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Abstract

On-line Gas Chromatographic Studies of Rutherfordium (Element 104),
| Hahrrium(Element 105) and Homologs
by
Babak Kadkhodayan
| Doctor of Philosophy in Chemiétry
University of California at Berkeley

Professor Darleane C. Hoffman, Chair

Gas-phase isoth_ermai chromatography is a method by‘ which volatile compounds of
different chemical elements can be separated according to° their volatilities. 'The
technique, coupled with theoreticai modeling of the processes occurring in the
chromatography column, provides accurate determina_tion of thermodynamic properties
(e.g., adsorpﬁon enthalpies) for compounds of elements, such as the transactinides, whieh
can only be produced on an atorrr-at-a-time basis. In addition, the chemical selectivity of
the isothermal chrornatography 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 flaxrxinar 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,f) reactions.

38-s 162Hf, 1.7-min 165Hf, 34-s 166Ta, and 1.4-min 167Ta were produced by the
1 » '



Natgy + 1"'7Sm(20Ne:,xn) reactions. 65-s 261Rf and 34-s 262Ha were produced via the
248Cm(180,5n) and 2"'9Bk(180,5 n) reactions, respectively.

The Heavy Element Volatility Instrument (HEVI) was used for these volatility
studies. HEVI is an on-line gaé chromatography system which continuously separates
halide species of short-lived nuclidés according to their volatility. The following series
in volatility and adsofption enthalpy of the group 4 clement chlorides has been
established: ZrCl4~RfCl4>HfCl4, and ZrCl4>RfCl4>HfCly, respectively. Assuming
similar molecular structures for chloride complexes within group 4 of the periodic table,
a trend of decreasing vo_latility and AH,gg 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 sincé the diséovery of periodic trends by the German chemist Lothar Meyer and
the Rﬁssian Dmitri Mendeleev in 1869-70, the greatest tool for chemists in predicting the
chemical properties of unknown elements has been the pcrfodic table of vthe' elements.
The pei'iodic table, as represented today, places elements into groups (columns) and
| periods (rows). As depicted in Fig. 1, there exists a period of elements from 58 to 71
~ called the lanthanide elements and a period of elemen‘ts from 90 to 103 called the
actinides, many of which are unsiablc and must be produced artificially. The periodic
table shows elements 104 through 109, the &ansactinide 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'thére has been increased activity, both experimental and théoretical, in the
study of the chemical properties of the transactinide elements. The special interest in this
seventh row of the peﬁodic table arises from predictions that due to relativistic effects the
chemical properties of the heaviest elements might show deviations from pcriodic table
vtrends. As early as 1969, Fricke and Greiner [FRI 69] predicted suéh deviations which
may be ﬁnderstood if one considers that at very high afomic numbgrs the inner electrons

attain relativistic velocities, thus leading to a contraction of the s and P, Orbitals.



Periodic Table of the Elements

1 - | 18
1 | 2
H|2 ' | - 1314151617|He
' 3. | 4 | - (ST6[ T8[9 [10]
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Fig. 1.1 The periodic table of the elements



o Thc Pin orbitals are relatively unchanged because the contraction cffect is conntcracted
by Spin-orbit effects. Conscqucntly,v the d and f electrons are more efﬁcicntly screened
from the nuclear chargc rcsulting in an increase in energy and a radial extension for
these orbitals. In tmnsactmlde elcmcnts relativistic effects may alter the relative stability
of the 7s, 6d, and 7p valence electrons to such an extent that other ox1dat10n states than
those expected from penodm table extrapolations become 1mportant. |

In the transmon region at the end of the actinide scnes and begmmng of the
transactinide scnes, the role of the 7l“p1 2 and 6d orbitals in the chemistry of the regmn is
difficult to predict. Therefore, it is possible that some of these elements may exhibit p
ratner than d character. Recent extensive theoretical calculations [BRE 84, DES 80,

' KEL 84, PYY 88, ZHU 90] have lprovided ‘chcmists with prcdictions on how the
relativistic rearrangements of vaicnce electrons ntay affect the chemical properﬁes of the
-heaviest elements. Multiconfiguration Dirac-Fock (MCDF) calculations [BRE 71, BRE
84, DES 80, ZHU 90] have predicted a ground state electron conﬁgurauon for L0 of -
[Rn]5f147s27p1 instead of [Rn]5f146d7s2 as expected by analogy with Lu®. Based on
extrapolations from this msnlt Keller [KEL 84] suggested that the ground state »
conﬁgnration of Rf should be ‘7s27p2 rather than 6c\127s2 analogous to the 5d26s2
configuration of its lighter homolog, Hf. This prediction may imply that elcmcnt 104
should behave like a heavy p-elcmcnt similar to Pb. In recent more accurate MCDF
calculations using 468 JJ-conﬁguraUOns, Glebov et al. [GLE 89] deterrmncd that the
ground state of Rf should be a J=2 level, Fig. 2, consisting of the 6d7s27p configuration

 (80%) with a level only ‘0.5 eV higher' consisting of the 6c1727s2 conﬁguration (95%),

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

ground state. Based on thcir ‘calculations, Glebov et al. conclutied 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 calcuiations [FRI SUB] have predicted a ground state electronic

| configuration of 7s26d3. | - o
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Fig. 1.2 Energies of low-lying states of Rf:

- @) nonrelativistic calculations; b) relativistic single-configuration calculations;
c) relativistic calculations involving 30 conﬁguratlons d) relativistic calculatuons
involving 468 configurations.
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~ An intense effort m MCDF ﬁaléulaﬁons relevant to the volatilities of halides of
transactinide 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 calcﬁlations to arrive at the degree
of ionic or covalent character in the transactinide and homolog halides. A more covalent
(less ionic) character'corresponds to a more volatile halide species. 'Thése calculations
arrive at adsorption eﬁthalpy values of halides on'yario'us surfaces. From these valueé_
volatility u:mperamres for the halides are calculated. While the absolute values of the
adsorption enthél'pies of the volatilities fromkth'c MCDF ‘ca.lculations may not be accurate,
the trends within a given grbup 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, ZVA 66,69,70,76,89] using on-line gés chromatographic
techniques; and sblution chemistry using éhromatographic_ and solvent extraction
techniques. Volatility cxperimcnts by Zhuikov et al. [ZHU 89] in 1989 indicatcd that Rf
and Hf did not behave like p-elemehts. These experiments are based on the large
differeﬁces 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)

Care3to 4 times higher than those of Tl (180 KJ/mol); Pb (197 K.T/mol), and Bi (209

KJ/mol). These large . differences are based on the difference of bond stren$ths
associated with the p and dvelcments.. In another work published in 1990, Zhuikov et al.
[ZHU 90] evaluated various expeximental_approachcs 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 eﬁperimenté (elefnental forms) it is hardly possible 't<.> distinguish

5
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between "relativistic" and "non-relativistic" atoms as it would be extremely difﬁcuit to
stabilize the elements like Hf and Rf in the atomic state at the requﬁed high column
temperatures of up to 1500 ©C. 'I'Imcrmbchromatography of the tetrachlorides or
tetrabromides appeared most promising.

Rudolph [RUD 80] has invcsﬁgated the validity of "on-line" gas chromatography
measurements of inorganic halides and oxides as a tool m determining adsorp.tign
enthalpies and entropies for short-lived nuclides. Adsorption enthalpies and entropies on
quartz surfaces were measured, for NbCl5 and NbOCl3, using the 54 s 9TNb™. These
results were compared with .resuits from "off-line" 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 VComparison of adsorption enthalpies and entropies from on-line and off-line
measurements. '

Compound | AHags (&I mole-l) ASpgs (Fmole-1K-1)
on-line off-line | on-line off-line
NbCls -69+3 -68+3 | -7%5 -15+5
NbOCl3 -96 + 3 -94+13 | 3115 34+ 14

Data from [RUD 80]Table 1.1

The short half-lives and low production rates of the transactinide elements make on-
line gas chromatdgraphy an invaluable tcchniqﬁe in the investigation of nuclear and
chemical properties of these elements. The study of the nuclear properties of thesc‘
elements is made possible due to a very fast and efficient chemical éepaxation of

. transactinides from interfering actinide activities. Furthermore, chemical properties, such



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'invéstigatcd. A sudden break or change in.a continuing

trend within a pcriodié group may indicate the presencé of relativistic effects.



Chapter 2

Instrumentation Development

Experimental investigation 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. Thesé 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 reﬁroducible 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.



