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Abstract 

On-line Gas Chromatographic Studies of Rutherfordium (Element 104), 

Hahnium(Element 105) and Homologs 

by 

Babak Kadkhodayan 

Doctor of Philosophy in Chemistry 

University of California at Berkeley 

Professor Darleane C. Hoffman, Chair 

Gas-phase isothermal chromatography is a method by which volatile compounds of 

different chemical elements can be separated according to' their volatilities. The 

technique, coupled with theoretical modeling of the processes occurring in the 

chromatography column, provides accurate determination of thermodynamic properties 

(e.g., adsorption enthalpies) for compounds of elements, such as the transactinides, which 

can only be produced on an atom-at-a-time basis. In addition, the chemical selectivity of . 
the isothermal chromatography technique provides the decontamination from interfering 

activities necessary for the determination of the nuclear decay properties of isotopes of 

the transactinide elements. 

Volatility measurements were performed on chloride species of Rf and its group 4 

homologs, Zr and Hf, as well as Ha and its group 5 homologs, Nb and Ta. Adsorption 

enthalpies were calculated for all species using a Monte Carlo code simulation based on a 
. ' 

microscopic model for gas thermochromatography in open columns with laminar flow of 

the carrier gas. Preliminary results are presented for Zr.,. and Nb-bromides. 

30.7-s 98Zr, 7.1-s 100Zr and 15-s 99Nb were produced via the 235u(n,t) reactions. 

38-s 162Hf, 1.7-min 165Hf, 34-s 166Ta, and 1.4-min 167Ta were produced by the 
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NatEu + 147Sm(20Ne,xn) reactions. 65-s 261Rf and 34-s 262Ha were produced via the 

248cm(18o,5n) and 249Bk(18o,5n) reactions, respectively. 

The Heavy Element Volatility Instrument (HEVI) was used for these volatility 

studies. HEVI is an on-line gas chromatography system which continuously separates 

halide species of short-lived nuclides according to their volatility. The following series 

in volatility and adsorption enthalpy of the group 4 ~lement chlorides has been , 

established: ZrCl4=RfCl4>HfCl4, and ZrCl4>RfCl4>HfCl4, respectively. Assuming 

similar molecular structures for chloride complexes within group 4 of the periodic table, 

a trend of decreasing volatility and Mlads is observed as one moves down the group 

(noticed in Zr- and Hf-chlorides). Our results show a break in this expected trend. 

Further calculations are needed to assess whether this is due to relativistic effects in the 

transactinide region. 
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Chapter 1 

Introduction 

Ever since the discovery of periodic trends by the Gennan chemist Lothar Meyer and 

the Russian Dmitri Mendeleev in 1869-70, the greatest tool for chemists in predicting the 

chemical properties of unknown elements has been the periodic table of the elements. 

The periodic table, as represented today, places elements into groups (columns) and 

periods (rows). As depicted in Fig. 1, there exists a perioq of elements from 58 to 71 

called the lanthanide elements and a period of elements· from 90 to 103 called the 

actinides, many of which are unstable and must· be produced artificially. The periodic 

table shows elements 104 through 109, the transactinide elements, as homologs of 

hafnium through iridium. It is expected that this is a new transition series in which the 

6d orbitals are being filled . 

. Recently there has been increased activity, both experimental and theoretical, in the 

study of the chemical properties of the transactinide elements. The special interest in this 

seventh row of the periodic table arises from predictions that due to relativistic effects the 

chemical properties of the heaviest elements might show deviations from periodic table 

trends. As early as ·1969, Fricke and Greiner [FRI 69] predicted such deviations which 

may be understood if one considers that at very high atomic numbers the inner electrons 

attain relativistic velocities, thus leading to a contraction of the s and p112 orbitals. 

1 



Periodic Table of the Elements 
1 18 

·H. 2 1314151617 
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He 
li 4 5 6 7 8 9 10 

Be B c N 0 F Ne 
11 ·~ 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 . 

Na Mg AI Si p s Cl ·Arj 
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1? c~ s~ ti v ~4 2' 26 27 
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Sr y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 
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Fig. 1.1 The periodic table of the elements 
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The p312 orbitals are relatively unchanged because the contraction effect is counteracted 

by spin-orbit effects. Consequently, the d and f electrons are more efficiently screened 

from the nuclear charge, resulting in an increase in energy and a radial extension for 

these orbitals. In transactinide elements relativistic effects may alter the relative stability 

of the 7s, 6d, .and 7p valence electrons to such an extent that other oxidation states than ' . ' 

those expected from periodic table extrapolations become important 

In the transition region at the end of the actinide series and beginning of the 

transactinide series, the role of the 7r pl/2 and 6d orbitals in the chemistry of the region is 

difficult to predict. Therefore, it is possible that some of these elements may exhibit p 

rather than d character. Recent extensive theoretical calculations [BRE 84, DES 80, 

KEL 84, PYY 88, ZHU 90] have provided chemists with predictions on how the 

relativistic rearrangements of valence electrons may affect the chemical properties of the 

·heaviest elements. Multiconfiguration Dirac-Fock (MCDF) calculations [BRE 71, BRE 

84, DES 80, ZHU 90] have predicted a ground state electron configuration for LrO of 

[Rn]5f147s27p1 instead of [Rn]5f146d7s2 as expected by analogy with Luo. Based on 

extrapolations from this result Keller [KEL 84] suggested that the ground state 

configuration of Rf should be 7s27p2 rather than 6d27s2 analogous tO the 5d26s2 
' 

configU.ration of its lighter homolog, Hf. This prediction may imply that element 104 

should behave like a heavy p-element similar to Pb. In recent more accurate MCDF 

calculations using 468 ij-configurations, Glebov et al. [GLE 89] determined that the 

ground state of Rf should be a 1=2 level, Fig. 2, consisting of the 6d7s27p configuration 

(80%) with a level only 0.5 eV higher consisting of the 6d27s2 configuration (95%), 

while the 7s27p2 state (predicted to be the ground state by Keller) is 2.9 eV above the 

ground state. Based on their calculations, Glebov et al. concluded that Rf should show 

no distinctive p-character. In fact Rf should behave like Hf, a typical d-element. In the 

case of Ha, MCDF calculations [FRI SUB] have predicted a ground state electronic 

configUration of 7 s26d3. 
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Fig. 1.2 Energies of low-lying states of Rf: 
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An intense effort in MCDF calculations relevant to the volatilities of halides of 

ttansactinide elements and the lighter homologs is being carried out by Perishina [PER 

93], presently at the Gesellschaft fiir Schwerionenforschung (GSI), Germany. Perishina 

et al. are using the MCDF method in molecular orbital calculations to arrive at the degree 

of ionic or covalent character in the ttansactinide and homolog halides. A more covalent 

(less ionic) character corresponds to a more volatile halide species. These calc~lations 

arrive at adsorption enthalpy values of halides on, various surfaces. From these values . 

volatility temperatures for the halides are calculated. While the absolute values of the 

adsorption enthalpies or the volatilities from the MCDF calculations may not be accurate, 

the trends within a given group of the periodic table should be valid. 

The ·experimental verification of the predictions of these calculations is desirable. 

Various chemical procedures have been devised to investigate the influence of 

relativistic effects on the chemical properties of the transactinides. These experiments 

include volatility studies of both the elemental form [ZHU 89] and of the halides [GAG 

91, JOS 88, TUR 90, ZV A 66,69,70,76,89] using on-line gas chromatographic 

techniques, and solution chemistry using chromatographic and solvent extraction 

techniques. Volatility experiments by Zhuikov et al. [ZHU 89] in 1989 indicated that Rf 

and Hf did not behave like p-elements. These experiments are based on the large 

differences in the heats of sublimation between p and d elements. For example [KAT 

86], the heats of sublimation of Hf(611 KJ/mol), Ta (782 KJ/mol), and W (849 KJ/mol) 
' ' 

are 3 to 4 times higher than those of T1 (180 KJ/mol), Pb (197 KJ/mol), and Bi (209 

KJ/mol). These large. differences are based on the difference of bond strengths 

associated with the p and d elements. In another work published in 1990, Zhuikov et al. 

[ZHU 90] evaluated various experimental approaches for investigating relativistic effects 

in Rf involving volatilities in the elemental state, thermochromatography of Rf 

tetrahalides, and the stability of lower oxidation states. It was stated that in gas 

chromatography experiments (elemental forms) it is hardly possible to distinguish 
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between "relativistic" and "non-relativistic" atoms as it would be extremely difficult to 

stabilize the elements like Hf and Rf in the atomic state at the required high column 

temperatures of up to 1500 oc. Thennochromatography of the tetrachlorides or 

tetrabromides appeared most promising. 

Rudolph [RUD 80] has investigated the validity of "on-line" gas chromatography 

measurements of inorganic halides and oxides as a tool in determining adso~tion. 

enthalpies and entropies for short-lived nuclides. Adsorption enthalpies and entropies on 

quartz surfaces were measured, for NbCls and NbOC13, using the 54 s 97Nbm. These 

results were compared with results from "off-Jine" gas chromatography measurements. 

As shown in Table 1, on-line measurements of adsorption enthalpies and entropies were 

found to provide reliable and reproducible results. 

Table 1.1 Comparison of adsorption enthalpies and entropies from on-line and off-line 
measurements. 

Compound Miads (kJ mole-1) asads (J mole-1 K-1) 

on-line off-line on-line off-line 

NbC15 -69 ± 3 -68 ± 3 -7 ±5 -15 ± 5 

NbOCl3 -96 ±3 -94 ± 13 -31 ± 5 -34 ± 14· 

Data from [RUD 80]Tab1e 1.1 

The short half-lives and low production rates of the transactinide elements make on­

line gas chromatography an invaluable technique in the investigation of nuclear and 

chemical properties of these elements. The study of the nuclear properties of these 
' 

elements is made possible due to a very fast and efficient chemical separation of 

transactinides from interfering actinide activities. Furthermore, chemical properties, such 
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as volatility of halide species of the transactinides and homologs can be studied. From 

these measurements, adsorption enthalpies on various solid surfaces are calculated, and 

trends in the periodic table are investigated. A sudden break or change in a continuing 

trend within a periodic group may indicate the presence of relativistic effects. 
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Chapter2 

Instrumentation Development 

Experimental ipvestigation of the chemical properties of the transactinide elements is 

extremely difficult. The longest-lived known isotopes of the transactinide elements have 

half-lives of 65 s or less. These elements have only been produced in heavy ion fusion 

reactions at rates of a few atoms per minute or less. Furthermore, actinide activities 

which are produced in high yields -in these reactions interfere in the detection of the 

transactinides, further complicating chemical studies. Due to the low production rates 

and short half-lives of these nuclides, very specific and unique chemical procedures have 

been devised. Some procedures are designed to operate continuously, whereas others 

allow fast reproducible separations with high repetition rates in order to obtain 

statistically significant results. On-line isothermal gas chromatography is one of the most 

unique chemical procedures designed to investigate the properties of these elements. 

This method takes advantage of the high volatilities of the halides of the group 4, 5 and 6 

transition elements to efficiently separate transactinide halides and their lighter homologs 

from the less volatile trivalent actinides. This chemical separation allows the 

investigation of nuclear and chemical properties of the transactinide elements. 
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2.1 Previous work 

2.1.1 Zvara et al. (Gas Thermochromatography) 

On-line gas thermochromatography experiments with transactinide elements were 

performed in 1966 by Zvara et al. [ZV A 66]. Their studies have continued until today 
[BEL 75, ZHU 89, ZV A 69,70,76]. Taking advantage of the fact that bromides and 

chlorides of the group 4 and 5 elements, and possibly Rf and Ha, form rather volatile 

species, they performed gas-solid thermochromatography. A schematic of their 

apparatus is given in Fig. 2.1. The.reaction242Pu(22Ne,4n)2601Q4 was used to.form the 

Rf atoms. In some experiments a Sm target was irradiated, along with the Pu target, to 

produce Hf activities simultaneously. Recoiling products formed in the nuclear reaction 

(section I) were carried in a flow of N2 carrier gas to the chlorinating section of the 

apparatus (section II), and the reaction products were subjected to a mixture of NbCl5 

and ZrCl4 vapors. The volatile halides were carried with the nitrogen flow down a 4 m 

long chromatography column (section III). Different materials, such as glass, Teflon, or 

stainless steel, were used in this section as exchange surfaces. An inert filter (section IV) 

was placed before a series of mica fission track detectors (section V), to prevent any 

large particles from entering the detector chamber. Sections VI and VII served as a trap 

for chloride vapors that passed through previous sections. Two series of experiments 

were conducted. All sections of the appar~tus were maintained at a preselected uniform . 

temperature. In the first series, the temperature was maintained at appro~ately 220-

250 °C. Four fission tracks were observed, and were attributed to the decay of 260Rf. In 

the second series of experiments, the temperature of the column was kept at 

approximately 300-350 °C. Eight fission tracks were observed. Based on various 

justifications involving a detector efficiency which was optimized for a 0.3 sec half life 

(which was thought at the time to be correct for 260Rf) and the behavior of the Hf 
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activities [HYD 87], Rf halides were claimed to have been made and separated from the 

actinide activities. However, the mere observation of fission tracks is insufficient for 

identifying the atomic number (Z) or mass number (A) of a fissioning species since all 

information concerning the Z, A and the half-life of the fissioning nucleus is lost These 

results have also been the subject of controversial discussions [HYD 87, GAG 88] in 

relation to the claim of the discovery of element 104. 

2.1.2 Rudolph et al. (Isothermal Chromatography) 

In 1980, Rudolph et al. [RUD 80] developed an on-line isothermal chromatography 

system for the determination of adsorptio!l enthalpies and entropies of short-lived 

inorganic halides and oxides on quartz surfaces. Adsorption enthalpy and entropy results 

were obtained by this method for NbCl5 and NbOCl3 using the 54 sec 97mNb. Fig. 2.2 

illustrates·a schematic of the apparatus used by Rudolph et al. The source of 97Nbm was 

97Zr (from 235u fission products) in a KCl/CsCl melt. The melt was kept at 1000 K 

(section 1). Nb was volatilized as pentachloride, in a nitrogen gas stream containing 

CC14 vapors. The volatile NbCl5 molecules were carried with the gas flow down an 

isothermal quartz chromatography column (section 2), 80 em in length and 8 mm in 

diameter. The column was packed with quartz glass particles. At the end of the 

isothermal section of the column, a · section was gas cooled (section 3) to room · 

temperature and the 744 keV y-radiation of 97Nbm was measured with a Ge(Li)-detector 

system (sections 4 and.5). As illustrated in Table 1.1, their results agreed with data from 

conventional off-line measurements [RUD 79,80b]. Rudolph et al. concluded that on­

line measurements are suitable for the study of heavy elements with Z~100, which can 

only be produced in very small amounts and have short-lived isotopes. 
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2.1.3 Gaggeler et al. (OLGA) . . 

