sections 1n transfer reactions between 2 2 N e 
or l*0 projectiles and 2 S 4 E s . (Irradiation of a 400yg/cm2 2 5*Es target 
with a 1 piiA beam will produce 0.4 atoms/minute for a cross section of 
1 nanobarn.) Compound nuclei for reactions of l , 0 with 2 4 ,Cm, 2 S 2 C f , 
and 2 S 4 E s are shown In parentheses (from Ref. 11). 
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X 
Dissolve in 1.0 ml 65% HNO, 

containing 0.05 ml 70% HCI04 

with ""No and l M U tracers 

Evaporate to dryness 
(NOj fumes) 

Disserve in 1.0 ml 10M HNOj 
Cool 

I 
Anion Exchange Column 

AG 1-X8. -400 mesh 
3X60 mm, 25° C. 

0.25 ml 10M HN03 

0.25 ml 10M HN03 -
2 ml 9M HCI/0.1M HF 
1 ml 6M HCI/3% NH,0H HCL/2% NH.I 

1 ml 4.5M HCI 
2 ml 0.5M HCI 

Pretreat with 3 ml 
IOMHNO3 

• Am, Ac, Ra 

Th. Pa 

Pu,Np 

•U 

Discard 
XBL 8811-3849 

Fig. 12 
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HCI, HN0 3 WBIhU 1 0 WBIhU 1 0 

w 
9N HCI Anion column Mo Anion column 

^ > 
0.5N HCI, sat. Cation column Rare earths 
HCI/ethanol 

Cation column 
+1 ions 

v * 
Ammonium 
isobutyrate 

Actiniae cationic separation 
Md.Fm Ammonium 

isobutyrate 
Actiniae cationic separation 

v • 
Ammonium Actiniae cationic separation 

Remaining 
isobutyrate 

Actiniae cationic separation Md and Fm 

\ • 

HNOj/lPA ^ Electroplate on 
polyim me 

Fig. 13 



OFFLINE CONFIGURATION 
pH 4 20 O.SU HIB 

Eluent 

XBL 8711-4579 

Fig. 14 
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249 B k + 1 8 Q ^ 267 
9 7 BK + O -> 1 0 6 Ha 

- a,3ri 
a = 8 nb 

-5n 
a = 3 nb 

f^Lr" (3 m) f^fHa (34 s) 

Fig. 16 
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HBr(g) Quartz Wool Quartz Tube 

I / Oven / Capillary 

Co4Unflfl» „ , , ; . , „ „ , 
inlal 

A*roiol»i*coUi SU»I 0.28 Dim thick 

Hofiionlal »tM*l 
(••ehansatbta) 

Pump >0 poiltlont 

XBL 8811-3850 

Fig. 18 
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N 152 

XBL 866-2234 

Fig. 19 