2.1 Previous work

2.1.1Zvara et al. (Gas Thermochromatography)

On-line gas thermochromatography expérimcnts with transactinide elements were -
performed in 1966 by Zvara et al. [ZVA 66]. Their studies have coht'muéd until today
[BEL 75, ZHU 89, ZVA 69,70,76]. Taldng advantage of the fact that bromides and
chlorides of the group 4 and 5 veler’ncnts, and possibly Rf and Ha, form rather volatile
3 species, they pclfonned gas-solid thermochromatography. A schematic of their
apparatus is given in Fig. 2.1. The reaction 242Pu(22Ne,4n)260104 was used to form the
Rf atoms. In some eiperiments a Sm target was irradiated, along with the Pu target, to
produce Hf activities simultaneously. Recoiling products formcd in the nuclear reaction
(section I) were carried in a flow o_f N carrier gas to the chlorinating section of the
apparatus (sectioﬂ II), and the reaction products were subjected to a mixture of NbCls
and ZrCly vépors. The volatile halides were carried with the nitrogen flow down 2 4 m
long chromatography column (section IID Different materials, such as glass, Teflon, or
vstainlesis steel, were used in this section as }exchange surfaces. An inert filter (section IV)
was placed before a éeries 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 sérieé of experiments
were conducted. All sections of the apparatus were mainfained at a preselected uniform
temperature. In the first sc’rigs, the temperature Was maintained at ‘approxir‘natcly 220-
250 °C. Four fissidn tracks were observed, and were attributed té the decay of 260Rf. In
the second series of experiments, the tcmperature' of the ‘colu_mn was kept at
approximately 300-350 °C. Eight fission tracks were observéd. 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
| 9
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activities [HYD 87], Rf halides were claimed to have been made and separated from the‘
actihide_activitics. 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 conceming the Z A and the half-life of the fissioning nucleus is lost. These
results have also been the sub_]ect of controversial discussions [HYD 87 GAG 88] in

relation to the clmm of the discovery of element 104.

2.1.2 Rudolph et al. (Isothermal Chfomatography)

In 1980, Ru’dqlph et al. [RUD 80} devéloped an on-line isothermal chromatography
system for the determination of M§omﬁop enthalpies and ?:ntiopies of short-lived
inorganic halides and oxides on quartz surfaces. Adsorption enthalpy and entropy results
were obtained by this method for NbCls and NbOCI3 using the 54 sec 97MNb. Fig. 2.2
ﬂlustrates a schematic of the apparatus used by Rudolph et al. The source of 97NbM was
977r (from 235y fission products) in a KCI/CsCl melt. - The melt was kept at 1000 K
(section 1). Nb was volatilized as pentachloride, in a nitrogen gas stream containing |
CCly vapors. The volatile NbC15_ molecules were carried with the gas flow down an
isbtherma] quartz chromatography column (section 2), 80 cm in length and 8 mm in
diameter. The column was packed with quartz glass particles; At the end of the
isoﬂlénhal section of the column, a section was gasv cooled (section 3) to room
| temperature and the 744 keV 7y-radiation of 97NbM was measured with a Ge(L1i)-detector
systém (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 '2;2100, _;vhich can

only be produced in very small amounts and have short-lived isotopes.

11
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Fig. 2.2 Schematic of the type of chromatographic apparatus used by Rudolph et. al
1) Injection port oven;2) Column oven; 3) Gas cooling for detector section; 4)
Detector with shielding; 5) Single or muiti-channel-analyzer with data storage and

printout.



2.1.3 Giaggeler et al. (OLGA)

In 1985 Giggeler et al. [GAG 85] developed an on-line gés chemistry apparatus
which was used to investigate adsorption enthalpics for the element polonium with
vérious 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 measﬁring the half-lives, making it
possible to identify the decaying nuclide. Soon after, Giggeler et al. developed OLGA 1§
[GAG 91], which was especially de51gned for the separation of volatile halide species of
short-hved nuclides. This system was also equlpped with an improved detection system
and was used in several studies of the halides of hafnium, niobium, tantalum,
protactinium, rutherfordium and hahnium [GAG 92, TUR 90, YA 89]. The OLGA
systems (Fig. 2.3) were very similar in design to the system used by Rudolph et al, w1th
~ some exceptions. The reaction produbts were’ attached to KCl aerosols in He and
transported to a quaftz wool plﬁg kept at 900 °C, inside the chromatography column.
The chlorinating agents were added at this point vand the volatile species férmed were
carried down an isothermal section of the column. After the volatile species moved
through this section, they were attached to new KCI aerosols in Np, in a recluster
chamber, and collected on a tape which was moved in frbnt of a series of alpha detectors
- or a gamma detector. HBr and HCl wére 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 cm), thc addition of a recluster chamber, and the

tape dctccuon system.

13
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Fig. prepared from [TUR 90] -
- Fig. 2.3 Schematic of the type of chromatographic apparatus u_sed by Gaggeler et. al (OLGA).



2.2 New Instrumentation

Motivated by this pioneeririg research, an improved system called .thc Heavy
- Element Volatility Inétrumcnt (HEVI) was designed and constructed. HEVI [KAD 92] is
an on-line gas chromatography systerﬁ which continuoﬁsly separates halide species of
short-lived nuclides according to their volatilities. Altliough the OLGA systems were an
improvement over Rudolph's system, they also had several shortcomings. The isothermal:
section of the  column was yéry short, the temperature profiles lacked uniformity (Fig.
2.4), and the désigﬁ of the system permitted the corrosion of the heating units, leading to
the break down of the system. Major improveménts in the HEVI system include a
longer Chroma'tolgraphy' column with sﬁperior temperature profiles which result in more
dist_inct separation o.f the volatile 'spccies.v. Addition of a controlled gas flow system
prevents salt buildup inside the cdlumn from the He/KCl aerosol gas transport system
and allows cdntinuoﬁs use of the system without periodic replacement of thc column.
The new Systerh is designed to prevent or reduce corrosion. Both gaseous HBr and HCl

have been used as halogenating agents in experiments with HEVL
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2.2.1 Operation Principle

Activity is transported from the vtargét chamber (see section 3.2) to HEVI via an
aerosol gas-jet transport system. The aerosols are generatcd by sublimation of crystalline
 KCl or MoO3 inside a quartz tube.-’ Helium gas is passed over the crystals at the rate of

2 liters per minute to chep the aerosols into a presorter capillary, where the larger
aerosol particles are allowed to settle out-Jof the He flow. The presorted aerosols are then
transported directly into the taiget chamber through a 4.8-mm id. Teﬁon 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 swééps 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 capiliary 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 chrqmétography section of -
the polumn. This first section of the quartz column is kept at approximately 900°C to
vapoﬁze the aerosols, leaving the activity on the quartz wool. Reactive gases are added
to the quartz wool plug to form halide COrhpounds. “The volatile speéies are then carried
- down a cooler, isothermal sectioﬁ of the column by the helium gas flow. The species
that leave the column, pntér 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 N2/KCl
transport ;ystem 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 adsérption/desorption stéps between the molecule and the column surface
and aiso the period of time the molecule spénds in the adsorbed state. The retention time

is then dependent on the adsorption enthalpy, the column temperature, the true volume

17
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Operation Principle
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Fig. 2.5 lllustration of the different parts of the experimental setup. The experimental process has been followed
- from production to chromatography and finally to detection.
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.ﬂow rate of the carriér 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 ihe quartz
column and dcéay. 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
whefe it is attached to new aerosol particles and'transported to a detection system. Sb
retention time as a function of column_temperamre 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 OLGA 11 tape counting system [GAG 91] can be used
to detect alpha/SF actiﬁties. A Ge detector in conjunction with a special collection site '
ié used to detect gamma or X-ray activities. All systems are described in detail m
subsequent sections of this ihesis. All detector chambers and ’the_collection site.were
" evacuated with an inert vacuum pﬁmp. The exhaust gases, still containihg the rcactivel '
halogenating agents, were neutralized in a NaOH scrﬁbber system before release to the

building exhaust. i

2.2.2 Design Description

HEVI consists of several cbmponents (Fig. 2.6): (i) the sp]it shell furriaces (Fig.
2.7), and controllers, which heat the various sections of the QUartz column; (ii) the
chromatography columﬁ 'assembly‘consisting_of the Inconel jacket (Fig._2.8), the quartz
chroniatography column and the graphite/ceramic pieces; (iii) ihe heat sink, which
“provides 'cooling bétween 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:consisﬁng
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Fig. 2.6 Nustration of the Heavy Element Volatility Instrument (HEVI).

Shown here is the side view of the chromatography and recluster segments.




* of the mass flow cc’mirollers and gas switches (Fig. 2.10), which control the continuous

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

- 2221 Split Shell Furnaces and Controllers

The system is heated by four split shell fusnnces (T €co F-6-1000-H41.5-1V-SS'L)‘
mounted end toend on a 15 x 94 cm rotating table, (Fig. 2.6). The furnaces are 16.51-.
cm in length with a 12.8-cm o.d., (Fig. 2.7). The heated length in each furnace is 15.2-
cm. The fumaces are designed for operation up to a maximum temperature of 1000°C.
| They are plfovided with a 2.54—crn 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 to appropriate temperature settings.