In 1985 Gaggeler et al. [GAG 85] developed an on-line gas chemistrY apparatus 

which was used to investigate adsorption enthalpies for the element polonium with 

various metal surfaces (the apparatus was later called OLGA). In 1986 [BRU 86], 

OLGA was used to search for volatile superheavy elements. OLGA was capable of 

separating volatile elements in their oxide or hydroxide forms. This system had the 

advantage of performing alpha spectroscopy while measuring the half-lives, making it 

possible to identify the decaying nuclide. Soon after, Gaggeler et al. developed OLGA II 

[GAG 91], which was especially designed for the separation of volatile halide species of 

short-lived nuclides. This system was also equipped with an improved detection system 

and was used in several studies of the halides of hafnium, niobium, tantalum, 

protactinium, rutherfordium and hahnium [GAG 92, TIJR 90, Y A 89]. The OLGA 

systems (Fig. 2.3) were very similar in design to the system used by Rudolph et al, with 

some exceptions. The reaction products were· attached to KCl aerosols in He and 

transported to a quartz wool plug kept at 900 °C, inside the chromatography column. 

The chlorinating agents were added at this point and the volatile species formed were 

carried down an isothermal section of the column. After the volatile species moved 

through this section, they were attached to new KCl aerosols in N2, in a recluster 

chamber, and collected on a tape which was moved in front of a series of alpha detectors 

or a gamma ·detector. HBr and HCl were used as halogenating agents. The main 

differences between this system and the system used by Rudolph et al., are the much 

shorter chromatography column (30 em), the addition of a recluster chamber, and .the 

tape detection system. 
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2.2 New Instrumentation 

Motivated by this pioneering research, an improved system called the Heavy 

Element Volatility Instrument (HEVI) was designed and constructed. HEVI [KAD 92] is 

an on-line gas chromatography system which continuously separates halide species of 

short-lived nuclides according to their volatilities. Although the OLGA systems were an 

improvement over Rudolph's system, they also had several shortcomings. The isothermal 

section of the coiumn was very short, the temperature profiles lacked uniformity (Fig. 

2.4), and the design of the system permitted the corrosion of the heating units, leading to 

the break down of the system. Major improvements in the HEVI system include a 

longer chromatography column with superior temperature profiles which result in more 

distinct separation of the volatile species. . Addition of a controlled gas flow system 

prevents salt buildup . inside the column from the He/KCl aerosol gas transport system 

and allows continuous use of the system without periodic replacement of the column. 

The new system is designed to prevent or reduce corrosion. Both gaseous HBr and HCl 

have been used as halogenating agents in experiments with HEVI. 
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2.2.1 Operation _Principle 

Activity is transported from the target chamber (see section 3.2) to HEVI via an 

aerosol gas-jet transport system. The aerosols are generated by sublimation of crystalline 

KCl or Mo03 inside a quartz tube. Helium ~as is passed over the crystals at the rate of 

2 liters per minute to ~weep the aerosols into a ·presorter capillary, where the larger -

aerosol particles are allowed to settle out of the He flow. The presorted aerosols are then 

transported directly into the target chamber through a 4.8-mm i.d. Teflon capillary. 

Products of nuclear reactions between. an ion beam from the LBL 88-Inch Cyclotron and · 

a fixed target, recoil out of the target (Fig. 2.5) and are stopped in helium. The products 

are then collected on aerosols in helium which sweeps out the volume behind the target 

continuously. The activity-laden aerosols are then rapidly transported by the helium 

through a 1.6-mm i.d. Teflon capillary tube to the chromatography system. 

The activity-laden aerosols enter the first section of the quartz column and are 

stopped on a quartz wool plug placed at the entrance to the chromatography section of 

the column. This first section of the quartz column is kept at approximately 900°C to 

vaporize the aerosols, leaving the· activity_ on the quartz wool. Reactive gases are added 

to the quartz wool plug to form halide compounds. The volatile species are then carried 

down a cooler, isothermal section of the column by the helium gas flow. The species 

that leave the column, enter a recluster chamber, where they are attached to new KCl 

aerosols in N2 (section 2.2.2.4), and are transported to the detection system. The N2fKCl 

transport system is similar to the described He/KCl transport system. 

The retention time of a molecule in the isothermal section of the column is related· to 

the number of adsorption/desorption steps between the molecule and the column surface 

and also the period of time the molecule spends in the adsorbed state. The retention time 

is then dependent on the adsorption enthalpy' the column temperature, the true volume 
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flow rate of the carrier gas and the column length. If the retention time is relatively long 

in comparison to the half-life of a species, it will remain on the surface of the quartz 

column and decay. However, if the species has a relatively short retention time 

compared with its half life, it will leave the column and enter the recluster chamber 

where it is attached to new aerosol particles and transported to a detection system. So 

retention time as a function of column temperature is measured using the species half-life. 

as a clock. 

Two detection systems are used to detect alpha/spontaneous fission (SF) activities 

and a separate system to detect gamma-ray activities. The horizontal rotating wheel 

system [HOF 80], the MG, and the OLGAll tape counting system [GAG 91] can be used 

to detect alpha/SF activities. A Ge detector in conjunction with a special collection site 

is used to detect gamma or X-ray activities. All systems are described in detail in 

subsequent sections of this thesis. All detector chambers and ·the .collection site were 

evacuated with an inert vacuum pump. The exhaust gases, still containing the reactive 

halogenating agents, were neutralized in a NaOH scrubber system before release to the 

building exhaust. 

2.2.2 Design Description 

HEVI consists of several components (Fig. 2.6): (i) the split shell furnaces (Fig. 

2. 7), and controllers, which heat the various sections of the quartz column; (ii) the 

chromatography column assembly consisting of the Inconel jacket (Fig .. 2.8), the quartz 

chromatography column and the graphite/ceramic pieces; (iii) the heat sink, which 

· provides cooling between the high temperature section of the system and the cooler 

isothermal section; (iv) the recluster components (Fig. 2.9), which allow the transport of 

the separated volatile species to the detection system; (v) the gas flow system consisting 
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of the mass flow controllers and gas switches (Fig .. 2.10), which control the continuous 

flow of gases to the system; and (vi) the detection systems. 

2.2.2.1 Split Shell Furnaces and Controllers 

The system is heated by four split shell furnaces (Teco F-6-1000-H-1.5-1V-SSL)* 

mounted end to end on a 15 x 94 em rotating table, (Fig. 2.6). The furnaces are 16.51-. 

em in length with a 12.8-cm o.d~, (Fig. 2.7). The heated length in each furnace is 15.2-

cm. The furnaces are designed for operation up to a maximum temperature of 1000°C. 
" 

They are provided with a 2.54-cm i.d. vestibule to allow clearance for the Inconel jacket. 

The control device for each furnace (Teco/Sigma .MDC4E) is capable of accurately 

controlling the rate of ascent or descent t~ appropriate temperature settings. 

2.2.2.2 Chromatography Column Assembly 

Inconel alloy 600 is a good material for use in severely corrosive environments at 

elevated temperatures. It is resistant to oxidation at temperatures .up to 1180°C. The 

alloy has excellent mechanical properties at cryogenic as well as elevated temperatures; 

Because of its resistance to chloride-ion stress-corrosion cracking and corrosion by high 

purity water, it is also used in nuclear reactors. The Inconel jacket is a tube 

approximately 78-cm long with a 2.54-cm o.d and a 2.21-cm i.d. (Fig.2.8). Stainless 

steel flanges are welded on the ends of the Inconel jacket and copper water cooling coils 

have been soldered to both ends of the tube. Cooling of the flanges is ~ssential for 

vacuum tight connections with adjacent system components. 

• Teco Manufacturing Company, 108 Baywood Ave. #100, Longwood, Florida 32750 
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A tube adapter has been connected to the upstream end of the Inconel jacket to 

increase its diameter from 2.5-cm to 7 .5-cm, in order to allow clearance to insert and seal 

the 8-mm o.d. quartz chromatography column. The length of the 6-mm i.d. quartz 

column is 82.2-cm. At the downstream end, there is a 5.1-cm tip of 1-mm i.d .. A 3-mm 

i.d. indentation is placed 28.2-cm from the beginning of the column (Fig. 2.8) to hold a 

small amount of quartz wool. The quartz wool acts as a filter for the activity l~en 

aerosols, which are transported from the target chamber via the He gas jet,· as explained 

above. This section of the quartz column is kept at approximately 900°C by the first 

furnace, and the remaining 59.1-cm length of the column is kept isothermal at lower 

temperatures, ranging from 50°C to 650°C by the other three furnaces. The activity­

laden aerosols are transported directly to the quartz wool by a·27-cm long x 2.0-mm i.d. 

alu~um oxide tube, in the quartz column. The aerosols are collected on the quartz 

wool, and are vaporized at 900°C, leaving the activity on the quartz wool. Brominating 

or chlorinating agents, such as HBr or HCl gases, are adde4 at this point at a rate of 100 

ml/min. · Volatile halide species which are formed will then flow down the isothermal 

length of the column at the appropriate isothermal temperature and enter the recluster 

chamber. Nonvolatile species decay inside the quartz column. 

To keep uniform· isothermal temperature profiles in our quartz chromatography 

column, a series of graphite and ceramic tubes, with a 2.10-cm o.d. and a 9.0-mm i.d., 

are carefully arranged inside the Inconel jacket (Fig. 2.8)~ High-density graphite is used 

for its excellent heat conductivity properties and ceramic is used for its good heat 

insulation properties. A 7 .1-cm ceramic piece insulates the 900°C section from the 

upstream end of the Inconel jacket. This piece is followed by a 7 .6-cm graphite piece 

which assures a uniform temperature at the quartz wool position. Next is a 5.1-cm 

ceramic piece which insulates the isothermal section from the 900°C section. Finally a 

52.7 -em graphite tube surrounds the isothermal section of the quartz tube insuring a 

uniform temperature. The last 2.54 em of this graphite tube is reduced to a 1.55-cm o.d. 
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and a 3.2-mm ceramic washer is placed between the graphite and the Inconel wall, to 

avoid contact between the graphite and the water cooled lnconel tube. This reduces 

cooling of the graphite (and the column) and ensures uniform temperature profiles at the 

tip· of the column. A 100 ml/min flow of nitrogen gas is maintained inside the Inconel 

jacket and around the graphite/ceramic arrangement This assUres a slight positive 

pressure inside the lnconel jacket, preventing the back flow of corrosive gases inside the. 

jacket 

2.2.2.3 Heat Sink 

To further minimize the transfer of heat from the 900°C section to the adjacent 

isothermal section a removable heat sink was constructed. The heat sink is a water 

cooled 6.5 x 6.0 x 1.0-cm copper block. It is used around the Inconel jacket between the 

900°C furnace and the isothermal section for all ~mperature settings below 250°C and is . 

removed at higher temperatures. The control of the water flow through the heat sink 

regulates the heat transfer from the 900°C section to the isothermal section. The water 

flow through the system is controlled by a water flowmeter (RMA Rate-Master, • Dwyer 

Instruments, Inc.). ·The meter controls flow from 7 1/hr to 91 1/hr. Appropriate water 

flow settings have been determined for each isothermal temperature. 

2.2.2.4 Recluster Components 

The volatile species, after leaving the chromatography column, enter the recluster 

chamber, where they are attached to KCl aerosols in nitrogen to be transported through a 

capillary to the detection system. The recluster unit consists of the connecting piece, 

• Dwyer Instunnents, Inc., P.O. Box 373, Michigan City, Indiana 46360 
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the gas distributor, the recluster chamber and the end piece (Fig. 2.9). 

The KCl aerosols for the N2fKCl gas jet system are generated by sublimation of 
. . 

crystalline KCl at approximately 650°C inside a quartz tube. Nitrogen gas, at the rate of 

1.5 liters per minute, is used to sweep the aerosols out of the tube and into a 'presorter' 

capillary, where the larger aerosol ·particles are allowed to settle out. The presorted 

aerosols are transported directly into the recluster gas distributor via a 4.8-mm i.d. 

polypropylene tube. The recluster gas distributor is a 9.0-cm long stainless steel 

cylindrical piece with a 6.5-cm o.d.. The recluster gas exits the distributor through four 

2.4-mm i.d. polypropylene capillaries and is introduced to the recluster unit through four 

inlets on the recluster connecting piece. The stainless steel recluster connecting piece, 

illustrated in Fig. 2.9, connects the Inconel jacket to the recluster unit. The recluster 
( 

chamber is a 30.5-cm long cylindrical piece of 2.5-mm thick 'Pyrex glass with a 6.7-cm 

i.d. The species entering the recluster chamber through the tip of the quartz 

chromatography column are collected on the aerosols in nitrogen. The activity-laden 

aerosols are then swept out of the chamber into a 2.4-mm i.d. polypropylene capillary 

from the center of the recluster end piece and transported to the detection system. The 

recluster unit typically operates at an absolute pressure of 0.85 atm. 

2.2.2.5 Gas Flow System 

During an experiment two types of measurements are p~rformed. The activity-laden 

aerosols which exit the target system are either injected into the chromatography system, 

where chromatography is performed before transport to the detection system for a 

'chemistry' measurement, or the chromatography system is bypassed and the activities. are 

sent directly to the detection system where a 'direct catch' measurement is performed. A 

direct catch is simply a measurement of the amount of activity from specific nuclides 
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under study, without chemical separation. A comparison of the activities from a direct 

catch measurement and a chemistry measurement gives the relative yield of a species. In 

order to perform the above two measurements, it is crucial to maintain the uninterrupted 

flow of gases in the system to maintain the temperature profiles in the quartz column and 

to maintain a constant gas-jet efficiency. 

The controlled flow of gases in HEVI is obtained through several mass flow 

controllers and two direction control switches. Fig. 2.10 shows a schematic of the 

controlled flow of gas through the entire system. The two bypass-switches are made out 

of Lucite with dimensions of 9.0 x 9.0 x 3.5-cm. The. first bypass-switch enables the 

aerosols to bypass the chromatography oven to perlorm a yield check measurement. At 

~e same time, pure helium is directed into the chromatography column at a rate of 2 

Vmin, to maintain the~ temperature profiles. The second switch enables the aerosols to 

either enter the detection system or bypass the detection system and proceed directly to 
\ . 

waste. All corrosive gases are neutralized by a scrubber system as shown in Fig. 2.10. 

2.2.3 Temperature Profiles 

Fig. 2.11 illustrates temperature profiles inside the quartz chromatography column 

for each of the thirteen isothermal temperature settings from 50°C to 650°C in 50°C 

increments. To obtain these profiles, a thermocouple was inserted inside the column and 

pulled back in 1-cm increments from the column tip to the quartz wool plug and the 

temperature at each point was recorded. The flow of gases through the system was 

regulated to produce exact experimental gas flow conditions. As previously mentioned, 

the heat sink was removed at temperatures above 250°C. This is the cause of the sudden 

increase in temperature observed in Fig. 2.11 at the region from 5-cm through 15-cm 

between the 250°C setting and all higher temperature settings. The length of the 
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isothermal section part in the chromatography column is about 15-cm at 50°C settings, 

approximately 40-cm at 100°C ·through 250°C settings, and appro~ately 30-cm at 

300°C or higher. The term 'isothermal' implies T±5°C. The greater lengths of HEVrs 

isothermal sections are a major improvement over OLGA II (Fig. 2.4), whose isothermal 

lengths are 20-cm at 700°C, 18-cm at 600°C, 16-cm at 400°C .and 500°C, 15-cm at 

300°C, 11-cm at 200°C and only 6-cm at 1 00°C. This improvement should lead to more. 

distinct separations. 
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Chapter 3 

Production of Isotopes 

Transactinide ~lements can only be produced in "heavy ion" fusion reactions at rates 

of a few atoms per minute or less. The production of these elements requires neutron­

rich actinide elements, with relatively long half lives, as target material and heavy ion 

beams. Isotopes such as 248cm (element 96) and 249Bk (element 97) are ].deal target 

materials for such heavy ion fusion reactions. A combination of such targets with an 

accelerated beam of 18o yields detectable amounts of transactinides, via a compound 

nucleus reaction mechanism. 