2222  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 temper,aitﬁres 'up to 1180°C. The
. alloy has excellent mechanical properties at cryogenic as well as elevated temperatures:
Because of its resisfance to chloride-ion stfess-corrosion cracking and corrosion by high
purity water, it is also used in nuclear reactors. | The Inconel jacket is a tube
bapproximately 78-cm long with a 2.54-cm o.d. and a 2;21-om 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 essential for

vacuum tight connections with ad_]acent system components

1

* Teco Manufacturing Company, 108 Baywood Ave. #100, Longwood, Florida 32750
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Fig. 2.7 Split shell furnace (Teco F-6-1000-H-1.5-1V-SSL) designed
for operation up to a maximum temperature of 1000 °C.
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good insulation properties. This arrangement ensures uniform isothermal temperature profiles in the

quartz chromatography column.



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-cin, in order to allow clearance to insert and seal
the 8-mm o.d. quartz chromatography column. The length of thé 6-mm id. quartz’
column is 82.2—cm.‘ Ai the downstream end, there is a 5.1-cm tip of 1-mmid.. A 3-mm
7 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 Iadcn
aerosols,z which are transported froni 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 coiumn is kept isotherrﬁal at lower
temperatures, -ranging’ from 50°C t6 650°C by the other three furnaces. The activity-
laden aerosols are transported directly to the ciuartz wool by a-27-cm long x 2.0-mm i.d.
aluminium oxide tube, in the quartz column. Thc aerosols are éollected on the quartz
wool, and are vaporized at 900°C, leaving the activity on the quartz wdol. Brominating
or chlon'natiﬁg agents, such as HBr or HC] gaSes,rare added at this point at a rate of 100
ml/mm ‘Volatile halide species which are formed will then flow down the isothermal
length of the column at the appropriaté isdthermal temperature and enter the recluster
chamberA Nonvolatile species decay inside the quértz column. -

‘To keep uniform - isothermal temperature proﬁles in our quartz chromafography
column, é series of graphite and ceramic tubes, with a2 2.10-cm o.d. and a 9.0-mm id,,
are carefully arranged inside the Inconel jacket (Fig. 2.8). High-dehsity graphite is used
~ for its excellent heat éonductivity properties and ceramic is used for its good heat
insulation properties. A 7.1-cm ceramic piéce 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 wbol positidn. Next is-a 5.1-cm
ceramic piece which insulates ihe isothermal section from the 900°C section. Finally a
52.7-cm graphite tube surrounds the isothermal section of ' the quartz tube insuring a

uniform temperature. The last 2.54 cm of this graphite tube is reduced to a 1.55-cm o.d.
, . o4



and a 3.2-mm ccrémic washcr is placed between the graphite and the Inconel wall, to
avoid contact between the graphite and the water cooled Inconel tubé. 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 Inconél
: jackét and around the graphite/ceramic arrangement. This assures a slight positive
pressure inside the Inconel jacket, preventing the back flow of corrosive gases inside the

jacket.

2.2.2.3 Heat Sink

To further minimize the transfer of heat ﬁbm the 900°C section to the adjacent
isothermal section a removable heat sink was cor_lstructed. 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 temperature settings below 250°C and is_
removed at higher temperatures. - The control of the water flow through the heat sink
regulates the héat transfer from the 900°C section to the isothermal section. The water
flow th'rdugh the system is controlled by a water flowmeter (RMA Rate-Master; *Dwyer
Instruments, Inc.). 'The meter controls flow from 7 Vhr to 91 1/hr. Appfopriatc water

flow settings have been determined for each isothermal temperature.

2.2.2.4 Recluster Components

The v'olatile species, after vleaving' 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 Insturments, Inc., P.O. Box 373, Michigan City, Indiana 46360
, o , »s



Recluster Components
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Fig. 2.9 llustration of the recluster components. The recluster unit consists of the recluster connecting
piece, which connects the inconel jacket to the recluster unit, the recluster gas distributor, which
distributes the recluster gas equally to the four inlets on the connecting piece, the recluster chamber
and the recluster end piece. - ’



»

the ga§ distributor, the rcciuster chamber a'nd the end piece (Fig. 2.9).

~ The KCl aerosols_ for the No/KCl gas jet systerﬁ are generated by subiime}ﬁon of
crystalline KCl at approximately 650°C inside a quartz tube. Nitrogen gas, at the rate of
1.5 liters per minute, is ﬁsed to sWeep the aerosols out of the tube and into a 'presorter’
capillary, where the larger aerosol -particleé are allowé_d to settle out. The presorted
aerosols are transpbrted directly into the recluster gas distributor via a 4.8-mm 1d
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—hum i.d. polyprbpy_lene éapillaries and is introduced to the recluster unit through four
inlets on the recluster connecting piece. The stainless steel récluster connecting piece,
illustrated in Fig. 2.9, connects the Inconel jacket io the recluster unit. The recluster
chamber is a 30.5-cm long cyiihdn'cél_ piece of 2.5-mm thick Pyrex glass with a 6.7-cm
id.. The species eptering_ the recluster chamber through the tip of the quartz
chromatography column are collected on the aerosols in nitrdgén. 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 thé detection system. The

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

2225 - GasFlow System

Duﬁng an experiment two typés of measurements are p_érfOrmed( 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 systerri is bypassed and the aétiviﬁgs_are _
sent directly to tﬁe detection sysierﬁ 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 perfonn.the above two measurements, it is crucial to maintain the uninterrupted
flow of gases m 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 conn'ol switches. Fig. 2.10 shows a schematic of the
controlled flow of gas tltrough 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 perform a yleld check measurement At
the same time, pure hehum is directed into the chromatography column at a rate of 2
1/min, 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 flovr of gases through the system was
regulated to produce exact experimental gas flow conditions. As pre\"iously' 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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Fig. 2.10 fliustration of the gas flow schematic of the system. The flow of gases in the system

is controlled through several mass flow controllers and two direction control switches.
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Fig. 2.11 Nlustration of temperature profiles inside the quartz chromatography column
for each of the thirteen isothermal temperature settings from 50 to 650°C in 50°C steps.
The sudden increase in temperature observed at the region from S through 15 cm
between 250°C settings and all higher temperature settings is due to the removal of the
heat sink. :



isothermal section part in the chromatography column is about 15-cm at 50°C settings,
approximately 40-cm at IOO°C .-through 250°C settings, and approximately 30-cm at
300°C or higher. The term "isothermal’ implies T1:5°C. The greater,lengths of HEVT's
isothermal sections are a majorv\irnprovemént over OLGA Il (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 ét
300°C, 11-cm at 200°C and only 6-cm at 100°C; -This improvement should lead to more

distinct separations.
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Chapter 3

Production of IsotOpes ;

Transactinide elements can only be produced in "heavy ion" fusion reactions at rates
of a few atoms per minute or less. The production of these elements requix'es heutron-
rich actinide elements, with relatively long half lives, as target material and heavy ion
beaxns. Isotopes such as 248Cm (element 96) and 249k (element 97) are ideal target
materials for such heavy ionvfusion réactions. A combination of such targets with an
accelerated beam of 180 ‘yie,lds detectable amouﬁts of transactinides, via a compound
" nucleus reaction mechanism.

As mentioned before, on-line isothermal ges chromatography is a method by which
volatile compounds of different chemical elements can be separated according to their
volatilities. Our im)estigationof periodic table trends is based on. a comparison of the
volatilities of transactinide halides with halides of their lighter homologs. This
comparison méy only be valid when study of the velatilities 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

quantities via heavy ion fusion reactions.
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3.1 Target Preparation

~ Several targets were used in this work for the producﬁon of transactinide elements
and their lighter homologs. All targets were prepared via a molecular 'depositic;n
technique [AUM 74, EVA 72, MUL 75] from an isopropanol solution. This method
ensures a thin, adheranf, and uniform vtarget. Target materials in NO3" fonﬁ are
dissolved in pure isopfopanol and electroplated on thin metal foil backings at high
voltage. Fig. 3.1 illustrates a special electroplaﬁng cell developed for the preparation ;)f
targets. The plating cell has an alummum base which holds the circular (0.d. 12-mm)
beryllium (2. 75-mg/cm2) metal foil used as target backmg The Be foil serves as the
cathode. A Teflon chimney (i.d. 6-mm), which holds the isopropanol solution containing
known amounts of thé target material to be pIa@, is placed directly 6n top of the Be foil.
A platinum foil with a 4-mm center hole, acts as the anode, and is placed m between the
mid ring and the top section of the plaﬁng cell. _'I'hé s:olution is stirred continuously with
a 2-m o.d. glass rod .attached to a' small electric motor. Deposition is carried out by
applying several hundréd vblts across the electrodes. The Voltége is adjusted so that the
:cungnt does not exceed 6-mA/cm2, since at} this point the solution will begiﬁ to bubble
reéulting in a poor deposit. A layer of approximately 75-pg/cm? is de_posited on the Be

- foil in a 6—mrh diameter circle, as defined by the chimney of the piating- cell. The Be foil

. 1s then dried under a heat lamp and baked in a qu_arti tube inside a split shell furnace at

500°C for approximately thirty minutes to convert the depoéit to the oxide. The exact
~ target thickness is determined using an a-spectrometer system utilizing a Si(Au) solid
state sufface barrier detector. The plating and baking process is repéated until the desired

target thickness is achieved.
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Fig. 3.1 Schematic of the plating cell used in target preparation



3.1.1 Mixed NatEy and 147Sm Target

" A mixed target of MtEu (47.8% 151Eu, 52.2% 153Eu) and 147Sm was _p;epared for
the Hf and Ta isotope production. Europium oxide powder was purchased from K & K )
Laboratpries Inc. at Plainview, NY. Isotopically pure 147Sr;1203 was purchase from
Oak Ridge Natiohal Laboratory. Known ainounts of both materialé were dissolved in an
appropriate quantity of 3 M nitric acid. The solutions were then evaporated to .drym;,ss‘ _
several times from a 3 M nitric acid solution to convert the EupO3 and the 147Sm203 to
nitrate form. Stock solutions of Eu and 147Sm were prepared by dissolving the resulting
NOj3- saltsbin appropriate amounts of pure isopropanol. In order to measure the target-
thickness after each plating procedure, 241Am and 248Cm tracers were added to the Sm
and the Eu soh;ﬁons, respectively. Known amounts of both solutions were added to the
plaﬁng cell before each plating interval. The final thicknesses of Sm and Eu matal in the
final metal-oxide deposit was 0.365-mg/cm2(0.214-mg/cm2, 147Sm and 0.151-mg/cm2,

“atEu).

3.1.2248Cm Target

A 243Cm target was prepared for the production of 261Rf via the 248Cm(1_80,5n)
reaction at the Lawrence Berkeley Laboratory (LBL) 88-Inch Cyclotron. First, a 3tpt
separatidn (Fig. 3.2) was.conduc'ted in order to isolate the Crﬁ from lead impurities. The
Cm3+in 2 020 M HNOj3 aqueous phase was extracted into an organic phase of 0.5 M .
di-2-ethylhexylorthophosphoric ’(HDEHP) ‘acid in heptane [HOR 69].  Two back
extracﬁan procedures were performed on the organic phase. First, a 3*/2+ separation
was performed ny a back eitraction of the 2% ions into a 0.2 M HNO3 solution. Second,
a 4*/3% separation was pérfonnc_ci'by a back extraction of the Cm3+ into 2 3M HNO3
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Cm Separation Flowchart
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Fig. 3.2 Flow chart of the purification chemistry for the Cm target. The Cri3+
in a 0.20 M nitric acid aqueous phase was extracted into an organic phase
of 0.5 M HDEHP in heptane and back extracted into an aqueous phase of

10 M nitric acid.



solution. This procedure isolated Cm from 2% and 4* lead ion impurities. The 3M
HNO3 aqueous phase was washed several tifnes with heptane to remove residual
HDEHP. The solution was then evaporated, and the resulting NO3- salt was dissolved in
‘appropriate amount of pure isopropanol. Each extraction was performed twice to assure
high separation yield.h The target was then prepared via the electrodeposition method
described in section 3.1. The final thickness of 248Cm in the CmpO3 deposit was 0.81-
mg/cmz. |

3.1.3 249Bk Target

A 249k iarget was prepare_d for the 'production of Ha isotopes via the
2498x(180,5n) reaction at the Gesellschaft fiir Schwerionenforschung (GSI) UNILAC
 accelerator in Darmstadt, Germany. The 325-day 249Bk was purified from 24?0f, the
beta decay daughter, via a 4¥/3* .separau'on (Fig. 3.3). The Bk3+ ina 10 M HNO3
aqueous’ phase wés converted to the 4+ oxidation state using saturated KBrQ3. The
B4+ was extracted into an organic phase of 0.5 M HDEHP in heptane. Two back
ex&actioﬁ procedures were performed on tﬂe organic phase. Each aquéous phase used
for the back extractions contained a small amount of HyO to reduce Bk4+ to Bk3+,
First, a 3*/2% separation was performed by a béck extraction of the 2+ ions into 2 0.2 M
HNO3 'sollition._ Second, a 4*/3% Separaﬁon was performed by a back extraction of the
'Bk*3 into a 3M HNO3 solution. This procedure isolated Bk from 2+ and 4+ lead ion
impurities. The 3M HNOj3 aqueous phase was washed several times with heptane to
remove reéidual HDEHP. Each extraction was pcrformed twice to assure high separation
yield. The target was then prepared via the electrodeposition method d¢scribed in section

3.1. The final thickness of 249Bk in the BkyO3 deposit was 0.70-mg/cm?.
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3.1.4 235U Target

A 235y 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 PSD in -
Switzerland. A stock solution of 235U ‘was prepared in pufc isopropanol and
eléctrodcposited'on a 4..05 ﬁmg/cm2 thick, 60-mm i.d. circular a.lurhinum foil. A platihg
cell_ and plating procedures, similar to those }described in section 3.1, were used in 'th_e
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 thé anode and a stirrer. The final thickness of
2350 in this target was 0.180 mg/cm?. |

3.2 Target Systems

3.2.1LBL

All irradiations carried out for the production of Hf, Ta, Bi, Po, and Rf isotopes were -
performed ét the LBL 88-Inch Cyclotroh in Cavé 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 targét failure. Duﬁ‘ng;
these irradiations, fhe /Im:ssﬁré inside the beam line between the accelerator and the target
system is continuously monitored. In the event of a vacuum failure, the "slammer Qalve"

_simply seals the beam line between the target systerh and the cyclotron, isolating ihc |
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cyclotron. A "beam wobbler” [MOO 83] is also used to spread the beam mtcnsny over
the ennre target area to prevent local overheat.mg in the target.

After a positive jon beam exits the cyclotron and passes through the "beam wobole_r",
it passes through a water-cooled graphite collimator (6-mm i.d.), a 2.75-mg/cm2 Be
: vaeuum 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 from the
vacuum window, the 2.75-mg/cm2 Be target backing, and finally the target material.
The beam is siopped in a water oooled- graphite beam stop, 15 cm 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 aeros‘ols in the He and are transported

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

- 3.2.2GSI
All irradiations carried out for the production of Ha isotopes were performed at the
. GSI UNILAC accelerator. The target system (Fig. 3.5) used at this facility is srery |
similar to the system used at LBL. To protect the - accelerator from possible
contamination during bombardments of radloactlve targets, a "quick valve" is used The
design and the principle of operation of this valve is similar to the slamme_r valve" used
at LBL. " | | |
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 Iecoil chan‘xber and the target. >The recoiling reaction products are attached on

aerosols in He, which sweeps the front of the target continuously, and are transported 10

the gas chromatography system through a 2. 4-mm 1d.x 15-m long caplllary
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Fig. 3.5 Schematic of the GS| target system. The distance of the
recoil chamber to the target may be adjusted by moving the
chamber back and forth on the copper beam stop.



3.2.3PSI

All irradiations carried out for the productioh of Zr and Nb isotopes were performed |
at the PST SAPHIR reactor. The reactor is of the light-water moderated swimming pool -
type with a thermal power of 10 MW. A heliurﬁQfﬂled beam line provides (4.6+0.5)x106

_ ﬂlermal neu&ons/(s-cmz) over a bea’rh spot size of 50 mm in diameter at the site of the
target. F1g 36 illustrates the schematic of the target system. The target chanibér is.
made of titanium to keep the neutron-induced activity of the assembly; as low as pdssiblc

| [YA 89]. The Ti(n,y) reaction produces only the 5.1-min S1Ti with a low cross section
of 0.2 bamn. The 6-mm thick alunﬁnum-boroq carbide chopper is used to reduce the
neutron flux out of the fcact,or by a factor of 100. The producﬁon of the fission produpt
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 ihe outer tube
of the caﬁillaries and from the target chamber housing is pumped through an activated
~ charcoal filter and then released into the buildin}; ventilation system. The level of
actiQity in the filter is continuously monitored. The recoiling fission products are
attached to aerdsols in He, which sweeps the front of the.taiget continuously, and afe - |

’_ transported to ihc gas chromatography systém.‘ If the monitored acti?ity exceeds the

preset limits, an ihterlock is triggered, closing the reactor bcam liné 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 NatEy + 147Sm(20Ne,Xn) Réactions