As mentioned before, on-line isothermal gas chromatography is a method by which 

volatile compounds of different chemical elements can be separated according ·to their 

volatilities. Our investigation of periodic table trends is based on a comparison of the 

volatilities of transactinide halides with halides of their lighter homologs. This 

comparison may only be valid when study of the volatilities of homologous elements are 

performed under the same conditions as for the transactinide elements. Consequently, 

short-lived isotopes of the lighter homolog elements were also produced in tracer 

quantitie,s via heavy ion fusion reactions. 
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3.1 Target Preparation 

Several targets were used in this work for the production of transactinide elements 

and their lighter homologs. All . targets were prepared via a molecular deposition 

technique [AUM 74, EVA 72, MUL 75] from an isopropanol solution. This method 

ensures a thiri, adherant, and uniform target Target materials in N03- form .are 

dissolved in pure isopropanol and electroplated on thin metal foil backings at high 

voltage. Fig. 3.1 illustrates a special electroplating cell developed for the preparation of 

targets. The plating cell has an aluminum base which holds the circular (o.d. 12-mm) 

beryllium (2.75-mg/cm2) metal foil used as target backing. The Be foil serves as the 

cathode. A Teflon chimney (i.d. 6-mm), which holds the isopropanol solution containing 

known amounts of the target material to be plated, is placed directly on top of the Be foil. 

A platinum foil with a 4-mm center hole, acts as the anode, and is placed in between the 

mid ring and the top section of the plating cell. The solution is stirred continuously with 

a 2-mm o.d. glass rod attached to a small electric ~otor. Deposition is carried out by _. 

applying ,several hundred volts across the electrodes. The voltage is adjusted so that the 

current does not, exceed 6-mA/cm2, since at this point the solution will begin to bubble 

resulting in a poor ~eposit A layer of approxim;ttely 75-J.1g/cm2 is deposited on the Be 

· foil in a 6-mm diameter circle, as defmed by the chimney of the plating cell. The Be foil 

is then dried under a heat lamp and baked in a qu.artz tube inside a split shell furnace at 

500°C for approximately thirty minutes to convert the deposit to the oxide. The exact 

target thickness is determined using an a-spectrometer system utilizing a Si(Au) solid 

state surface barrier detector. The plating and baking process is repeated until the desired 

target thickness is achieved. 
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Fig. 3.1 Schematic of the plating cell used in target preparation 
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3.1.1 Mixed natEu and 147Sm Target 

' 
A mixed target of natEu (47.8% 151Eu, 52.2% 153Eu) and 147sm was prepared for 

the Hf and Ta isotope production. Europium oxide powder was purchased from K & K 
' 

Laboratories Inc. at Plainview, NY. Isotopically pure 147sm203 was purchase from 

Oak Ridge National Laboratory. Known amounts of both materials were dissolved in an 

appropriate quantity of 3 M nitric acid. The solutions were then evaporated to dryness 

several times from a 3M nitric acid solution to convert the Eu203 and the 147sm203 to 

nitrate form. Stock solutions ofEu and 147sm were prepared by dissolving the resulting 

N03'" salts in appropriate amounts of pure isopropanol. In order to measure the target 

thickness after each plating procedure, 241 Am and 248cm _tracers were added to the Sm 

and the Eu solutions, respectively. Known amounts of both solutions were added to the 

plating cell before each P.lating interval. The fmal thicknesses of Sm and Eu metal in the 

final metal-oxide deposit was 0.365-mg/cm2(0.214-mg/cm2, 147sm and 0.151-mg/cm2, 

natEu). 

3.1.2 24Scm Target 

A 248cm target was prepared for the production of 261Rf via the 248cm(18o,5n) 

reaction at the Lawrence Berkeley Laboratory (LBL) 88-Inch Cyclotron. First, a 3+12+ 

separation (Fig. 3.2) was conducted in order to isolate the Cm from lead impurities. The 

Cm3+ in a 0.20 M HN03 aqueous phase was extracted into an organic _phase of 0.5 M 

di-2-ethylhexylorthophosphoric (HDEHP) add in heptane [HOR 69]. Two back 

extraction procedures were performed on the organic phase. First, a 3+12+ separation 

was performed by a back extraction of the 2+ ions into a 0.2 M HN03 solution. Second, 

a 4+13+ separation was performed by a back extraction of the cm3+ into a 3M HN03 
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solution. This procedure isolated Cm from 2+ and 4+ lead ion impurities. The 3M 

HN03 aqueous phase was washed several times with heptane to remove residual 

HDEHP. The solution was then evaporated, and the resulting N03- salt was dissolved in 

·appropriate amount of pure isopropanol. Each extraction was performed twice to assure 

high separation yield.· The target was then prepared via the electrodeposition method 

described in section 3.1. The fmal thickness of 248em in the Cm203 deposit was 0.81-. 

mg/cm2. 

3.1.3 249Bk Target 

A 249Bk target was prepared for the production of Ha isotopes via the 

249Bk(18o,5n) reaction at the Gesellschaft fiir Schwerionenforschung (GSI) UNILAC ) 

accelerator in Darmstadt, Germany. The 325-day 249Bk was purified from 249Cf, the 

beta decay daughter, via a 4+13+ separation (Fig. 3.3). The Bk3+ in a 10 M HN03 

aqueous phase was converted to the 4+ oxidation state using saturated KBr03. The 

Bic4+ was extracted into an organic phase of 0.5 M HDEHP in heptane. Two back 

extraction procedures were performed on the organic phase. Each aqueous phase used 

for the back extractions contained a small amount of H202 to reduce Bic4+ to Bk3+. 

First, a 3+12+ separation was performed by a back extraction of the 2+ ions into a 0.2 M 

HN03 solution. Second, a 4+13+ separation was performed by a back extraction of the 

Bk+3 into a 3M HN03 solution. This procedure isolated Bk from 2+ and 4+ lead ion 

impurities. The 3M HN03' aqueous phase was washed several times with heptane to 

remove residual HDEHP. Each extraction was performed twice to assure high separation 

yield. The target was then prepared via the electrodeposition method described in section 

3.1.. The fmal thickness of249Bk in the Bk203 deposit was 0.70-mg/cm2. 
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3.1.4 23Su Target 

A 235u target was prepared for the production of Zr and Nb isotopes via the 

235u(n,f) reaction at the SAPHIR reactor at the Paul Scherrer Institute (PSI) in 

Switzerland. A stock solution of 235u was prepared in pure isopropanol and 

electrodeposited on a 4.05 mg/cm2 thick, 60-mm i.d circular aluminum foil. · A plating 

cell and plating procedures, similar to those described in section 3.1, were used in the 

production of this target However, a larger plating cell·was used to give a target with a 

50-mm diameter. The glass stirring rod was replaced with a platinum wire shaped in the 

form of a flat spiral, which acted both as the anode and a stirrer. The fmal thickness of 

235u in this target was 0.180 mgtcm2. 

· 3.2 Target Systems 

3.2.1 LBL 

All irradiations carried out for the production of Hf, Ta, Bi, Po, and Rf isotopes were 

performed at the LBL 88-Inch Cyclotron in Cave 0, the high-radiation level irradiation 

facility. This facility is equipped with a target system (Fig. 3.4) capable of utilizing non­

radioactive or radioactive targets. When using a radioactive target, a fast-closing 

"slammer valve" is used to ensure that the 88-Inch Cyclotron is protected from 

contamination with target material in the case of a catastrophic target failure. During 

these irradiations, the pressure inside the beam· line between the accelerator and the target 
' 

system is continuously monitored. In the event of a vacuum failure, the "slanuner valve" 

simply seals the beam line between the target system and the cyclotron, isolating the 
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cyclotron. A "beam wobbler" [MOO 83] is also used to spread the beam intensity over 

the entire target area to prevent local overheating in the target. 

After a positive ion beam exits the cyclotron and passes through the "beam wobbler", 

it passes through a water-cooled graphite collimator (6-mm i.d.), a 2.75-mg/cm2 Be 

vacuum window which separates the target system from the cyclotron vacuum, 0.2-

mg/cm2 nitrogen cooling gas, which cools the target backing placed 2-mm ft:om the 

vacuum window, the 2.75-mg/cm2 Be target backing, and finally the target material. 

The beam is stopped in a water cooled graphite beam stop, 15 em from the target. 

The reaction products which recoil out of the target are stopped in 1.3 atm He in the 

recoil chamber. The products are then attached to aerosols in the He and ar~ transported 

to the gas chromatography system through a 2.4-mm i.d. x 5-m long capillary. 

3.2.2 GSI 

All ~adiations carried out for the production of Ha isotopes were performed at the 

GSI UNILAC accelerator. The targ~t system (Fig. 3.5) used at this facility is very 

similar to the system used at LBL. To protect the accelerator from possible 

contamination during bombardments of radioactive targets, a "quick valve" is used. The 

design and the principle of operation of this valveis similar to the "slammer valve" used 

atLBL. 

The positive ion beam passes through the same materials as in section 3.2.1 but it is 

stopped in a water cooled copper, beam stop. It is possible to adjust the distance between 

the gas-jet recoil chamber and the target. The recoiling reaction products are attached on 

aerosols in He, which sweeps the front of the tal-get continuously, and are transported to 

the gas chromatography system through a2.4-mm i.d. x 15-m long capillary. 
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3.2.3 PSI 

All irradiations carried out for the production of 'h: and Nb isotopes were performed 

at the PSI SAPHIR reactor. The reactor is of the light-water moderated swimming pool 

type with a thermal power of 10 MW. A helium-filled beam line provides (4.6±0.5)x106 

thermal neutrons/(s·cm2) over a beam spot size of 50 mm in diameter at the site of the 

target Fig. 3.6 illustrates the schematic of the target system. The target chamber is 

made of titanium to keep the neutron-induced activity of the assembly as low as possible 

[YA 89]. The Ti(n;y) reaction produces only the 5.1-min 51Ti with a low cross section 

of 0.2 barn. The 6-mm thick aluminum-bora~ carbide chopper is used to reduce the 

neutron flux out of the reactor by a factor of 100. The production of the fission product 

nuclides can be precisely timed with this mechanical shutter. The target chamber can be 

vented through a relief valve into the waste air stream. The waste air from the outer tube 

of the capillaries and from the target chamber housing is pumped through an activated 

charcoal filter and then released into the building ventilation system. The level of 

activity in the filter· is continuously monitored. The recoiling fission products are 

attached to aerosols in He, which sweeps the front of the. target continuously, and are 

transported to the gas chromatography system. If the monitored activity excee$ the 

preset limits, an interlock is triggered, closing the reactor beam line and the gas supply to 

the gas-jet transport system and opening the relief valve to the target chamber. 
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3.3 · Irradiations 

3.3.1 NatEu + 147 Sm(20Ne,xn) Reactions 

· Isotopes of Hf and Ta were produced by (20Ne6+ ,xn) reactions with a mixed natEu + 

147sm·target. The 140-MeV (laboratory system) 20Ne6+ beam from the LBL 88-Inch 

cyclotron, after passing through the 2.75-mg/cm2 Be vacuum window, 0.2-mg/cm2 

nitrogen cooling gas and the 2.75-mg/cm2 Be target backing, was degraded to 122 MeV 

before striking the target material. Typical beam currents of 0.1 pJ.LA were used 

throughout the experiments. The isotopes 41-s 162Hf, 1.7-min 165Hf, 32-s 166Ta and 

1.3-min 167Ta were produced with cross sections of hundreds of milibarns. Typical y­

spectra of a 'direct catch' and a 'chemistry' experiment are illustrated in Fig. 3. 7. The 

'direct catch' measurement is simply a 5-min survey of photopeaks from the reaction 

products transported directly from the target system to the detection system. During a 

'chemistry' measurement the reaction products are transported to the chromatography 

system where a chemical separation based on volatility is performed. The separated 

volatile species are then transported to the detection system as previously explained in 

section 2.2.2.5. The 'chemistry' spectrum illustrated in Fig. 3.7 was measured after 

separation at 500°C where both the Hf and the Ta· halides are volatile. In both types of 

measurements, samples were collected for 5 min and surveyed during the collection 

period for characteristic photopeaks. The 173.,7-keV and 195-keV y-peaks were 

observed for 162Hf. The 179.9-keV [BRU 81] y-peak was observed for 165Hf. The 

158.7-keV and 311.7 KeV y-peaks were observed for 166Ta, and the 113.7-keV and 

139.5-keV y-peaks for 167Ta [SHI 78]. 
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3.3.2 248Cm(180,5n) Reaction 

The 78~1 s 261Rf (half-life measured in this work) was· produced by the 

248cm(18o5+,5n) reaction with a cross section of 5 nb [Gill 70]. The 117-MeV 

(laboratory system) 18Q5+ beam from the LBL 88-Inch cyclotron, after passing through 

the 2.75-mg/cm2 Be vacuum window, 0.2-mg/cm2 nitrogen cooling gas and th.e 2.75-. 

mg/cm2 Be target backing, was degraded to 99 MeV before striking the target material. 

Typical beam currents of 0.5 pJ.lA were used throughout the experiments. Each sample 

was collected for one minute and surveyed for 6 min for characteristic alpha-paiticle 

events. Fig. 3.8 shows the sum spectrum of all alpha particles observed in the chemistry 

experiments for the frrst 3 minutes of counting. The major activities in this spectrum are 

fr~m Bi and Po isotopes. The chlorid~ species of these elements are highly volatile 

(chromatographic properties discussed in chapter 6). These isotopes are produced with 

cross sections of tens to hundreds of millibarns from the reaction of 18o with trace lead 

impurities in the target material. The 8.15-M~V to 8.38-MeV region in the alpha 

spectrum contains all events due to 261Rf and its 25-s daughter 257No. A weak alpha 

line at 8.305 MeV (0.25%) from the 25.2-s 211pom also falls in this region. However, 

_ the number of events in this region attributable to this alpha line can be deduced using its 

known intensity relative to the 7.275-MeV (91.05%) 211pom alpha line [Shl 78]. 
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3.3.3 249Bk(l80,Sn) Reaction 

· 34-s 262Ha was ·produced at .. the UNILAC accelerator at GSI by the 

249Bk(18()5+,5n) reaction, at a beam energy of 99-MeV (laboratory system), with a 

cross sections of 6±3 nb [KRA 92]. Typical beam currents of 0.5 p~ were used 

throughout the experiments. Each sample was collected for 20 s and surveyed for 2 min 

for characteristic alpha-particle and spontaneous fission events. Fig. 3.9 shows the sum 

spectrum of all alpha particles observed in the chemistry experiments. As explained in 

section 3.3.2, the major activities in this spectrum are from Bi and Po isotopes. The 8.40 

MeV to 8. 70 Mev region in the alpha spectrum contains all events due to 262Ha and its 

3.93-s daughter 258Lr. 

3.3.4 235U(n,f) Products 

Neutron-rich isotopes of 'h: and Nb were produced at the SAPHIR reactor at PSI via 

the neutron-induced fission of 235u. The 235u target ~as covered with a 3.24-mg/cm2 

thick aluminum foil in order to suppress products from the heavy fission fragment mass 

peak relative to the light one. The former products, having a significantly lower recoil 

energy and range, are stopped in this foil, simplifying the identification of the light 'h: 

and Nb fission isotopes. Typical y-spectra of a 'direct catch' and a 'chemistry' experiment 
' 

are illustrated in Fig. 3.10. The 504.3-keV y-peak for the 7.1-s 100'h: was observed. 