‘Isotopes of Hf and Ta were produced by (20Nc6+,xn) reactions with a mixed natgy +
147Sm target. The 140-MeV (laboratory system) 20Ne6+ beam from ;hc LBL 88-1_nc_h
cyclotron, after passing through the'2.75-mg/cm2 Be vacuum window, 0.2-mg/cm?2
nitrogen t_:ooling 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 ppA were used
throughout the expeﬁments. 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 'chemisn'y' experiment arer illustrated in Fig. 3.7. The
- 'direct catch’ measmément is simply a 5-min survey of photopeaks from the reaction
products transported directly from the targcf system to the detectipn system. During a
‘chemistry’' measurerhent the reaction products are transpdned to the chromatography .
éystem where a chemical separation based on volétility 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 . ‘
sebaration at 500°C where both the Hf and the Ta halides are volatile. In both types of
,measurerﬁents, samples were .coilécted for 5 min and Survey§d during the collection
pcriod for characteristic photopeaks. | The 173.7-keV and 195-keV fy-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 78téls 261Rf (half-life measured in this work) was produced by the
248Cm(1805+,5n) reaction with a cross section of 5 nb [GHI 70]. The 117-MeV
(la}bOratory system) 1805+ beam from the LBL 88-Inch cyclotron, after passing through
the 2.75;mg/cm2‘ Be vaquum window, 0.2-mg/cm2 nitrogen cooling gas aﬁd the 2.75-
mg/cm2 Be target backing, was degraded to 99 MeV before striking the target material. |

Typical beam currents of 0.5 ppA were used throughout the cxpe’rimenfs. Each sample

was collected for one minute and surveyed for 6 min for characteristic alpha-particle
events. Fig. 3.8 shows the sum specirum of all alpha particles observed in the chemistry
experiments for the first 3 minutes of counting. The major activities in this spectrum are
from Bi and Po isotopes. The chloride species of these elements are highly volatile
(chromatographic‘ properties discussed in chapter 6). These isotopés are produced with |
cross sections of tens to hundreds of millibarns from the reaction of 180 with trace lead
impurities m the target material. The 8.15-Mév to '8.38-MeV region in the alpha
spectrum contains all events due to 261Rf and its 25-s daughter 257No. vA ‘weak alpha
line at 8.305 MeV (0.25%) from the 25.2-s 211Po™ 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%) 211Po™ alpha line [ShI 78].
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3.3.3 249BKk(180,5n) Reaction

'34-s 262Ha was produced .at the UNILAC accelerator at GSI | by the
249Bk(1805+,5n) reagﬁon, at a beam er.xergy: of 99-MeV (laboratory system), with a_ '_
cross sections of 613 nb [KRA 92]. Typical beam currents of 0.5 PHA were used
throughout the experiments. Each sample was collected for 20 s and surveyed for 2 min
for characteristic alpha-particle and spontaneous fission ev‘énts. Fig. 3.9 shows the sum.
Spectnim of all alpha particles obsefved in the che_,mistry experiinents. “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 io 262Ha and its

-3.93-s daughter 258Lr.

3.3.4 235U(n,f) Products

Neutron-rich isotopes of Zr and Nb were produCed at the SAPHIR réactor'at PSI via
the neutron-induced fission of 235U. The 235U_target was covered with a 3.24-mg/cm2
thick aluminum foil in order to sﬁppress products from the heavy fission fragment mass
peé.k relative to the lightv one. The former_products, having a signiﬁcanﬂy lower récoil '
energy and range, are stopped in this foil, simplifying the identification of the light Zr
and Nb fission isotopes. Typical 7—spectra ofa 'dircct catch' and é ‘chemistry’ experiment
are illustrated in Fig. 3.10. - The 504.3-keV 7y-peak }'or the 7.1-s 100Zr was observed.
The 787.3-keV and 1024.0-ch 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 Fié. 3.10 was measured after
scparau'oh at 400°C where both the Zr and the Nb halides are volatile. Strontiurh has no

volatile chloride spécies, as observed by the disappearance of the 1429-keV ¥y-peak of
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' 1.25-min 945, . The 30.7-s 987z, 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
dcéay of 98Zr since the recluster time, period of time from sepération to detection, was
on the order of 20 s. Gamma peaks not labeled in Fig. 3.10 include those due to thé
decay of 141Ba, 142Ba, 145¢Ce, 140Cs, 1341, 1441, 101pMo, 90Rp, 130sp, 132p,

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

4.1 Gas Transport Systems

All p_roducts from nuclear reactions were transported to the gas chromatography
system (HEVI) via a "He/aerosol gas transport system. Two aerosol systems, Hé/KCl and
He/MoO3, were used in this work. The aérqsdls for each gas-jet systerﬁ were geh_erated
by heating crystalline KCl or MoO3 to 640°C or 620°C, respectively, inside a quaftz tube
* heated by a split shell furnace. Helium gas flowing at a rate of 2 V/min, was used to
sweep the acrosols 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 cbils §f about 15
cm diameter. The ‘presorted aefosols were transported vdirectly_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 acrosols 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 id. 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 éxchangé of oxygen through the capillary walls. The yield of volatile

53



halides was foﬁnd to be sensitive to oxygen. .The total transportation yield of both
systems ranges from 60-80%. In cxpeﬁmenté cohducted at the 88-Inch 'cyclotroh 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 _accelérator 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 ﬁansportation time of approximately 12 ‘s was |
measured [YA 89] at a gas flow of 2 Ymin. |

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
measurements were conducted at preselected temperature intervals. For these
measurements an 223Ac recoil source, made from a 229Th source, on a flat brass pin
was used in conjunction with a recoil chamber. The flat side of the brass pin was placed
1 cm away from a 229Th 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 229Th alpha decay, on the brass pin (the high ionization potcn.tial' of He prevents
neutralization of the 225Ra). The Ac source was held inside the recoil chamber (Fig.
4.2) and the recoiling products from vthe 225Ra decay chain (Fig. 4.3) were attached to
the aerosols which were then trahsportcd to a collection site. One hundred volts were
applied between the ‘sourcé and a metal pin to aid the recoiling of products. The
rccoilingv 221Fr 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 systém
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Fig. 4.1 lllustration of the 229-Th recoil source.
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Fig. 4.2 Hlustration of the Ac recoil chamber used in gas-jet yield measurements. One hundred volts
are applied between the source pin and the metal pin to aid in collecting the recoiling products.
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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 ﬁarticles from
221Fr, 217 At, and 213po, respectively. Figs 4.4 and 4.5 show yield versus aerosol oven
teniperature plots for the He/KCl and the He/M003 systems, respectively. A
tem;ﬁerature of 620°C was used for the He/MoO3 system since at the maximized yield
temperature of 650°C excess amounts of MoO3 aerosols overload the system. Aerosol
oven temperatures were elevated by =100°C [YA 89] at GSI and PSI since a stainléss
steel tube was used, in place of a quartz tube, and there was an addition of a sintercd
giass filter after the 'presorter’ loop. The glass filter further discrinﬁnated 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 wére used in the early development
stages of ﬂﬁs chemical separation since the He/KCl system was a well-established
method of transporting reabﬁon products from heavy ion nuclear reactions. This is the
preferred transport system for aqueous chemistry since KCl readily dissbllves'in aqueous
solutions. However, after prolonged gas chemistry experiments with this system, the
quartz surface of the chromaitography column is partially coated with a thin layer of KCl -
* causing the chromatography to be performed on KCl rather than on SiOy. Our volatility
meﬁsurements are strongly dependent on the chromatography surface and therefore a new
transport system had to be established to resolve this problem.

The He/MoO3 transport system is the preferred systém for our on-line isothcrmal
gas chromatography. Reactions between MoO3 and a variety of chlorinating agents
produce molybdénufn-chlbﬁde (I\/IoCl5) and -oxychloride (MoOC13j which are volatile
at temperatures as low as 100°C. After the transport of feaction products to the
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| chromatography sysiem, the aeroéols are converted to volatile spebies which leave the
column without coating the quartz (SiOy_) chromatography surface.