The 787.3-keV and 1024.0-keV y-peaks for 2.9-s 98Nb were observed. The 97.7-keV 

and 139.8-keV y-peaks for 15-s 99Nb, and 1429-keV y-peak for the 1.25-min 94sr [SHI 

78] were observed. The 'chemistry' spectrum illustrated in Fig. 3.10 was measured after 

separation at 400~C where both the 'h: and the Nb halides are volatile. Strontium has no 

volatile chloride species, as observed by the disappearance of the ·1429-ke V y-peak of 
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1.25-min 94sr,. The 30.7-s 98Zr, which has no -y-peaks, was detected by the-y-peaks of -

its 2.9-s 98Nb daughter. It was assumed that all 98Nb detected was produced by the 

decay of 98Zr since the recluster time, period of time from separation to detection, was 

on the order of 20 s. Gamma peaks not labeled in Fig. 3.10 include those due to the 

decay of 141Ba, 142Ba, 145ee, 140cs, 1341, 144La, 101Mo, 90Rb, 130sb, 132sb, 

104Tc, 133Te, 134Te, etc .. 
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Chapter 4 

Experimental Procedures 

4.1 Gas Transport Systems 

All products from nuclear reactions were transported to the gas chromatography 

system (HEVI) via a He/aerosol gas transport system. Two aerosol systems, He/KCI and 

He/Mo03, were used in this work. The aerosols for each gas-jet system were generated 

by heating crystalline KCl or Mo03 to 640°C or 620°C, respectively, inside a quartz tube 

heated by a split shell furnace. Helium gas flowing at a rate of 2 Vmin, was used to 

sweep the aerosols out of the tube and into a 'presorter' capillary, where the larger aerosol 

particles were allowed to settle out of the He flow. The presorter is a 5 meter length of 

4.8-mm i.d. Teflon capillary tube which has been wound into several coils of about 15 

em diameter. The 'presorted' aerosols were transported directly into the target chamber 

via a 4.8-mm i.d. Teflon. capillary tube. The recoiling reaction products were stopped in 

the He and collected on the aerosols in the helium, which continuously swept out the 

volume behind each target. The activity-laden aerosols were transported by the helium 

through a 1.6-mm i.d. Teflon capillary tube to the gas chromatography apparatus. All 

capillaries used in the transport process of the products to HEVI were made of Teflon to 

eliminate any exchange of oxygen through the capillary walls. The yield of volatile 
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halides was found to be sensitive to oxygen. The total transportation yield of both 

systems ranges from 60-80%. In experiments conducted at the 88-Inch cyclotron at 

LBL, the length of the transport capillary from the target chamber to the gas 

chromatography apparatus was 5 meters with a transport time of one second or less. The 

length of this capillary at the UNILAC accelerator at GSI was 15 meters with a 

comparable transport time. At the SAPHIR reactor at PSI, a 130 meter long 

polyethylene capillary (2-mm i.d.) was used to transport the' activity from the reactor 

building to the chemistry building. A transportation time of approximately 12 s was 

measured [Y A 89] at a gas flow of 2 Vmin. 

4.1.1 Aerosol Oven Temperatures 

The aerosol oven temperatures given in section 4.1 represent conditions of 

maximized gas-jet yield for each system. To arrive at these temperatures gas-jet yield 

measurell)ents were conducted at preselected temperature intervals. For these 

measurements an 225 Ac recoil source, made from a 229n source, on a flat brass pin 

was used in conjunction with a recoil chamber. The flat side of the brass pin was placed 

1 em away from a 229n source in 1 atm of He (Fig. 4.1 ). Three hundred volts were 

applied between the source and the pin to collect the positive 225Ra ions, recoiling from 

the 229n alpha decay, on the brass pin (the high ionization potential. of He prevents 

neutralization of the 225Ra). The Ac source was held inside the recoil chamber (Fig. 

4.2) and the recoiling products from the 225Ra decay chain (Fig. 4.3) were attached to 

the aerosols which were then transported to a collection site. One hundred volts were 

applied between the source and a metal pin to aid the recoiling of products. The 

recoiling 221 Fr attached to the aerosols which were transported via the gas-jet system 

and collected on thin Al foils. These foils were measured with an a-spectrometer system 
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utilizing a Si(Au) solid state surface barrier detector. Gas-jet transport yields were 

determined using the 6.341-MeV, 7.069-MeV and 8.375-MeV alpha particles from 

221Fr, 217 At, and 213po, respectively. Figs 4.4 and 4.5 show yield versus aerosol oven 

temperature plots for the He/KCl and the He/Mo03 systems, respectively. A 

temperature of 620°C was used for the He/Mo03 system since at the maximized yield 

temperature of 650°C excess amounts of Mo03 aerosols overload the system. Aerosol 

oven temperatures were elevated by =100°C [YA 89] at GSI and PSI since a stainless 

steel tube was used, in place of a quartz tube, and there was an addition of a sintered 

glass Il.lter after the 'presorter' loop. The glass filter further discriminated against large 

aerosol particles and was cleaned daily to insure constant transport conditions. 

4.1.2 Aerosol Material 

Two types of aerosols were used. KCl aerosols were used in the early development 

stages of this chem1cal separation since the He/KCl system was a well-established 

method of transporting reaction products from heavy ion ~uclear reactions. This is the 

preferred transport system for aqueous chemistry since KCl readily dissolves. in aqueous 

solutions. However, after prolonged gas chemistry experiments with this system, the 

quartz surface of the chromatography column is partially coated with a thin layer of KCl 

causing the chromatography to be performed on KCl rather than on Si02. Our volatility 

measurements are strongly dependent on the chromatography surface and therefore a new 

transport system had to be established to resolve this problem. 

The He/Mo03 transport system is the preferred system for our on-line isothermal 

gas chromatography. Reactions between Mo03 and a variety of chlorinating agents 

produce molybdenum-chloride (MoC15) and -oxychloride (MoOC13) which are volatile 

at temperatures as low as 1 00°C. After the transport of reaction products to the 
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chromatography system, the aerosols are converted to volatile species which leave the 

column without coating the quartz (SiQV chromatography surface. 

As ·stated above, the He/Mo03 transport system is very new and not completely 

understood. For example, certain chlorinating agents such as HCI and HBr gas produce 

non-volatile molybdenum-oxyhalides (Mo02Cl2, Mo02Br2) which coat the 

chromatography column (found in this work). Intensive studies of this system are being 

c~mducted at PSI [TUR 93]. 

4.2 Halogenating Agents 

. Various halogenating systems were used in order to find the optimum. conditions for 

the gas chromatography process. Halogenating agents in both gaseous and gas/vapor 

phases were utilized. All gases were supplied to the chromatography system by a (Model 

# SCH-0118) *Matheson 7-valve panel. The flow rate of gases to the system was 

controlled by a Matheson mass flow controller. The panel was used in conjunction with 

a gas bubbler (Fig. 4.6) for gas/vapor phase halogenating systems. Gases supplied from 

the mass flow controller entered the gas bubbler through the reactive gas inlet The gas 

bubbled through the liquid phase to create vapor, and exited the bubbler through the 

reactive gas outlet to the chromatography system. lite bubbler was designed to allow the 

bypass of liquid agents by a clockwise and a counterclockwise rotation. of valves 1 and 2, 

respectively. 

All gases were purchased from Matheson Ga5 Company Inc. and all other chemicals 

were purchased from Aldrich Chemical Company Inc .. The HCI, HBr, and C12 gases 

were 99.995%, 99.8%, and 99.99% in purity. The thionyl chloride (SOC12), carbon 

*Matheson Gas Products, 8800 Utica Avenue, Cucamonga, California 91730 
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Fig. 4.6 Illustration of the gas bubbler used in experiments with mixtures 
of liquid and gaseous reactive agents. Liquid reactants may be 
bypassed by a clockwise and a counterclockwise rotation of valves #1 
and #2, respedively. 
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tetrachloride (C04), and boron tribromide (BBr3), were 99+%, 99%, and 99.99% in 

purity. Experiments were conducted with the following halogenating systems: HCl gas, 

mixtures of HCl gas and SOCl2 and HCl gas and CCl4, Cl2 gas, mixture of 02 gas and 

CC4, and HBr gas. 

4.3 Chromatography Surfaces 

Two types of chromatography surfaces, Si02 and KCl, were utilized. The quartz 

columns used in HEVI provided a Si~ chromatography surface. The total length of the 

column was 82.2 em with an inner diameter of 6 mm. The column ended in a 5.1-mm 

tip with an inner diameter of 1 mm. The total length of the isothermal column surface 

available for chromatography was approximately 48 em including the tip. The shape and 

the column temperature profiles are illustrated in Fig; 2.11. To create the KCl surfaces, a 

small a.nlount of KCI crystals was introduced inside the column. The crystals were . 

melted with a heat gun until a liquid phase was observed. The column was rotated 

slowly as the liquid moved along the surface coating the column. This resulted in a 

visible crystalline layer of KCI. The chromatography temperatures in these 

measurements did not exceed 450°C to insure the presence of a KCl surface. 

4.4 Detection and Data Acquisition Systems 

In the subsequent sections of this paper, references will be made to 'direct catch' or 

'chemistry' measurements. · Please refer to section 2.2.2.5 for an explanation of these 

terms. For experiments conducted in all accelerator facilities the integrated beam current 
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was recorded for each direct catch and chemistry measurement to correct for any beam 

current fluctuations. 

4.4.1 Ge Spectrometer System 

For detection of species with characteristic gamma activities, a high-purity Ge 

gamma-ray spectrometer system using a PC-based ORTEC ACE 4K system was used in 

conjunction with a· Teflon collection site. The activity-laden aerosols which were 

transported to the collection site for a 'direct catch' or a 'chemistry' measurement were 

collected on a 2.54 em diameter' glass fiber f:tlter inside a Teflon collection site placed in 

front of a Ge detector (Fig. 4. 7). The glass fiber f:tlter was supported by a glass frit. The 

f:tlter was surveyed for characteristic gamma activities and was replaced with a new f:tlter 

after each measurement. 

4.4.2 Merry-Go-Round and Realtime Data Acquisition and 
Graphics System 

The Merry-Go-Round (MG) and Realtime Data Acquisition and Graphics System 

(RAGS) [HOF 80, LER 87] were used for the detection of alpha/SF activities from the 

(18o,5n) reaction with 248cm at the LBL 88-Inch Cyclotron. The MG (Fig. 4.8) was 

located approximately 15m away from the gas system. The 25.4-cm radius horizontal 

wheel of the MG had 80 equally spaced collection positions about its circumference. A 

steel ring with a 0.63-cm i.d. hole, which was covered with a 40±10 pg/cm2 f:tlm of 

polypropylene, was placed in each collection position. The activity-laden aerosols were 

deposited on the polypropylene f:tlm. The wheel was stepped at one-minute time 
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replaced after each experiment. 
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intervals so as to move the foils consecutively from the collection- site into positions 

between pairs of passivated ion-implanted planar silicon detectors (PIPS). Because of 

the corrosive nature of the reactive gases ,used, PIPS detectors were required for this 

experiment, since they are chemically inert. The MG wheel was replaced with a new one 

after two complete revolutions in order to minimize the accumulation of any long-lived~ 

activities. Six pairs of detectors were used to measure the kinetic energies of co~cident 

fission fragments and alpha particles. The efficiency for detection of alpha particles in 

each detector is 30%. Since in· this configuration each detection station consists of two 

detectors, one above and the other below the wheel, the efficiency for the detection of 

alpha particles is about 60% and that for coincident fission fragments is about 60%. A 

second detector configuration was utilized in some measurements. In these experiments 

twelve de~tors were placed above the MG wheel, and the stepping time was reduced to 

30 s. . Appropriate efficiency corrections were applied in consideration of the two 

detector configurations. The MG chamber was evacuated with an inert vacuum pump. 

The exhaust gases, still containing the reactive halogenating agents, were neutralized in a 

NaOH (*MystaireVenturi 2 Series·Source) scrubber system before release to the building 

exhaust 

Fig. 4.9 illustrates the RAGS electronics schematic. RAGS is an LSI-Iln3 

computer-controlled data acquisition system. The amplified output signals of the PIPS 

detectors from alpha or spontaneous fission events are digitized by ORTEC AD811 

analog-to-digital-converters (ADC). The ADC's are controlled by a Standard 

Engineering CAMAC crate controller. All events were stored on a hard disk in list 

mode. Each event was tagged with a time, channel number, and a detector number. 

• Heat Systems, Inc., 1938 New Highway, Farmingdale,New York 11735. 
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4.4.3 OLGA II Tape System 

The OLGA II Tape System [GAG 91] was used for the detection of alpha and SF 

activities from the (18o,4n . and 5n) reactions with 249Bk at the GSI UNILAC 

. accelerator. The tape system consisted of a modified magnetic tape station (cypher Mod. 

900X) and seven chambers (Fig. 4.10). the frrst one of whi~h acted as a collection site 

and the other six as detector stations. Activity-laden aerosols were deposited. at the 
I 

collection site on a regular computer tape. and subsequently stepped in front of six 450 

mm2 PIPS detectors. One tape allowed the collection of approximately 15000 samples •. 

free from activities deposited in previous meas~ments. The detector efficiency was 

38% for alpha-particles and 76% for SFs. The system was pumped with an inert vacuum 

pump and the exhaust gases were neutralized in a scrubber system. 

The PSI Tandem system [SCH S9] was used for the data acquisition. NIM linear 
\ 

amplifiers and timing modules were used to prepare the signals for input into CAMAC­

ADCs and a 1 MHz timer was employed to defme the event times. A CES "Starburst" 

controller acting as front-end processor was . used to assemble the event packages for 

transmission over an ethernet link to a micro V AXII/GPX back end. 

4.5 Data Processing and Calculations 

4.5.1 Processing of Gamma-Ray Data and Calculation of 
Relative Yields 

Each gamma-ray spectrum consisted of a 4096-channel histogram. During all 

measurements samples were collected for 5 min and surveyed during the collection 

period for characteristic photopeaks. All gamma-ray spectra from direct catch and 
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chemistry measurements were analyzed using the SAMPO computer code [ROU 69]. 

The SAMPO code contains algorithms for peak-shape, energy,· and efficiency 

calibrations. It provides automatic peak-search and peak-fitting routines, and is capable 

of deconvoluting multiplet peaks. The output from SAMPO provided energy,~total area, 

total activity, and the respective standard deviations on each value for each peak in the 

spectrum. In a typical experiment at a certain column temperature, two chemistry 

measurem~nts were preceded and followed by a direct catch measurement. Corrections 

were made to peak area values to account for fluctuations in accelerator beam currents 

and dead time during data collection. Dead times ofapproximately 17%-20%, and 2%-

4% were observed for direct catch and chemistry measurements, respectively. No 

neutron flux fluctuation corrections were made for the Zr and Nb experiments conducted 

at the PSI SAPHIR reactor since the flux remained constant Photopeak areas and their 

corresponding statistical errors were calculated for the full-energy peaks corresponding 

to each isotope. All peak areas from chemistry measurements conducted at the same 

temperature were averaged together. At each temperature, the relative yield for each 

isotope was calculated by a direct comparison of the average areas from the chemistry 

measurements and the corresponding direct catch measurements. Values from the direct 

catch measurements represented a 100% chemical yield. 

4.5.2 Processing of Alpha Data and Calculation of Relative . 
Yields 

The MG RAGS was used with two different detector configurations and stepping 

times. In order to combine the results of the experiments, corrections had to be made for 

all isotopes to normalize for the difference in decay between a 30-s and a 60-s stepping 

time. Appropriate corrections were also applied for detector efficiency. Alpha spectra 
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from all chemistry measurements were analyzed for the number of events in the 8.15-

8.38 MeV energy-region. This region contains all events due to 261Rf and its 25±2-s 

daughter 257No (Fig. 3.8). A weak alpha line at 8.30S MeV (0.25%) from the 25.2-s 

211 Porn also falls into this region. For all chemistry measurements the number of events 

in the 8.15-8.35 MeV range, due to 211pom, was calculated, based on the intensity of the 

7.275-MeV (91.05%) 211pom alpha line, and subtracted from each spectrum. 

Corrections were made to account for fluctuations in accelerator beam currents for all 

measurements. Results from all chemistry measurements conducted at the same 

temperature were summed together and a plot of relative yield. versus temperature was 

constructed for 261Rf. The same procedure was followed to construct similar plots for 

211Bi and 211pom. The 6.62-MeV and the 7.27-MeV alpha lines were used for 211Bi 

and 21lpom, respectively. 

To calculate the half-life of 261Rf,' all chemistry data were summed together (Fig. 

3.8) and sorted into one-minute intervals. A two-component maximum likelihood [GRE · 

91] decay-curve fit was perfomied on the 7.275 MeV region of the spectrum. The two 

components consisted of 25.2-s 211 Porn and 3.24-h 254Fm. In this fit half-lives of both 

isotopes were fiXed. . The initial activity for the 211 Porn from this fit was used to 

calculate an initial activity for the 8.305 MeV (0.25%) alpha line of the same isotope. A 

growth and decay plus one component fit was then performed on the 8.15-8.38 region of 

the spectrum consistingof261Rf, its daughter 257No, and 211pom to arrive at a half-life 

value for 261Rf. In this fit, half-lives of Po and No and the initial activity of Po 

(calculated from the frrst fit) were fiXed; all other parameters were allowed to vary. 

A similar procedure was followed to process and calculate relative yj.elds for the Ha _ 

experiments. The stepping time of the OLGA ll tape machine was 20-s. Results from 

this experiment are presented in section 6.3.3. 
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4.5.3 Adsorption Enthalpy Calculations 

· · On-line gas chromatography was used to detennin~ the adsorption enthalpies of 

inorganic chlorides on solid Si02 and KCl surfaces. The theory for the calculation of 

these values from experimental data will be discussed in chapter 5. A Monte Carlo 

simulation program, also discussed in chapter 5, was used in these calculation~. This 

program was able to simulate the chromatography process in our isothermal column. 

Yield versus temperature plots at given adsorption enthalpy values were generated for 

each halide molecule. A number of such plots at various adsorption enthalpy values were 

produced to compare to the experimental data. The adsorption enthalpy value was found 

· by using a weighted least-squares procedure to fmd the generated plot which best 

represented the experimental data. 

( 

73 



Chapter 5 

Theory 

Presently there are various types of gas-solid chromatography procedures to 

investigate the chemical properties of inorganic compounds. Some of these techniques 

include isothermal and temperature-programmed gas ·chromatography [RUD 79], 

thermochromatography [JON 79, ZV A 69], and on-line gas chromatography [RUD 76, 

GAG 85, 92, TUR 90]. The objectives of the different gas chromatography methods 

used are different. Some aim to develop separation methods for trace elements. Others 

aim to determine thermodynamic data, such as· adsorption enthalpies [LAU 78, CON 79], 

to study chemical behavior of new artificial elements and their compounds [GAG 85, 92, 

TUR 90]. 

5.1 Calculation of Adsorption Enthalpy 

Two methods could possibly be utilized to determine adsorption enthalpies. One 

method uses retention time of the species inside the chromatography colunui, derived 

from experimental data, to calculate adsorption enthalpies [RUD 80, GAG 85]. There 

are possible problems with this method. A notable problem is that this method assumes 

uniform isothermal temperature profiles inside the chromatography column. In practice 
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(Figs 2.4 and 2.11), this assumption may not be valid. This can lead to inaccurate results 

in the calculation of the adsorption enthalpies. Another problem is that different 

procedures may be used to arrive at retention times. These problems make comparison 

of results from different works a difficult task. 

The other method (utilized in this work) uses Monte Carlo simulations to arrive at 

the adsorption enthalpies. This method simulates the chromatography process for single 

molecules taking into consideration the adsorption enthalpy and the migration process of 

the molecule through the chromatography column. The most significant aspect is that the 

measured temperature profiles (section 2.2.3) inside the chromatography column are also 

utilized in the simulation. Adsorption enthalpies are calculated as explained in section 

4.5.3. 

5.1.1 Calculations Based on Retention Time 

5.1.1.1 First Method (Gaggeler et al.) 

In order to detennine the experimental adsorption enthalpies the following equations 

are considered [GAG 85]. Within the model of ideal linear gas chromatography [LEI 70] 

the velocity of migration of a component along a column is given by . 

dz u -=--
dt~ l+k. 

I 

Equation 5.1 

where z is the downstream coordinate, t is the time, u is the linear velocity of the gaseous 

phase, and ki is the corrected partition coefficient. The linear velocity u can be expressed 

as 

Equation 5.2 
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where V
0 

is the mean gas flow rate (cm3/s) under standard conditions (STP), T is the 

temperature of the column, T 0 =298 K, and cp is the cross section of the column. Using 

the assumption that the gaseous adsorbate is an ideal gas and that the reference state of 

the adsorbent is the state of zero coverage, the corrected partition coefficient ki is given 

by [EIC 82] 

a v (-M·r) (llS0

) k. =--exp . a exp _a 
' v A RT R 

Equation 5.3 

) 

where a and v are the surface and the volume per unit length (em) of the column, A and 

V are the standard molar surface and the standard molar volume respectively, and m: . ' 

and aS: are the adsmption enthalpy and entropy. In the mod~l based on mobile 

adsorption of a monoatomic gas, a standard state with V/A = 1 em is usually chosen [EIC 

82]. Inserting eqns. 5.2 and 5.3 into 5.1 and integrating eqn. 5.1 along the z coordinate 

leads to the retention time, 

where (z1-z~ is the column length, and fmally to 

Mio = -RTln{( trvo T 1) v A exp(-aS~ J} 
a (z1-Z2)To«P a V R 

Equation 5.4 

In principle, both thermodynamic quantities m: and as: can be derived from 

measurements of retention times tr at different temperatures of the chromatography 

column. This is usually done [EIC 82] by plotting tr (or In Vr, where Vr is the net 

retention volume) against T-1 (Arrhenius plot). The slope and intercept of a linear fit 

through the experimental data are then proportional to Llli: and as: [GAG 85], 
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respectively. However, since the on-line technique only pennits the measurement of. 

retention times in the vicinity of the half-life of the nuclide investigated, adsorption 

entropies deduced in this way have large uncertainties in general . The adsorption 

entropy can be estimated from the model of mobile adsorption [EIC 82] given by 

AS0 =Rln__1_( kT )
112 

+l/2R 
a VVB 2mn . 

Equation 5.5 

where the standard state is V/A=l em, VB is the characteristic frequency of the adsorbent 

B, k is the Boltzmann constant and m is the atomic mass of the adsorbate. The 

characteristic frequency VB is given by 

. Equation 5.6 

where his Planck's constant, and e298 is the characteristic temperature of the adsorbent 

B. The adsorption enthalpy can be determined by the measurement of only one value of 

retention time. At the temperature where the measured activity of the species is 50% of 

saturation, tr is assumecl to be equal to the half-life of the species. The adsorption 

enthalpy can then be calculated using the half-life of the species, the experimental Tso%­

values, the estimated as: from eqn. 5.5, along with eqn. 5.4 . 

. 
5.1.1.2 Second Method (Rudolph et al.) 

The variables a and v in this section are not the same variables as in section 5.1.1.1. 

In order to keep the same nomenclature as the references cited, these variables have been 

given new definitions. The frame of reference has also been changed from dz to dx . 
dt dt 

If short-lived nuclides are used for the detennination of retention times in a 

chromatographic system, three conditions have to be met [RUD 80]: 
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1. All losses of the short-lived nuclide within the chromatographic system must be 

due to radioactive decay. 

2. The retention time distribution (shape of the chromatographic elution peak) has 

to be small compared with the half-life of the short-lived radionuclide. 

3. The retention time should be of the same order of magnitude as the half-life of 

the radionuclide used in order to keep the error of the retention time, which is 

caused by the statistical counting errors, within reasonable limits. 

The retention time t; can be calculated from the following simple relation: 

o- fl/2 In Ao t --­
r ln2 A 

Equaiton 5.7 

where A0 and A are the activities of the short-lived nuclide introduced into and eluted 

from the chromatographic system, respectively. 
/ 

Determination of A0 is simple if a constant source for the short-lived nuclide is 

used. In this case eqn. 5.7 can be slightly modified: 

Equation 5.8 

where I0 is the counting rate for t; =0 and I is the counting rate for t; . I0 can be 

determined in the following way: 

1. The counting rates at the end of the chromatographic column are measured for a 

number of different temperatures. 

2. As a first approximation, a value I: for I0 is calculated in the following way. At 

a sufficiently high temperature, T 0 , the retention time of a compound in a gas 

chromatographic column is not very different from the column dead time, to· 

The dead time can be calculated from the column dead volume and the gas flow 

rate. I0 can then be calculated from the counting rate I at temperature T 0 and 

the dead time .. This method is justified as long as the net retention time tr at T 0 

is very small compared with the retention times of the other experiments. 
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3. With the approximated value 1: the retention times are calculated. 

4. From the retention times, the net retention volumes V r are calculated: 

V, = t, ~=(t; -tJ~ Equation 5.9 

• 
where v is the gas flow rate 

5. The logarithms of the net retention volumes (In Vr) are plotted against the 

inverse temperature. 
/ 

6. From the straight line which fits the points, the net retention volume V~ at the 

maximum experimental temperature T m is determined. 

7. From V ~ the retention time tr at T m is calculated using: 

o V, 
t, =-. +t0 

Equation 5.10 
v 

8. With this approximation a new value for 1: is calculated and the iteration is 

repeated from step 3 until a constant. value for V~ (the net retention volume at 

T ffi) is obtained. 

This is the best estimate for V~ which can be obtained from the measurement series. 

The adsorption enthalpy is then calculated in the following manner [RUD 80b]. 

As in eqn. 5.1, the velocity of migration of a component along a c~lumn is given' by 

dx u 
-·-=v=--
dt 1+k 

Equation 5.11 

using the model of ideal linear gas chromatography [LEI 70]. Where u is the linear 

velocity of the carrier gas. The partition coefficient, k, can be expressed as 

as s 
k=--==Ka-

. CgVg Vg 
Equation 5.12 · 

where Ka is a/cg (em), a=surface concentration, s=surface area, V g is the free column 

volume and c8 is concentration in the gas-phase. To convert the gas-phase concentration 

into the partial pressure (p ), as a first approximation for an ideal gas it is assumed that 

79 



Equation 5.13 

where Kp is alp (mol N-1 ). 

The adsorption enthalpy can be detennined from the temperature dependence of the 

partial pressure p in the gas phase at constant surface pressure 1t using 

.Miads = -RT2(dln p) 
dT 1t 

I 

Equaiton 5.14 

In theory, the adsorption enthalpy can be determined from retention data by combining 

eqn. 5.11 (in the integrated form) for constant experimental conditions [t~ =to(l +k)] with 

eqns. 5.13 and 5.14: 

Equation 5.15 

1t 

where t~ is total retention time, to is dead time and tr=t~ -to is the net retention time. 

The correlation between (d lnp/d T)x and (d lnp/d na and the following expression, 

derived by Hill et al. [HIL 49]: 

.Miacts = -RT2(dlnp). +Ta(d7t) 
dT a dTe 

Equation 5.16 

Where 9 is relative surface coverage, may be used. The term RT2(d lnp/d T)a=<lis is 

often called the isosteric heat of adsorption. 

For the case of immobile adsorbed molecules at low surface concentration the 

. following equation holds: 
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din( tr ) 
Au --R toT 
~ads- d(~) 

Equation 5.17 

.. 

where V r is net retention volume. Since the net retention time, tr, and the net retention 

· volume, V r• are independent of the surface concentration, the adsorption enthalpies do 
I 

not depend on the surface concentration and it is no longer necessary to use partial 

differentials. 

According to eqn. 5.17, the adsorption enthalpies can be detennined from a grapli of 

the logarithms of the net retention volumes at the column temperature versus the inverse 

of the absolute temperature. The adsorption enthalpies calculated are based on the 

assumption of immobile adsorbed molecules. The standard adsorption enthalpies are 

detennined fro·m the intercept of the curve with the In V r axis according to the following 

equation: 

Equation 5.18 

where ~ is standard surface concentration (1.37 x 10-ll mole/cm2 [DEB 53]) and P 0 is 

standard gas phase pressure (1 atm). 

5.1.2 Monte c·arlo Method 

The variables a and v in this section are not the same variables from section 5.1.1.1 or 
\ 

5.1.1.2. In order to keep the same nomenclature as the references cited, these variables 

have been assigned new definitions. 



A Monte Carlo simulation code (appendix A) was written [TUR 91] using the 

microscopic model of gas-solid thennochromatography in open columns with the laminar 

flow of the carrier gas, proposed by Zvara [ZV A 85]. This model describes the 

downstream migration of a sample molecule as a small number of some effective random 

displacements, and sequences of adsorption-desorption events. The simulation of the 

exact physical picture of these random migrations would necessitate too much compu~r 

time. Therefore, a simplified model is proposed that allows the downstream motion of a 

molecule in an open column to be reduced to much smaller numbers of effective 

displacements and .adsorption residence events. 

The real temperature profiles (Fig. 2.11) of the chromatography column are used in 

this simulation. A random life time is generated for each molecule in the simulation, 

using a random number ge~erator and the half-life of the simulated molecule. The 

migration history of the molecule is traced down the column through a series of 

adsorption-desorption and jump steps. A time duration is generated for each step. H the 

retention time of the molecule (total time of migration) through the column is shorter 

than the generated life time, the molecule leaves the column and is detected. H the 

retention time is longer than the life time, the molecule decays inside the column and is 

not detected. 

The retention time is related to the number of adsorption-desorption steps between 

the molecule and the column surface and also the period of time the molecule spends in 

the adsorbed state. The retention time is then dependent on the adsorption enthalpy, the 

column temperature, the true volume flow rate of the carrier gas and the column length. 

For each temperature a large number (=20,000) of sample molecules are modeled. 