As stated above, the He/MoO3 transport system is very new and not completely
understood. For eiample, jcertain chlorinating agents such as HCI and HBr gas producc‘
non-volatile molybdenum-oxyhalides (MoO2Cly, MoO2Bry) which coat the
chromatography column (found in this work). Intensive studies of this system are being
cpnduéted 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. Halogcnating- agents in both gaseous and gas/vapor
phases were utilized. All gases were supplied to the chromatography systém by a (Model
# SCH-OI 18) *Matheson 7-va1§e panel. The ﬂow rate of gases to the system was
controlled by a Matheson mass ﬂow controller. The panel wés used in conjuncﬁon with
~a gas bubbler (Fig. 4.6) for gas/vapor phase halogénating systems. Gases supplied frbm
the massbﬂow cbntroller entered the gas bubbler through the reactive gas inlet. The gas
bubbled through the liquid phase to create vapor, and exited the bﬁbblef through thc
'reactivc gas outlet to the chromatography system. The bubb_.lef 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 Gas Company Inc. and all other chemicals
were purchased from Aldrich Chemical Company Inc.. The HCl, HBr, and Clp gases
© were 99.995%, 99.8%, and 99.99% in purity. The thionyl chloridc (SOCly), cérbon

* Matheson Gas Products, 8800 Utica Avenue, Cucamonga, California 91730
el
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Fig. 4.6 lllustration 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, respectively.
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tetrachloridé (CCly), and boron tribromide (BBr3), were 99+%’, 99%, and _99.99% in
purity. Exﬁcriments were conduc;ed with the foﬂowing halogénating systems: HCI gas,
mixtures of HCI gas and SOClj and HCIl gas and CC14, Cly gas, mixture of Cly gas and
CCly, and HBr gas. |

4.3 Chromatography Surféées

Two types of chromatography surfaces, SiO5 and KCl, were utilizéd. The quartz
o columhs uSed in HEVI prbvided a Si0y ’chromatogvraphy surface. The total length of the
column was 82.2 cm with an inner diarheter 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 approxifnately 48 cm including the tip. ’I'ﬁe shape and
the column temperature profiles are illustrated in Fig; 2.1 1. To create the KCl surfaces, a
small amount of KCI crystals was introduced i.nsidc 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 cblumn. This resulted in a
visible crystalline layer 6f KCI. The chromatbgraphy 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 papcr; 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.

 4.4.1Ge Spectrometer System

For detection of species with charac;eristic gamma activities, é high-purity Ge
gamma-ray speéuometer system using a PC-based ORTEC ACE 4K system was use’d‘in |
conjunction with a Teflon éollection site.. The activity-laden aerosols which were
traﬁéported to the .collcction site for a 'direct Catch' or a ‘chemistry’ measurement were
collected on a 2.54 cm diameter glass fiber filter inside a Teflon co‘lleﬁtion site placed iﬁ '
front of a Ge detector (Fig. 4.7). The glass fiber filter was supported by a glass frit. The -
filter was surveyed for characteristic gamma activities and was replaced with a new filter

after each measurement.

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

The Mexfy-Go—Round (MG) and Realu'xhe Dat# Acquisition and Graphics System
(RAGS) [HOF 80, LER 87] were used forbt_he detection of alpha/SF activities from the
(180,5n) reaction with 248Cm at the LBL 88-Inch Cyclotron. The MG (Fig. 4.8) was
located approximately 15 m away from the gas system. The 25.4-cm radius horizontal
wheel of the MG had 80 equally spaced collection posiﬁons about its circumference. A
steel ring with a 0.63-cm i.d. h_olle; which was covered with a 40£10 pg/cm2 fﬂm bf
polypropylene, was placed in each collection position. The activity-laden aerosols were

deposited on the polyp_rbpylene film. The wheel was stepped at one-minute time
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Fig. 47 illustration of the Teflon collection site and detector arrangement used
for detection of gamma activities. The activity laden aerosols are collected on
the glass fiber filter 4.5 cm from the Ge detector. The glass fiber filter is

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 coincident
fission fragments and alpha particles. The efficiency for detection of alpha particles in
: gach detectof is 30%;_ Since in'this configuration each detection station consists of two
detectors, one above and the other below the wheel, the efﬁciericy_ for the detection of
alpha particles is about 60% and that for coincident fission fragments is about 60%. A
second detector configuration was utilizéd in some measurements. In these experiments
,tWeive detectors were placed above the MG wheel, and the stepping time was reduced to
30 s. Appropriate efficiency corrections were applied m consideration of the two
detcctor conﬁgurations. The MG chambérywas evacuated with an inert vacuum pump.
The exhaust gases, still containing the reactive halogenating agents, were neutrahzed ina
NaOH (*Mystaire Venturi 2 Series Source) scrubber system beforc release to the buﬂdmg'
exhaust.
| Fig. 4.9 illustrates the RAGS electronics schematic. RAGS is an LSI-11/73
computer-_comrollgd data acquisition system. The amplified 6utput signals of the PIPS
detectors from alpha or spohtancous fission events are digitized by ORTEC AD811 °
analog-to-digital-converters (ADC). The ADCs are controlled by a Standard
Engihecring CAMAC crate cbntroller. All events were stored on a h.ard 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 (180,4n and 5n) reactions with 249Bk at the GSI UNILAC
_accelerator. The tape system consisted ofa modiﬁed inagngtic tape station (cyphcr_ Mod.
900X) and seven chambers (Fig. 4.10), the first one of which acted as a collectioﬁ site
and the othef six as de_tectdr stations. Activity-laden aerosols were deposited -at the
collection site on a regular computer tape, and subsequenﬁy stepped in front of six 450 |
mm? PIPS dctéctdrs. One tape allowed the collection of approximately 15000 samples,
free from activities deposited in previous measurements. ' The detector efficiency was
38% for alpha-particles and 76% for SF's. 'I]ic sysiem was pumped with an inert vacuum
pump andv the cxhaust .gésés wefe neutralized in a sprubbér system.

- The PSI Tgndem system [SCH 89] was used for the data acquisition. NIM linear
amplifiers and timing modules wcre‘ used to prepare the signals for input into CAMAC-
ADCs and a 1 MHz timer was employed to define the event times. A CES "Starburst"
controller actiﬁg as front-end processor was used V_to assemble the event packages for

~ transmission over an ethernet link to a micro VAXII/GPX back end. ‘

4.5 Data Prbcessing 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 fROU 69]
: The SAMPO code contains algonthms for pea.k-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 chemistr_y
: measurements were preceded and followed by a direct catch measurement. | Corrections
were made to peak area values to account for fluctuations in acceieratoi' beam currents
and dead time during data collection. Dead tiines of approximately 17%-20%, and 2%‘-
4% were obseryed 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 constanf? Photopeak areas and their
corresponding statistical errors were calculated for the full-energy peaks con‘espending
to each isotope. All peak areas from ehemistry measurements conducted at the same
temperam;e 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.

N

4.5.2 Processing of Alpha Data and Calculatnon of Relatlve
Yields

The MG RAGS was used with two diffemnt detector configurations and steppirig
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-
7 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 8.305 MeV (0.25%) from the 25.2-s
21 1Po‘",l also falls into this region. For all chemistry measurements the nﬁmber of events
in the 8.15-8.35 MeV range, due to 211Po™, 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 curfcnts 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 |
constrt:ptgd for 261Rf. The same procedure was followed to construct similar plots for
' 211B; and 211pom, The 6.62-MeV and the 7.27-MeV alpha lines Were used for 211Bj
and 211pom, respectively. |
To calculate fhc 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 performed on the 7.275 MeV region of .fhe specttum. The two
components consisted of 25.2-s 211Pom and 3.24-h 254Fm. In this fit half-lives of both
isotopes were fixed. The initial activity for the 211Po™M 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 pcrformcd on the 8.15-8.38 region of
the spectrurh consisting of 261Rf, its daughter 257No, and 21 1Po_m 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 ﬁrst fit) wé're fixed; all other parameters were allowed to vary.
A similar procedure was followed to process and calculate relative yields for the Ha:
experiments. The stepping time of the OLGA II 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 chrorﬁatography was used io determine the adsorption enthalpies of
inorganic chlorides on solid Si0y and KCl surfaces. The _thcory‘for the calculation of
these values from éxperimcntal» data will be discussed in chapter 5. A Monte Carlo
simulation program, also dfscusscd in chapter 5, was used in these calc@laﬁong. Th:s
prbgram was able to simulate the chromatography process in our isothermal column.-
“Yield versus temperature plots at given adsorption enthalpy values were generatcd for

each halide molecule. A nﬁrﬁber of such plots at various adsorption enthalpy va.lueé were
- produced to compare to the ex;ierimenfal data. The adsérpﬁpn enthaipy value was found
by using a weightgd least-square's procedure to ﬁnd the generated plot .whiéh best

representéd the experimental data.
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Chapter 5

TheOry |

Presently there are various types of gas-solid chromatography procedures to
investigate the chcmicﬁl ‘properties of inorganic, compounds. Some of these techniques
include isothermal and icmpcraﬂue-programmed gas chromatography [RUD 79],
thermochromatography [JON 79, ZVA 69], and on-line gas chromatography [RUD 76,
GAG 85, 92, TUR 90]. 'I'he.objcctivgs of fhe différent gas chroma’togfaphy methods’

used are different. Some aim to develop séparation 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 ihcir compounds [GAG 85, 92,
TUR 90].

-5.1 Calculation of Adsorption Enthalpy

Two méthods could possibly be utilized to determine adsorption enthalpies. One
method uses retention time of the species inside the chromatography column, derived
frdm experimental data, to calculate adsorptidn 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
proccdurés may be used to arrive at retention times. These problems make comparison .
of rcsulfs 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 takmg into consideration the adsdrptioﬁ ent_halpy and the migration process of
the molecule through the ciu;omatography column, The most signiﬁcant aspect is that the -
measuréd temperature profiles (section 2.2.3) inside the chromatogréphy column are also
utilized in the simulation. -Adsofption enthalpies are calculated as explained in section
- 45.3.