The total number of detected and undetected molecules is recorded for each isothermal 

temperature. Relative yield versus temperature plots at given adsorption enthalpies are 

generated for comparison with experimental data. 
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5.1.2.1 Adsorption residenc~ time 

/ 

In the following discussion the term profile, p(x), is used in the sense of the 

probability density distribution of coordinates along the column, at which the molecules 

are found. The isothermal gas phase chromatography is baSed on the reversible 

adsorption of the species to be separated on the chromatography surface [ZV A 85]. The 

period of time a molecule spends in the adsorbed state, 't a• is a random quantity with ·the 

mean value, 'i a• given by [DEB 5~], 

'ia ='to exp(-Mia /RT) Equation 5.19 

Where 't 0 is the period of oscillation of the molecule in an· adsorbed state perpendicular 

to the surface, Mia the enthalpy of adsorption, R the gas constant, and T the absolute 
. . 

temperature. An exponential probability distribution holds for 't a= 

Equation 5.20 

The quantities 't 0 and Mia are characteristics of the adsorbate. 

5.1.2.2 Frequency of encounters with the column surface 

The mean migration velocity of molecules down the column, at a given coordinate, 

is determined by 'i a• by the frequency of encounters with the surface, and by the flow 

velocity <Proflle) of the carrier gas. Let v be the mean number of collisions experienced 

between the column wall and a molecule with the mean speed c,-when a gas with the true 

volume flow rate Q passes through a volume enclosed by the surfaceS. From the theory 

of molecular kinetics we fmd [ZV A 85], 

v=cS/4Q Equation 5.21 
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and, for the mean number of collisions per a unit length segment of a cylindrical tube, 

v 1, we obtain, 

Equation 5.22 

where r is the radius of the column and M is the molar mass. It should be noted that 

v 1(p,T) a p/.Jf since Q a T/p, where pis the pressure. 

5.1.2.3 Displacements between two encounters 

The migration distance, I, of a molecule along the column between two successive 

· encounters with the column wall may vary over a wide range. Let us consider molecular 

diffusion as random jumps with lengths of approximately one mean free path. Then, for 

a molecule that has just been desorbed, there is a very high probability (=100%) that the 

displacement from the column surface is very small. At this thin layer near the column 

wall the flow of the carrier gas with a laminar flow profile is vanishingly small. So, the 

occurrence of very short displacements of the order of a few mean free paths is very 

large. These displacements are both negative and positive in . the coordinate along the 

length of the column. Very rarely does the molecule diffuse far enough from the wall to 

be carried by the gas flow over a large distance. We can expect the probability 

distribution, p(l), as a function of jump length, l, to be of the shape shown schematically 

in Fig. 5.1a, with a small probability for long jumps. Some information on p(l) may be 

extracted from the solution to the ·problem of diffusional deposition from a stream to 

absorbing walls of a channel [GOR 49]. For the laminar flow in a cylindrical tube, the 

following probability density distribution was derived for down-stream movement 

distance of molecules, l', before encountering the wall: 
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Fig. prepared from [ZV A 85] 
Fig. 5.1 Graph of the probability density distributions for 
displacements 1: 
a- character of the real distribution; 
b - the accepted approximation [GOR 49] 
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00 

p(l') = ~ I.am~m exp(-~m~l') 
m=l 

= i (am )exp( -1' ) 
m=l 11m 11m 

Equation 5.23 

where 

- 1 Q 00 

11m=--= ; I.am =1 ~Equation5.24 
~m~ ~m 1tD m=l 

Here D is the diffusion c~fficient. The set of the eigen values ~m is invariant [GOR 

49]: 

~1=3.65; ~=22.3 ~3=56.9; .... , Equation 5.25 

while the numerical coefficients <lm depend on the concentration distribution over the 

tube cross section, n(l' ,r), at the mouth of the tube (1'=0). In particular [GOR 49], for the 

uniform distribution, n(O,r)=constant: 

a1=0.82; <l2=0.098; <l3=0.033; .... , Equation 5.26 

The 13m values rapidly increase in the series; hence, at sufficiently large 1', the shape of p 

(1') will be determined mostly by the first term in eqn. 5.23 for which . 
- Q 111 --"'---

- 3.651tD. 
Equation 5.27 

This might be expected since 11(1',r) should no longer depend on Tl(O,r) if 1' is much larger 

than the _product of the linear flow velocity, u=Q/m2, and the characteristic time for 

diffusion across the tube section, 2r2/D. 

The complete microscopic description (the knowledge of the exact p(l)) · is not 

helpful in the Monte Carlo simulation, because v 1 is a large number. A reasonable 

approximation of p(l) is proposed which is convenient for computer calculations. The 

following form appears to be appropriate (Fig. 5.1b): 
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p(i) =(I-a)O(i)+ ( ~ }xp( ~). 1 
a=-. 
. Vt11 

Equation 5.28 

Here o (1) is Dirac's delta function, 11 is the adjustable parameter which can be chosen as 

discussed below, and a is the fraction undergoing jumps in the exponential distribution. 

The corresponding variance of I is 

Equation 5.29 

This proposed approximation implies the following physical picture: Once the molecule 

encounters the surface, it experiences a series of adsorption-desorption events without a 

change in the x coordinate. These sequences are intermittent with rather long· down­

streamjumps,of length 11, which have the exponential probability distribution 

Equation 5.30 

5.1.2.4 Adsorption residence resulting from a series of encounters 

The number of adsorptions in a sequence. of ·adsorption-desorption steps with no 

change in coordinate, N, has the average value [ZVA 85] 

...:... 1 
N =-= Vt11, 

a 

and the probability distribution 

( - l)N-1 
p{N)=a{1-a)N-1 = Vt11-

(Vt11)N 

Equation 5.31 

Equation 5.32 . 

The residence time, 't a,N• resulting from the series of !'l 3.dsorptions has the probability 

distribution 
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p{ 'ta,N) = a,N . exp a,N ' 
{ 

'tN-1 } ( 't ) 

[~~{N -1)!] , ~a 
Equation 5.33 

and for 't a.s· the residence time with random N, we obtain 

p{ 'ta,s) = I,p{Np( 'ta,N) 
N=l 

Equation 5.34 

5.1.2.5 Mean jump .length 

Using eqn. 5.29, the variance of the simulated zone profile for the case of isothermal 

chromatography can be obtained 

Equation 5.35 

where x is the center of gravity coordinate of the zone. 

Since the value of a is much less than 1 

Equation 5.36 

For open columns, the exact analytical solution in known [GID 65, GRU 72]: 

G; =2m2 0 +(11-169t+69t2)(_2_) x Q . 241tD ' 
Equation 5.37 

where 9t is the ratio of the velocity of the carrier gas to the mean migration velocity of 

the zone, or the ratio of the residence time in the gas phase to the overall residence time 

in the given segment of the column, i. e.;--
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Equation 5.38 

By definition, 0<9t<l. Equating the right hand sides of eqns. 5.36 and 5.37, gives 

. Equation 5.39 

Equation 5.39 solves the problem of choosing the value for 11 to be used in the Monte 

Carlo simulations. At large linear velocities of the carrier gas, the first term on the right 

hand sides of eqns. 5.37 and 5.39 can be neglected, since this term takes into account the 

longitudinal molecular diffusion. Therefore, 

Equation 5.40 

In practice, the value for 9t is often very close to zero, and the above equation reduces to 

- llQ 
11 = 487tD. Equation 5.41 

Since Q=T/p and D=pT312 it follows that 11 is independent of p and r, and 11 =1/Jf. 

5.1.2.6 Calculations 

A flow chart of the Monte Carlo code is shown in Fig. 5.2. At the start of the 

simulation several . variables and constants, such as the value of pi, mass of helium, 

density of helium, and the gas constant R; are declared. The actual measured 

temperature profiles of the chromatography column are then read. Next the user is asked 

to provide the following information on the molecule under study: half-life, number of 

molecules to be used at each temperature, the actual flow rate of He through the column, 
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Variables: 4H8 , a_.,~~~, N, 11m, Pm• 't0 

Constanta: R, No • II He. p, K. Ptte 
Functions: T(x)
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OUTPUT: 

no 
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Print out Yields for each Temperature 

F.;. 5.2 Computer program flow chart 
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the molecular weight of the species, the density of the species, the period of oscillations 

of the molecule (on the .order of 1 x lQ-12), the starting adsorption enthalpy, the ending 

adsorption enthalpy, and finally the step width between the two enthalpy values. 

Molecules are then put through the simulation one by one. A random decay time is 

calculated for a molecule. A random jump is generated, the coordinate of the molecule 
.. 

after the jump is evaluated, and a flight time is calculated. The flight time is compared 

with the generated decay time of the molecule and the molecule coordinate is monitored 

to evaluate whether the molecule has left the column. H the molecule has decayed or left 

the column, the next molecule is sent through. If the molecule has not decayed, and is 

still in the column, a mean number of collisions with the column wall is calculated and a 

random adsorption time is generated. The total simulation time is updated and again 

compared with the generated decay time of the molecule. H the molecule has not 

decayed or left the column, it will go back to the random jump step until it has decayed 

. or made it through the column. The number of molecules which decayed or made it 

through the column . are recorded for each · temperature and the yields for each 

temperature at various adsorption enthalpy values are printed. From·these yields plots of 

relative yield versus temperature may· be constructed to compare with the experimental 

data. 

Figure 5.3 shows a relative yield versus temperature plot for a 30 second activity at 

various adsorption enthalpies. As expected, smaller adsorption enthalpies correspond to 

less volatile species. Figure 5.4 shows a relative yield versus temperature plot for 5-

second and 35-second activities with the saine adsorption enthalpy. This illustrates the 

case of two isotopes of an element with different half-lives. The program does not take 

into account the recluster time and transport time of the molecules to the detection 

system (=20 to 25-s). The experimental data would show a decreased maximum yield 

for the shorter-lived species. To compare the simulations with the experimental data, the 

experimental data were normalized to 100% at maximum yield. 
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Fig. 5.3 Relative yield versus temperature plot for a • 
30-second activity at various adsorption enthal~ies. 
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Fig. 5.4 Relative yield versus temperature plot for a 5-second 
and a 35-second activity with a fixed adsorption enthalpy. 

93 



Chapter 6 

Results and Discussion 

The volatilities of Bi- and Po-chlorides and the chlorides of Rf and its group 4 

homologs, Zr and Hf, as well as Ha and its group 5 homologs Nb and Ta, have been 

measured. Adsorption enthalpies are calculated for the abo~e mentioned species with 

various chromatography surfaces. Preliminary results are presented for Zr- and Nb­

bromides. The volatility results are illustrated using relative yield versus temperature• 

plots. Several halogenating agents were used as discussed in section 4.2. Figure 6.1 

shows a yield curve for 99NbCls. HCVC04 was used as the halogenating agent and 

Mo03 as transport aerosol. When the halogenating agents containing hydrogen (HCl, 

and HBr) were used, significant yields were unexpectedly observed at very low 

temperatures (50°C to =150°C). During the Zr and Nb experiments an isotope· of 

strontium (94sr) was also produced. Strontium does not form volatile halides. However, 

significant yields are observed at sooc and 100°C (Fig. 6.1) for 94sr. The yield then 
\ 

decreases with increasing temperature to acceptable levels. Therefore, transport by · 

mechanisms other than isothermal chromatography is indicated at very low temperatures 

when using HBr or HCl as halogenating agents. This complicates the interpretation of 

the yield curves. When Cl2fCCl4 was used as the halogenating agent, the Sr yields at 

low temperatures were decreased to acceptable. levels (Fig.6.2), resulting in yield curves 

which agree well with our Monte Carlo simulations of the isothermal chromatography 

process. 
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Fig. 6.1 Relative yield curves for 
99

Nb- and 94sr-chloride 
molecules with a He!MoOJ gas jet and HCVCCI4 as 
chlorinating agent. 
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Fig. 6.2 Relative yield curves for 99Nb- and 94sr-chloride 
molecules with a HeiMoOJ gas jet and Clz ICC14 as 
chlorinating agent. The solid line drawn .ttirough the data 
points is from the Monte Carlo computer program. 
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This high yield effect at low temperatures is not completely understood, but our 
' 

results show a·correlation between this effect and.the presence of hydrogen in the system. 

The presence of hydrogen and even the smallest amount of oxygen may lead to the 

formation of water aerosols which transport the activity at very low temperatures. This, 

·however, is a speculation and more research is required for a clear understanding of this 

problem. 

Throughout this chapter, volatility results have been illustrated using relative yield 

versus temperature plots. The error bars shown in all yield curves represent one sigma 

uncertainties based on statistical fluctuations in the peak areas. Where no error bars are 

displayed, the error is smaller than the symbols. For many of the yield curves, the Monte 

Carlo lines through the data points are normalized to the maximum yield values. 

Adsorption enthalpy results have ,been compared to Rudolph's values; however, the 

halogenating conditions used are not similar. Rulolph used a CCl4 chlorinating agent at 

various vapor pressures .. 

6.1 Bi- and Po-Chlorides 

Figure 6.3 shows a relative yield curve for 2.14-min 211BiCl3 and 25.2-s 

211pomcl4 with a He/Mo03 gas-jet and HCI as chlorinating agent. The experimental 

data (Table 6.4) were normalized to 100% at maximum yield as explained in section 

4.5.2. As illustrated, the high yield effect at low temperatures is observed at 50°C for-Po. 

BiC13 is volatile at 100°C and PoC14 is volatile ~t 150°C, with respective adsorption 

enthalpies of -69±4 kJ/mol and -7 4±5 kJ/mol (Table 6.1 ). 

The adsorption enthalpy for the Po species agrees well with Rudolph's value of 
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Fig. 6.3 Relative yield curves for 211 Bi- and 211 Porn-chloride 
molecules with a HeiMoOJ gas jet and HCI as chlorinating 
agent. The solid lines drawn through the data points are from 
.the Monte Carlo computer program. 
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-69±20 [RUD 79]; however, the Bi value does not This disagreement may be a result of 

the large estimated errors in Rudolph's measurements. 

. ~ 

Table 6.1 Adsorption enthalpies for Bi- and Po-chlorides. These compounds are 
prob bl th h" h fi ed a 1y e species w 1c are orm . 

Compound Surface Halogenating Transport mo 
ads 

*Mio 
ads 

\ Agent Aerosol (kJ/mol) (kJ/mol) 

BiCl3 Si02 HCl Mo03 -69±4 -101 ± 20 

PoC14 Si02 HCl Mo03 -74±5 -69 ±20 

*Data from [RUD 79] 

6.2 Group 4 Elements 

The differences in maximum yield between different isotopes of the same element 

are due to their half-lives. The time-consuming process (on the order of 15 to 25 

seconds) of reclustering separated halides on KCl aerosols and their subsequent transport 

to the detection system is the source of yield differences. 

6.2.1 Zr-Chlorides and -Bromides 

Figures 6.4 through 6.7 show relative-yield curves for 30.7-s 98Zr and 7.1-s 100Zr­

halides with either a He/Mo03 or He/KCl gas jet and various halogenating agents on a 

Si~ surface. As depicted in Figs 6.4 and 6.5, ZrCl4 becomes volatile at temperatures . 

between 100°C and 150°C. Table 6.2 lists the calculated adsorption enthalpies. In 

experiments performed with HCl, HCI/CCl4, and HBr as chlorinating agents (Figs 6.5, 
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Fig. 6.4 Relative yield curves for 98 Zr- and 1 OOZr-chloride 
molecules with a He/Mo03 gas jet and C12/CCI A as 
chlorinating agent. The solid lines drawn tluougn the data 
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Fag. 6.5 Relative yield curves for 98 Zr- and 1 OOZr-chloride 
molecules with a He/Mo03 gas jet and HCVCCI as 
chlorinating agent. The solid lines drawn throug~ the data 
points are from the Monte Carlo computer program. 