5.1.1 Calculations Based on Retention Time

5.1.1.1 First Method (Giggeler et ai.)

~  Im order to determine the experimental adsorption enthalpies the following eduations
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

d  u ' '
—_— uation 5.1
aieE . wnensd

‘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 velociiy u can be expressed
as .

v,T

=—2— uation 5.2 |
“=or | Eq

o
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where V, is the mean gas flow rate (cm3/s) under standard conditions (STP), T is the
temperature of the column, T,=298 K, and ¢ 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 k; is given

by [EIC 82]

= %%exp( —AH, )exp( A;" ) Equation 5.3

where a and v are the surface’ and the volume pér u)nit length (cm) of the column, A and
V are the standard molar surface and the standard molar volume respecti?ely, and AH;
and AS: are the ‘adsorption cnthalpy_ and cntrbpy. In the model based on mobile -
adsorption of a monoatomic gas, a standard sfate with V/A =1 cm is usually éhosen [EIC
82]. Inserting eqﬂs. 5.2 and 5.3 into 5.1 and integrating eqn. 5.1 along the z coordinate

leads to the retention time,

aV  (-AH° AS°
Tol1+2 2 g a
°¢( +vA°"p( RT ]e""( R )J

where (z-2) is the column length, and finally to

AH? = -RTln ((igL——l)Xéexp{:A—sg-} Equation 5.4
z1 -22)Tod |
In principle, both thermodynamic quantities AH, and AS; can be derived from
mcasurcmenfs of retention times t; at different temperatures of the éhromatography
column. This is usually done [EIC 82] by plotting tr (or In vy, where v; is the net

retention volume) against T-1 (Arrhenius plot). The slopé and intercept of a linear fit
through the experimental data are then proportional to AH;, and AS] [GAG 85],
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respectively. However, since the on-line technique only permits the measurement of‘-
retention times in the vicinity of the half-life of the nuclide investigated, adsorption
entropies deduced in this way have largé uncertainties in general . The adsorption
' entropy can be estimated from the model of mobile adsorption \[EIC 82] given by
AS? = Rlnvi%(%)l/z +1/2R Equation 5.5 |
where the sténdard state is V/A=1 cm, vy is the characteristic frequency of the adsorBent
B, k is the Boltzmann conS;ént and m is the atomic mass of the acisorbate. The
- characteristic frequency vy is given by o
vp =kOs9g / h . Equation 5.6

where h is Planck's constant, and 0,93 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, t 1S assuméd to be equal to the half-ﬁ\fe_ of 't_he species. "I'_he ad'sorbtion
- enthalpy can then be calculated using the half-life of &e ‘specics, the experimental Tsqq,- |
values, the estimated AS? from eqn. 5.5, along with eqn. 5.4. o

51.1.2  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
L S | 4z dx
given new definitions. The frame of reference has also been changed from T to T

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

chrpmatographic system, three conditions have to be met [RUD 80]:

i
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1. All lossés 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
0 be small compared with the half-life of the short-lived radionuclide.

3. The retention time should be of the safnc 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:

é tl/2 A :
tP=—1In—2 . uaiton 5.7
" In2 A Eq

where A, and A are the activities of the short-lived nuclide introduced into and eluted
from the chromatographic system, respectively. | ,

Determination of A, is simple if a constant source for the short-lived nuclide is

used. In this case eqn. 5.7 can be slightly modified:

o tl/2 I .
t°===In-2 uation 5.8
" 2 I Eq

where I?, is the counting rate for t; =0 and I is the counting rate for t; . I, 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 I is calculated in the following way. At
a svufﬁcicntly high tcmperafun’c, To, the retention time of a compound in a gas
chromatographic column is not very different from the column dead time, t,.
"The dead time can be calculated from the column dead volume and the gas flow
rate. I, can then be caléulated from the counting rate I at temperature T, and
the dead nme This method is justified as long as thé net retention time tp at Ty

is very small compared with the retention times of the other experiments.
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3. With the approximated value I, the retention times are calculated.

‘4. From the retention times, the net retention volumes V are calculatéd:

| V.=t,v=(r-1,)v  Equation 5.9

where \.' is the gas flow rate’ |

5. The ‘logarithms of the net retention vbh;mes (In Vp) are plotted égainst the
" inverse temperature. | |

6. From the straight line which fits the points, the net retention volume V:" at the
~ maximum experimental temperature Ty, is determined. |

7. From V] the retention time t; at Ty, is calculated using:

= ¥+ t, Equation 5.10
v ' .

8. With this approximation a new value for I: is calculated and the iteration is
repeated frorﬁ step 3 until a coristént.'value for V™ (the net retention volume ét
Typ) is obtained. | |
This is the best estimate for V;* which can be obtained from the measurement series.
The adsorption enthalpy is then caiculated in the follbwing manner [RUD 80b]. |
“Asineqn. 5.1, the velocity of migrﬁtion of a component along a column is given by

dx u ;
—=V=— - ‘ tion 5.11
& Tk Equg on

usihg the model of ideal linear g'as'chromatography [LEI 70].- Where u is the linear

velocity of the carrier gas. The partition coefficient, k, can be expressed as

k=—2__K Equation 5.12
. chg

)
g =
. vg
where K is a/cg (cm), a=surface concentration, s=surface area, Vg is the free column

volume and ¢, 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
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k=2 g, 85: Equation 5.13

PVe

where Kp is a/p (mol N~ 1)
The adsorption enthalpy can be determined from the temperature dependence of the

partial pressure p in the gas phase at constant surface pressure & using

AH g6 = -RT2(M) ' Equaiton 5.14
T Jp ;

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; =ty(1+k)] with
eqns. 5.13 and 5.14: |

g RTZ;AHads- , Equation 5.15

n

where t; is total retention time, t is dead time and tr=t; -t, is the net retention time.
The correlation between (d1np/0 T)x and (3 1np/d T), and the following expression,

~ derived by Hill et al. [HIL 49]:

{dInp

AHads=—RT2( - ) +Ta(an) Equation 5.16

oT

Where 6 is relative surface coverage, may be used. The term RT2(2 Inp/a T)a=‘hs is
often called the isosteric heat of adsorptlon
For the case of immobile adsorbed molécules at low surface concentration thé

_following equation holds:
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- dl,,(_v_r) | |
'I'Vg .
-R| ———= Equation 5.17

o(x)

b -

where V7 is net retention volume. Since the net rcten:tion time, t, an‘dv the net retention
' voluinc, Vf, are iﬁdependent of the surface concentration, the adsdrptioh enthalpies do
" not depend on the surface concentration aﬁd it is no longer necessary to use pértia.l
differentials. | |
According to eqn. 5.17, the adsorption enthalpies can be determined from a graph of
the logarithms of the net retention volumes at the cblumn temperature versus the inverse
of thev absolute temperature. The adsorption enthalpies calcuiatcd are bésed on the
assumption of immobile adsorbed molecules. The standard adsorption enthalpies are
determined frdni the intercept of the curve with the InV; axis according to the following

equation:

AH® '
ads Rln( asRT

o — D
Asads = VP, ) Equation 5.18

where a, is standard surface concentration (1.37 x 10-11 mole/cm? [DEB 53]) and P, is

standard gas phase pressure (1 atm).

5.1.2 Monte Carlo 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.
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" A Monte Carlo simulation code (appendix A) was written [TUR 91] using the
microscbpic model of gas-solid thermochromatography in open columns with the laminar
flow of the carrier gas, proposed by Zvara [ZVA 85]. This model déscribe’s 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 computer
time. Therefore, a simplified model is proposed that allows the downstream motion of a
molecule in an opén column to be reduced to much smaller numbers of effective
displacements and adsorption residence events. | |

The real tcinperature 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 generator and the half-life of the simulated molecule. The
migratiori history of the molecule is traced. down the column through a series of
adsorptioh-desorption and jump steps. A time duration is generated for each step. If 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. If the
retenﬁon time is longer than the ﬁfc time, the molecule decays inside the column and is
- not detected. | v

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 ﬁndetected molecules is recorded for each isothermal
temperature. Relative yield versus temperature plots at given adsorption enthalpieé are

generated for comparison with experimental data.
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5.1.2.1  Adsorption residence time
‘ l Y,

In the following discuseion the term profile, p(x), is used in the sense ef f_he
probability density distributioh of c_oordinates along the column, at which the molecuies
are found. The isothermal gas phase ehromatography is based on the reversible
adsorption of the species to be separated on the ehrorhatography surface [ZV A 85]). The
period of time a molecule spends in the adsorbed state, T a» is a random quantlty with the
mean value, T ,, given by [DEB 53], | |

Ta = 15 exp(—AH, /RT) N “Equation 5.19
Where 7, is the period of oscillation of the molecule in an adsorbed ‘state perpendicular
to the surface, AH, the enthalpy of adsoxptxon R the gas. constant, and T the absolute

’ temperature An exponenual probability distribution holds for Ta:

Ta

('ta) ( )exp( Ta) ‘Equation 5.20
Ta _

The quantities T o and AH, are characteristics of the adsorbate.