101 

11 



-fl!. -"a -CD -> 

= -.., 
"' -r! 

11 

HCI 

He/KCI 

50 

•ZICW • 
f 40 100zre~.t 0 

MonteCar1o 

30 

20 ! ~-
! 

10 

0 
0 100 200 300 400 500 600 

Temperature (°C) 

F.g. 6.6 Relative yield curves for 98zr- and 100Zr-chloride 
molecules with a He/KCI gas jet and HCI as chlorinating 
agent. The solid lines drawn through the data points are from 
the Monte Carlo computer program. 

102 



•ZrBr:c • 
100zrar4 o 

20 Monte carto 

HBr 
He/Moo3 

AH = -81 kJ/mol i 

OL-~~--~~-L--~~~~~ 

0 100 200 300 400 500 600 

Temperature COC) 
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agent. The solid lines drawn through the data points are from 
the Morrte Carlo computer program. 

103 



6.6, and 6.7), the high yield effect at low temperatures is present Small deposits of 

Mo0202 were observed inside the column for some experiments (Table 6.2); yet, the 

adsorption enthalpies agree well with values calculated for quartz (SiQV surface. When 

using KCl as transport aerosol material, one third of the column was coated with KCl. A 

decreased volatility on the order of 100°C (Fig. 6.6) was observed for ZrCl4 since the 

separation was conducted on a partially KCl coated column and is consistent with re~ults 

of Rudolph [RUD 79] for a NaCI surface. As expected, a more negative adsorption 

enthalpy value was observed. Our results show a lower volatility for ZrBr4 in 
'--

comparison to ZrCl4. The results shown for ZrBr4 are preliminary. 

Table 6.2 Adsorption enthalpies for Zr-chlorides and bromides. These compounds are 
b bl th . h. h fi ed pro a ty e species w 1c are orm . 

Compound Half-life Surface Halogenating Transport mo 
ads 

*.6Ho 
ads 

(sec) Agent Aerosol (kJ/mol) (kJ/mol) 

98ZrC14 30.7 Si02 Cl2fCCl4 Mo03 -69±6 -97 ±20 

100ZrC14 
7.1 Si02 Cl2fCCl4 Mo03 -66±9 

98ZrC14 30.7 
Si02 

HCVCC4 Mo03 -74±5 
(Mo02CI2) 

100ZrC4 
7.1 

Si02. 
HCVCC4 Mo03 -71 ±6 

. (Moo2av . 

98ZrC14 30.7 Si02(KCl) HO KCI -91 ±7 ·-99±20 

100ZrC14 
7.1 SiD2(KO) HCl KCI -93 ±8 

98ZrBr4 30.7 
Si02 

HBr Mo03 -91 ±6 
(Mo02Br2) 

100ZrBr4 7.1 
SiD2 

HBr Mo03 -97 ±8 
(Mo02Br2) 

*Data from [RUD 79] 

• Adsorption enthalpy on NaCl surface. 

104 



·• 

The best value of adsorption enthalpy on a Si02 surface for ZrCl4 is -69±6 ki/mol from 

experiments performed with a He/Mo03 gas-jet and Cl2fCCl4 as chlorinating agent, 

· since the quartz surface was free of any contaminations. 

6.2.2 Hf-Chlorides 

For this study, 38-s 162Hf and 102-s 165Hf were used .. Various halogenating agents 

(Cl2, HCl/CCl4, and HCl/SOCl2) were utilized~ Unfortunately, the chlorine gas used 

(99.99% pure) did not yield any volatile Hf-chloride species. According to Tiirler [TUR 

93], the gas may not have been pure enough (99.9999% pure) to produce Hf-chloride 

species. Due to the scarcity of accelerator time, we were unable. to repeat these 

experiments with high purity chlorine gas. Therefore, all results presented here have the 

high yield problem at low temperatures discussed in section 6. 

As shown in Figs 6.8 through 6.11, HfC~ begins to be volatile at temperatures 

between 200°C and 250°C. Table 6.3 lists the calculated adsorption enthalpies. As 

observed in section 6.2.1, when using KCI as transport aerosol material (Figs 6.12 and 

6.13) decreases in volatility (on the order of 150°C) and adsorption enthalpies (Table 

6.2) are expected. 

The best value of adsorption enthalpy on a Si02 surface f~r HfCl4 is -96±5 ki/mol 

from experiments performed with a He/Mo03 gas-jet and HCI/C~ as ·chlorinating 

agent. 
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Table 6.3 Adsorption enthalpies for Hi-chlorides. These compounds are probably the 
. h. h fi ed species w 1c are orm . 

' 

Compound Half-life Surface . Halogenating Transport MIO 
ads 

*Mlo . 
ads . 

(sec) Agent Aerosol (kJ/mol) (kJ/mol) 

162HfC14 
38 Si02 HCVCC4 Mo03 -96±5 

165HfC14 
102 Si02 HCVCC14 Mo03 -104 ± 9 

162HfCl4 
38 Si02 HCVSOC12 Mo03 -101:!:7 

165HfC14 
102 Si02 HCVSOC12 Mo03 -109 ±7 

162HfC14 
38 Si02(KCl) HCVSOC12 KCl -127 ± 6 ·-99±20 

165HfC14 
102 Si02(KCl) HCVSOC12 KCl -130 ± 9 

*Data from [RUD 79] 

• Adsorption enthalpy on N aCl surface. 

6.2.3 Rf-Chlorides 

A new half life of 78~1 s has been measured for 261Rf as explained in section 

4.5.2. Decay curves of the 7.275 MeV and the 8.15 to 8.38 MeV regions are shown in 

Figs 6.14 and 6.15, respectively. A yield curve (Fig. 6.16) for 261RfC14 was constructed 

as explained in section 4.5.2. Table 6.4 contains the data used in constructing yield 

curves for BiCl3, PoCl4, and RfC14. As illustrated in Fig. 6.16, RfC14 becomes volatile. 

at temperatures between 100°C and 150°C, corresponding to an adsorption enthalpy 

value of -77 ± 6 kJ/mol. 
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Fig. 6.8 Relative yield curve for Hf-chloride molecules with a 
He/Mo03 gas jet and HCVCCI4 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer program. · 
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Fig. 6.9 Relative yield curve for Hf-chloride molecules with a 
He!Mo03 gas jet and HCVCCI4 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo eomputer program. · 
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Fig. 6.1 0 Relative yield curve for HI-chloride molecules with a 
He/MoOs gas jet and HCVSOCI2 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer program. 
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Fig. 6.11 Relative yield curve for Hf-chloride molecules with a 
He/Mo03 gas jet and HCVSOCI2 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer program. 
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F.g. 6.12 Relative yield curve for Hf-chloride molecules with a 
He/KCI gas jet and HCVSOCI2 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer program. 
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Fig. 6.13 Relative yield curve for HI-chloride molecules with a 
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solid line drawn through the data points is from the Monte 
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Fig. 6.14 Two compon~nt decay curve fit to the 7.275 MeV 
. region. The half-lives of 211po m and 254f=m isotopes were 

fixed at 25.2 s and 3.24 h, respectively. The initial Po 
activity from this peak was used to calculate an initial 

,activity for the 8.305 M~¥1{0.2Hs~ alpha line of the same 
isotope in the fit to the Rf - No decay curve. A 
maximum likelihood decay curve fit has been used. The 
upper and lower limits on the decay curve correspond to·a 
confidence level of 6SOk [GRE 91]. · 
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Fig. 6.15 Gr~~ (261Rf) and decay (257No} plus one 
component ( 1 Pom} fit to the 8.15 to 8.38 MeV 
region. In this fit ha.H-IiVes of Po and No and the initial 
activity of Po were fixed; all other parameters were 
allowed to vary. A maximum likelihood decay curve fit 
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haH-Iife interval correspond to a confidence level of 
68% [GRE 91 ]. 

114 



~ 
~ 

HCI 
He/Mo03 

140--------------------~--~~~ 

Ali = ·77 kJimol 

I eo 
> = 60 
i 
I. 40 

20 261RfCI& • 
Monte Cerlo 

o~_. __ ._ ____ ~--------._~------
0 100 200 300 400 500 

Temperature (°C) 

Fig. 6.16 Relative yield curve for Rf-chloride molecules with a 
He/MoQa gas jet and HCI as chlorinating agent. The solid line 
drawn through the data points is from the Monte Carlo 
computer program. 

115 
.\ 



Table 6.4 Experimental data used in constructing relative yield curves for BiC13, PoC4, 
an dRfCl l4,. 

Temperature Beam Total Events Total Events Total EventS Exy;:ted 
261Rf + 257No 21 p0m 261RfEvents 

eC) (JJ.C) 211p0 m 211Bi +211p0 m Events 
7.27MeV 6.62MeV 8.18-8.38 MeV 8.305MeV 8.18-8.38Me V 

' 
50 54393 2753 1821 40 8 32 

100 68280 1516 7045 34 4 30 

150 68792 11435 9519 222 31 191 
' 

200 92113 13869 11412 296 38 258 

250 59063 10010 7142 193 28 165 

300 42171 7337 4867 128 20 108 
' 

350 11495 2056 1482 39 6 33 

400 11315 1803 1315 25 5 20 
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6.2.4 Discussion 

Within the group 4 elements, the lighter species (ZrC4) is more volatile and has a 

larger adsorption enthalpy than the heavier species (HfCl4). Assuming this trend 

continues and there are similar molecular structures for chloride complexes within a 

periodic table group, RfCl4 should be the least volatile of the group 4 chlorides and have 

the smallest adsorption enthiUpy. 

The volatility of Rf-chlorides, which has been determined with high .accuracy, can 

be compared with the volatility of Zr- and Hf-chlorides measured under identical 

conditions. The following volatility seri~s. has been established for the group 4 element 

chlorides: ZrCl4;:::RfCl4>HfCl4. The Zr- and Rf-chlorides are similar in volatility and 

more volatile than Hf-chlorides. The order observed in the volatilities does not 

correspond to the expected trend for the group 4 chlorides. The adsorption enthalpies are 

as follows: ZrCl4>RfC4>HfCl4. 

Preliminary results indicate that the Zr-chlorides are more volatile than their 

bromides. 

6.3 Group 5 Elements 

6.3.1 Nb-Chlorides 

Figures 6.17 through 6.21 show-relative yield curves for 15-s 99Nb-chlorides with 

either a He/Mo03 or He/KCI gas jet and various halogenating agents on Si02 or KCI 

· surfaces. As depicted in Figs 6.17 and 6.18, NbCl5 becomes volatile at temperatures 

between 100°C and 150°C. Table 6.5 lists the calculated adsorption enthalpies. Our 

adsorption enthalpies agree very well with Rudolph's values. A 100°C change is again 
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Fig. 6.17 Relative yield curves for 99Nb-chloride molecules 
with a-HeiMoOJ gas jet and CI21CCI4 as chlorinating agent. 
The solid line drawn through the data points is from the Monte 
Carlo computer program. 
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Ftg. 6.18 . Relative yield curves for 99Nb-chloride molecules 
with a He/Mo03 gas jet and· HCVCCI4 as chlorinating agent. 
The solid line drawn through the data points is from the Monte 
Carlo computer program. · 
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Feg. 6.19 Relative yield curves for 99Nb-chloride molecules 
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line drawn through the data points is from the Monte Carlo 
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Fig. 6.21 Relative yield curves for 99Nb-bromide molecules 
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solid line drawn through the data points is from the Monte 
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observed when a He/KCI gas-jet was used (Fig. 6.19) because of the partially KCl-coated 

column surface. The volatility of NbC15 was investigated on a KCI surface, prepared as 

explained in section 4.3, and a 250°C decrease in volatility was observed. The decrease 

in adsorption enthalpies for NbC15 observed between experiments on a Si02 surface and 

on a KCI surface, is also observed by Rudolph (Table 6.5). The KCI surface was created 

as explained in section 4.3. Our resuJts show a lower volatility for NbBr5 than for 

NbCl5. The results shown for NbBr5 are considered preliminary. 

Table 6.5 Adsorption enthalpies for Nb-chlorides and -bromides. These compounds are 
prob bl th hi h fi ed a ly e species w c are orm· . 

Compound Surface Halogenating Transport mo 
ads 

*Mio 
ads 

Agent Aerosol (kJ/mol) (kJ/mol) 

99NbCI5 Si02 Cl2fCCl4 Mo03 -70±5 -69 ±5 

99NbC15 Si02 HCVCCI4 Mo03 -68 ±5 

(Mo02Cl2) 

99NbC15 Si02(KCI) HCl KCI -84±5 

99NbC15 KCI C12fCC4 KCI -114±7 -102 ± 2 

99NbBr5 Si02 HBr Mo03 -89±5 

(Mo02Br2) 

*Data from [RUD 80b] 

6.3.2 Ta-Chlorides 

For this study, the 34-s 166Ta and 84-s 167Ta were used. Various halogenating 

agents (Cl2, HCVCCI4, and HCVSOC12) were utilized. Similar to the Hf results 

discussed in section 6.2.2, chlorine gas did not yield any volatil~ Ta-chloride species. 
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The results presented here have the high-yield problem at low temperatures discussed in 

section 6. 

Most probably the Ta species under study here is TaOC13 rather than TaCl5 because 

of the unusually low volatility. As shown in Figs 6.22 through 6.25, TaOCl3 becomes 

volatile at temperatures between 550°C and 600°C. Table 6.6 lists the calculated 

adsorption enthalpies. Rudolph's work [RUD 79] shows an increase in adso~tion 

enthalpy (or volatility) for TaOCl3 between experiments performed on a Si02 surface 

(Mi =-133±20 kJ/mol) and experiments done on a NaCl surface (Ml =-96±20 kJ/mol)." 

An increase in volatility (on the order of 50°C) is observed (Fig. 6.26 and 6.27) when 

KCl is used as the transport aerosol because the column is partially coated with KCL 

Table 6.6 Adsorption enthalpies for Ta-chlorides. These compounds are probably the 
. h. h f; ed specieS w IC are orm . 

Compound Half-life Surface Halogenating Transport Mio *Mlo 
(sec) Agent Aerosol ads ads 

' (kJ/mol) (kJ/mol) 

l66-faOCI3 34 Si02 HCVCCI4 Mo03 -152 ± 12 -133 ± 20 

~6:TaOCI3 84 Si02 HCVCC14 Mo03 -153 ± 11 

l~aOCl3 34 Si02 HCVSOCl2 Mo03 -166 ± 9 

167Ta0Cl3 84 Si02 HCVSOCl2 Mo03 -162 ± 7 

l~aOCI3 34 Si02(KCl) HCVSOCl2 KCl -149 ± 5 ·-96±20 

167Ta0Cl3 84 Si02(KCl) HCVSOC12 KCI -160 ± 12 
. 

*Data from [RUD 79] 

• Adsorption enthalpy on N aCl surface. 
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Fig. 6.22 Relative yield curve for Ta-chloride molecules with a 
He/Mo03 gas jet and HCVCCI4 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer program. . 
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Fag. 6.23 Relative yield curve for Ta-chloride molecules with a 
He!Mo03 gas jet and HCVCCI4 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer program. 
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Fig. 6.24 Relative yield curve for Ta-chloride molecules with a 
He!Mo03 gas jet and HCVSOCI2 as chlorinating agent. The 

·solid line drawn through the data points is from the Monte 
Carlo computer program. 
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Ftg. 6.25 Relative yield curve for Ta-chloride molecules with a 
He/Mo03 gas jet and HCVSOCI2 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
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Fig. 6.26 Relative yield curve for Ta-chloride molecules with a 
He/KCI gas jet and HCVSOCJ2 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer pr:ogram. 
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Fag. 6.27 Relative yield curve for Ta-chloride molecules with a 
He/KCI gas jet and HCVSOCI2 as chlorinating agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer program. 
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6.3.3 Ha-Chlorides 

262Ha decays 67% by a-emission and 33% by spontaneous fission (SF) [KRA 92]. 

A decay-curve analysis of SF activities observed in all gas chemistry experiments 

resulted in a half-life of 47:~ 1 s, assuming a minor contamination from ,256pm 

(256Md). This half-life is long compared to the literature value of 34-s, but agrees well. 

with the 44:~~ s half-life observed by Gaggeler et al. in earlier gas chemistry 

experiments [GAG 92]. The analysis of a-spectra revealed 7 correlated a-a pairs, which 

resulted from the decay of 34-s 262Ha followed by a-decay of its 3.93-s 258Lr daughter. 

Half-lives of 28:~ 7 s and 3.8:I:8 s resulted for the mother and the daughter nuclides, 

respectively, in good agreement with the literature values. The observation of correlated 

mother-daughter pairs furnishes positive proof that 262Ha was observed after chemical 

s~paration. Figure 6.28 shows the yield curve constructed for HaCls. The relative yield 

of Ha-chlorides at 1 00°C is considerably lower tpan that measured at 250°C and higher 

temperatures. Unfortunately, no data exist for temperatures between 100 and 250°C and 

additional experiments need to be performed to obtain a more accurate determination of 

the HaCls volatijity. An adsorption enthalpy of .;73±10 kJ/mol was calculated for 

HaCls; however, the point at 100°C was heavily weighted in this calculation. The Monte 

Carlo line was forced to go through this point 

6.3.4 Discussion 

Our results indicate that Nb- and Ha-chlorides are more volatile than their respective 

bromides [GAG 92]. HaCls is probably similar. in volatility to NbCls. However, 

additional experiments need to be performed for a more accurate determination of the 
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Fig. 6.28 Relative yield curve for Ha-chloride molecules with a 
He/Mo~ gas jet and CI2/CCI4 as chlorinating ·agent. The 
solid line drawn through the data points is from the Monte 
Carlo computer program. 
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volatility of Ha-chlorides. As explained in section 6.3.2, results were obtained for 

TaOC13 and not the pure chloride species (faCls). Therefore, we are unable to arrive at 

any conclusions concerning volatility . trends in the group · 5 chlorides: 

/ 
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Chapter 7 

Conclusions 

We have constructed the Heavy Element Volatility Instrument (HEVI), an on-line 

gas .chr_omatography_system which continuously separates halide species of short-lived 

nuclides according to their volatilities. Volatility measurements have been performed on 

chlorides of Rf and its group 4 homologs, Zr and Hf, as well as Ha and its group 5 

homologs, Nb and Ta. Adsorption enthalpies have been calculated for all species using a 

Monte Carlo code simulation based on a microscopic model for gas 

thermochromatography in open columns with laminar flow of the carrier gas. There is 

good agreement between the experimental results and the simulation. Table 7.1 contains 

the best volatility and adsorption enthalpy values for all species studied on Si02 surfaces. 

134 

( 



.. 

Table 7.1 The best volatility and adsorption enthalpy values for all species studied on 
Si~ surface. These d b bl th · h. h formed. compoun s are pro a lY e species w 1c are 

' 

Compound Volatility Mi~ 
eq (kJ/mol) 

BiC13 100- 150 -69±4 

PoC14 150-200 -74±5 

ZrC14 100- 150 -69±6 

HfC14 200-250 -96±5 

RfC14 100- 150 -77 ±6 

NbCI5 100- 150 -70±5 

Hac15 100-250 -73 ± 10 

TaOCl3 550-600. -153 ± l1 

· ZrBr4 200-250 -91 ± 6 

NbBr5 200-250 -89±5 

7.1 Group 4 

The following series for volatilities and adsorption enthalpies of the group 4 element 

chlorides have been established: ZrCl4=RfC4>HfCl4 and ZrCl4>RfC4>HfCl4, 

respectively. Assuming similar molecular structures for chloride complexes within group 

4 of the periodic table, a trend of decreasing volatility and Miads is observed as one 

moves down the group (noticed in Zr- ~d Hf-chlorides). Following this trend, RfC4 

would then be expected to be the least volatile of the group 4 chlorides with the smallest 
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Miads value. However, illustrated in Fig. 7.1, our results show a reversal in this 

expected trend. Further calculations are needed to assess whether this is due to 

relativistic effects in the transactinide ·region. Preliminary results indicate that Zr­

chlorides are more volatile than Zr-bromides. 

7.2 Group 5 

Our results indicate that Nb- and Ha-chlorides are more volatile than their respective · 

bromides [GAG 92]. HaCl5 is probably similar in volatility to NbCl5. Additional 

experiments need to be performed for a more accurate detennination of the volatility of 

Ha-c~orides. In this work, results were obtained for TaOCI3 rather than for the pure 

chloride species TaCl5. Therefore, we are unable to arrive at any conclusions concerning 

trends in volatility for the group 5 pentachlorides. However, if as in group4, the heavier 

species TaCl5 is less volatile than the lighter Nb05,,then a reversal in trend again occurs 

for group 5 since the chlorides of Ha, the heaviest element, has about the same volatility 

as that of Nb. 

7.3 Future work 

The future of on-line gas chromatographic studies in the actinide and transactinide 

region is both challenging and exciting. The challenging aspect of this research comes 

from the short half-lives and lJ>w production rates of the transactinides. Improvements in 

detection methods of the existing system (HEVI) can allow studies of elements with half­

lives of a few seconds or even less. The time required for the chemical separation of the 
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halides is on the order of one second. . As explained in section 6.2, the reclustering 

process for the separated halides on KCI aerosols and their transport to the detection 
. 

system is a very time-consuming process (on the order of 15 to 25 seconds). Plans have 

been made for a new detection system design which will decrease the time between 

separation and detection to one or two seconds. This improvement will allow the 

investigation of the volatility of element 106 and its group 6 homologs, molybdenum ~d: 

tungsten. 

PreSC?ntly, volatility studies are being conducted on the bromide systems of group 4 

(Zr, Hf, and Rf) ~d group 5 (Nb, Ta, and Ha) elements. Collaborative efforts between 

Lawrence Berkeley Laboratory and Los Alamos National Laboratory have been planned 

to investigate the fluoride systems of group 4 and 5 elements. Elements with ayailable 

4+ oxidation states such as cerium, thorium, plutonium and berkelium will also be 

investigated. 

Finally, work is being done by theoretical chemists such as Valeria Perishina [PER 

92], presently at GSI, B. Fricke, currently at University of Kassel in Germany, G. V. 

Ionova, currently at Institute of Physical Chemistry in Moscow, and Elijah Johnson, 

currently at Oak Ridge National Laboratory, to aid in the explanation of our experimental 

results. 
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Appendix A 

'····-------------------------------------------------------------····-------
'MONTE CARLO SIMULATION OF ISOTHERMAL CHROMATOGRAPHY 

'USING A MICROSCOPIC MODEL PROPOSED BY I. ZVARA 

'AUTHOR: ANDREAS TURLER 

'VERSION 1 FORHEVI 

'01/31/92 

·----------------------------------------------------------------------------
SCREENO 

CLS 

'Declare variables and constants 

DIM T(13, 59) 

DIM LOSS(13) 

DIM MADEIT(13) 

CONST Pi= 3.141592653589# · 'Nothing else put Pi 

CONST M2 = 4.0026 'Molar mass of Helium (amu) 

CONST d2 = .147 'Density of Helium 

CONST R = 831432E+07 'The gas constant (cgs) 

139 



'R.ead in the actual measured temperature profiles 

OPEN "b:\heviprof.txt" FOR INPUT AS #1 

FOR X = 0 TO 58 STEP 1 

INPUT #1, T(O, X),T{1, X), T(2, X), T(3, X), T(4, X), T{5, X), T(6, X), T(7, X), T(8, 

X), T{9, X), T(10, X), T{11, X), T(12, X) 

NEXT X 

CLOSE 1 

'Read in information about molecule 

INPUT "Half-life of the nuclide (sec) "; T.5 

INPUT "Number of molecules for each temperature ";I 

INPUT "The flow rate of He through the column (Torr*l/sec STP) "; Q 

INPUT "The molecular weight of the species, i.e. TaBr5 (amu) "; M1 

INPUT "The density of the species, values from CRC Handbook "; d1 
' . 

INPUT "The period of oscillations of the molecule (l.OE-12) "; pO 

INPUT ''The enthalpy of adsorption to start with "; DHaSTART 

INPUT "The enthalpy of adsorption to stop with "; DHaSTOP 

INPUT "The step width "; DHaSTEP 

Q = Q /760 * 1000 

OPEN "b:\hevi.dat" FOR OUTPUT AS #2 

PRINT #2, "Monte Carlo Simulation for HEVI ";DATE$, TIME$ 

PRINT#2, "======:===== =====" 

PRINT#2, 

PRINT #2, "Half-life of the nuclide (sec) "; T.5 
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PRINT #2, "Number of molecules fot each temperature "; I 

PRINT #2, "The STP flow rate of He through the column (cm3/sec) "; Q 

PRINT #2, ''The molecular weight of the species, i.e. TaBr5 (amu) "; M1 

PRINT #2, ''The density of the species, values from CRC Handbook "; d1 

PRINT #2, "The period of oscillations of the molecule (l.OE-12) "; pO 

PRINT #2, "The enthalpy of adsorption to start with "; DHaSTART 

PRINT #2, "The enthalpy of adsorption to stop with "; DHaSTOP 

PRINT #2, "The step width "; DHaSTEP 

PRINT#2, 

PRINT#2, 

'Loop for different val~es of DHa 

FOR DHa = DHaST ART TO DHaSTOP STEP DHaSTEP 

PRINT #2, "Adsorption Enthalpy (kJ/mol) 

PRINT#2, 

PRINT "Adsorption Enthalpy (kJ/mol) "; DHa, TIME$ 

'Loop for ~ifferent temperatures 

FORTX = 0 TO 12 

";DHa 

LOSS(TX) =0 'The number of nuclides which didn't make it exit 

MADEIT(TX) = 0 'The number of nuclides which made it to the exit 

PRINT "Temperature (0C) "; (TX + 1) * 50 

'Loop for I molecules 

FORL= 1 TOI. 

xi= 0 'The distance variable in the column (em) 
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tt=O 'The accumulated time (jump and sit) (s) 

'Provide a primer for the random number generator 
I 

RANDOMIZE TIMER 

'Generate a random td (Decay Time) 

'Since RND actually can be 0 use 1-RND as random number 

td = -T.S/ LOG(2) * LOG(l- RND) 

DO 

'Generate a random Ni (Jump Length) 

'First calculate the Diffusion Coefficient using the Gilliland's equation 

0298 = .0043 * (298.15) " 1.5 * SQR(1/ M1 + 1/ M2) /({(M1 I d1) " (1 I 3) + (M2 I 

d2) 1\ (1/3))) 1\ 2 

D = 0298 * ((T(TX, CINT(xi)) + 273.15) I 298.15)" 1.75 

'Then calculate N mean 

Nm = 11 * Q * (T(TX, CINT(xi)) + 273.15) 1273.15 I (48 *Pi* D) 

'Generate random Ni 

'Since RND actually can be 0 use 1-RND as random number 

Ni = -Nm * LOG(l - RND) 

'Evaluate the coordinate of the molecule 

xi= xi+ Ni 

'Calculate the flight time 

142 

•· 



• 

'Assume that the flight time was Ni!Velocity and Velocity= Qi!Pi*rA2 

tf=O 

IF xi- Ni >53 THEN 

tf = 2 *Pi* .002025 * (INT(xi- Ni + 1)- (xi.- Ni)) I ((Q * {T(TX, INT(xi- Ni)) + 

273.15) 1273.15) + (Q * (T(TX, INT(xi- Ni + 1)) + 273.15) 1273.15)) 
0 

ELSE 

tf = 2 *Pi* .0841 * (INT(xi- Ni + 1)- (xi- Ni)) I ((Q * {T{TX, INT(xi- Ni)) + 

273.15) 1273.15) + (Q * (T(TX, INT(xi- Ni + 1)) + 273.15}1273.15))
1 

END IF 

FOR Z = INT(xi- Ni + 1) TO INT(xi- 1) 

IF Z >57 THEN EXIT FOR 

IFZ>52 THEN 

tf = tf + 2 * Pi * .0020251 ((Q * (T(TX, Z) + 273.15) 1273.15) + (Q * (T(TX, z + 

1) + 273.15) 1273.15)) 

ELSE 

tf = tf + 2 *Pi* .08411 ((Q * (T(TX, Z) + 273.15) 1273.15) + (Q * (T(TX, Z + 1) 

+ 273.15) 1273.15)) 

END IF 

NEXTZ 

IF xi > 53 AND xi <58 THEN 

tf = tf + 2 *Pi* .002025 * (xi- INT(xi)) I ((Q * (T(TX, INT(xi)) ~ 273~15) I 

273.15)+ (Q * (T(TX, INT(xi + 1)) + 273.15) 1273.15)) 

END IF 

IF xi <=53 THEN 

tf = tf + 2 *Pi* .0841 *(xi- INT(xi)) I ((Q * (T(TX, INT(xi)) + 273.15) 1273.15) + 

(Q * (T(TX, INT(xi + 1)) + 273.15) 1273.15)) 

END IF 
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tt=tt+tf 

'Check if the nuclide has decayed ? 

IF tt > td 1HEN 

LOSS(TX) = LOSS(TX) + 1 

EXIT DO 

END IF 

'Check if the molecule has left the column ? 

IF xi> 581HEN 
) 

MADEIT(TX) = MADEIT(TX) + 1 

EXIT DO 

END IF 

'Generate a random time the molecule spent adsorbed 

'Calculate t mean · 

tm = pO * 1E-12 * EXP((-DHa * 1E+10) I (R * (T(TX, CINT(xi)) + 273.15))) 

'Calculate vi (mean number of collisions) 

IF xi > 53 THEN 

vi= .045 I (Q * (T(TX, CINT(xi)) + 273.15) I 273.15) * SQR(2 *Pi* R * (T(TX, 

CINT(xi)) + 273.15) IM1) 

'ELSE 

vi= .29 I (Q * (T(TX, CINT(xi)) + 273.15) 1273.15) * SQR(2 *Pi* R * (T(TX, 

CINT(xi)) + 273.15) I M1) 

END IF 
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'Generate a random ta 

'Since RND actually can be 0 lise 1-RND as random number 

ta =-vi * tm * Nm * LOG(1 - RND) 

'Update total time 

tt=tt+ta 

'Check if the nuclide has already decayed·? 

IF tt > td THEN 

LOSS(fX) = LOSS(TX) + 1 

EXIT DO 

END IF 

LOOP WHll...E tt <= td AND xi <= 58 

NEXTL 

PRINT #2, (TX + 1) * 50, MADEIT(fX), LOSS(fX), (MADEIT(TX) I I) * 100 

NEXTTX 

PRINT#2, 

PRINT#2, 

NEXTDHa 

CLOSE#2 
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