5.1.2.2  Frequency of encounters with the column surface

The mean migratien velocity of molecules down the column, at a given coordinate,
is determined by 7T ,, by the frequency of encounters with the surface, and by the flow
: \}elocity (profile) of the carrier gas. Let V be the mean number of collisions experienced
between the eolumn Wall and a molecule with the mean speed ¢, when a gas with the true
- volume flow rate Q passes through a velume enclosed by the surface S. From the theory
~ of molecular kinetics we find [ZVA 85], | '
| v=cS/4Q . Equation 5.21
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arid, for the mean number of collisions per a unit length segment of a cylindricai tube,

" Vi, we obtain,
v = (—é—)JZnRT/ M Equation 5.22

where r is the radius of the column and M is the molar mass. It should be noted that

v1(p,T) & p/JT since Q o T/p, where p is the pressure.

5.1.23 Displacements between two encounters |

The migration distance, 1, of a molecule along the column between two successive
- encounters with ihe 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 molecuie 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 préﬁle is vanishingly small. So, the
occurrence of very short displacements of the order of a few mean free paths is very
large. These dispiaccments are both negative and pbsitive in the coordinate along the
length of the column. Very rarely does the molecule diffuse far enough from the wall to
bé carried by the gas flow over a large distance. We can expect the probability
distribution, p(l), as a function of jump length, 1, to be of the shape -sho-wn 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, I', before encountering the wall:



p(l)

P(l) A

0 n

Fig. prepared from [ZVA 85]

Fig. 5.1 Graph of the probability densny dnstnbutnons for
displacements | -

a - character of the real distribution; -

b - the accepted approximation [GOR 49]
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pI)=p iamﬁm exp(—Bmul')

m=]
= i‘, (&“—J exp(_-—l) ' Equation 5.23
m=1 ﬂm T]m
where
u=£2' Mim =-—1—=—L—° Eam = -Equation 5.24

Q’ Bmi BmmD’ m=1
Here D is the diffusion coefficient. The set of the eigen values Bm is invariant [GOR
49]: v _

B1=3.65;  Pp=223  P3=569;.... Equation 5.25
while the numerical coefficients oy, depénd on the concentration distribution over the
tube <;ross section, n(I',r), at the mouth (_)f' the tube (I'=0). In particﬁlar [GOR 49], for the
uniform distribution, n(0,r)=constant: ,

o1=0.82; \az_--0.098; - a3=0.033;...., Equation 5.26
The By, values rapidly increase in the series; hence, at sufficiently large I, the shape of p
(I') will be determined mostly by the first term in eqn. 5.23 for which . |

Q
3.65nD

= ~ Equation 5.27

This might be expected since n(I';r) should no longer depend on M(0,r) if I' is much larger
than the product of the linear flow velOcity, u=Q/1tr2, and the characteristic time for
diffusion across the tube section, 2r2/D. |

The complete microscdpic description (the hilecdge of the exact p(l)) is not
helpful in the Monte Carlo simulation, because v; is a large number. A reasonable
approximation of p(l) is proposed which is convenient for computer czﬂculations. The

following form appears to be appropriate (Fig. 5.1b):
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o()=(1- g)5(1)+ (%)exp(%l) a= VIL_ﬁ . Equatlfon. 5.28

“Here 8 (1) is Dirac's delta function, 7 is the adjustable parameter which can be chosen as

discussed below, and a is the fractlon undergoing jumps in the exponenual dlsmbuuon

The correspondmg variance of 1 is

G =am?(2- a) (\71 )[2-(—\;11%-)] 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-

- stream jumps,of léngth T, which have the exponential probability distribution

p(n) (n)e.xp(—':) .Equaﬁ_gn 5.30 |

5.1.24 Adsorption residence resuiting from a series of encounters

The number of adsorptions in a sequence of 'adsorption-des'orption steps with no

change in coordinate, N, has the average value [ZVA 85]

N=

0

=v@, | Equation 5.31
and the probability distribution

1_vifi- N1
(N

The residence time, T, N, resulting from the series of N adsorptibns has the probability

p(N)=a(l -a)N- Equation 5.32 .

distribution
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7N-1 -1

p('ta,N)= —aN exp el | Equation 5.33
o=y | 3, o

" and for t as the residence time with random N, we obtain

p(‘ta,s ) = EP(NP(Ta.N )

N=1

1 -Ea 3 ) . .
= ——— [exp| —=—|. Equation 5.34
(Vl“a'fl) (mea '

5.1.2.5  Mean jump length

Using eqn. 5.29, the variénce of the simulated zone profile for the case of isothermal

chromatogréphy can be obtained
o2 =vFo? =% 2-| — ||, Equation 5.35

where X is the center of gravity coordinate of the zone.

Since the value of a is much less than 1
o2 _ . -
—2=27. - Equation 5.36
X . :
For open columns, the exact analytical solution in known [GID 65, GRU 72]:
D (.. Q . e
=2nr? = +(11-16%R + 6R? (——-), aation 5.37
Q ( ‘ ) 247D Equ :

where R 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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a)

By definition, 0<9i<1. Equating the right hand sides of eqns. 5.36 and 5.37, gives

Equation 5.38

L =—622 (11- 16&R+69t2 )(MQD) . Equation 5.39
Equaﬂon 5. 39 solves the problem of choosing the value for 1 T to be used in the Monte
Carlo simulations. At large linear velocities of the carrier gas, the first term on the nght
hand sides of egns. 5.37 and 5.39 can be ncglecféd,. since this term takes into account the

longitudinal molecular diffusion. Therefore,

A=(11-16% + 6% )(ﬁs) | Equation 5.40
In practice, the value for R is often very close to zero, and the above equatioh reduces to
= :8113) Equation 5.41

Since Q=T/p and D~pT3/2 it follows that 7 is independent of pand r, and {=1/¥T.

5.1.2.6 Calculations

A flow chart of the Monte Carlo code is shown in Fig. 5.2. At the start of the
Si:hulation several .variébles 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 thén read. Next the user is askcd
to provide the foHoWg 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: AHg, Qq, T2, N, Mgy, pys 7 |
Constants: R, Ny , M,,, , pmo, |
Functions: T(x)m ,'I’(x)| 00 * ...T(x)m

Loeflnltlons: Dos t1, H(T, X, .) s Tan

T_-’T(x)i= T(x)sn, T(x)lﬂd N T(x)Gsol

n=1twN\, xn=0, tn= e
1 ' -
RANDt,n

———-{RAND 7)(T, Xs...),, |  Next NA

X

—— Next N

yes

Store number of molecules that
decayed Inithe column
Next T(x) | Calculate Yield

. . B
OUTPUT:
Print out Yields for each Temperature

Fug. 52 Computer program fiow chart




the molecular weight of the species, the density of the species, the period of oscillations
~of the molecule (on the order of 1 x 10‘12_), the starting adsorption enthalpy, the ending
adsorption eﬁthalpy, 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 jufnp is evaluated, and a flight time is calculeted. The flight time is compared
with the generated decay time of the molecule and the molecule coordinate is ‘menitoi'.cd'
fo evaluate whether the molecule has left the eolumxi. If 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 couisions with the column wall is calculated and a
| random adsorption time is generated.' The total sﬁnulaﬁon time is updated and again
compared with the generated decay time of fhe molecule. If the moleculé has not
deea_lyed or left the column, it will go back to the rando;n jump step until it has decayed
_ or made it tﬁrpugh the column. The number of molecules which decayed or made it
tlirough the column are recorded for each- teniperatufe and the yields for each
temperature at various adsoxpﬁon enthalpy values are printed. From these yields plots of
relative yield versus temperature may be cdnstructed 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 tempereture plot for 5-
secohd and 35-second activities with the same 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} moiecules to the deteetion
| system (=20 to 25-s). 'ﬁne experimental data _would show a decreased meximum yield
~ for the shorter-lived Species. To compare the simulations with the experimentai data, the -

experimental data were normalized to 100% at maximum yield.
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Relative Yield (%)

Monte Cario.Simulation

30-s activity at different values of AH
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Fig. 5.3 Relative yield versus temperature plot fora
30-second activity at various adsorption enthalpies.
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Relative Yield (%)

Monte Carlo SimUIation ,
Fixed AH but different half lives
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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.
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Chapter 6

Results and Discussion

The volatilities of Bi- and Po—chlon'des and the chlqrides 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 calcuiatcd for the above mentioned species §vith
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 99NbCl5. HCl/CC14 was used as the halogenating agent and

MoO3 as transport aerosol. When the halogenating agents containing hydrogen (HCI,
| and HBr) were used, significant yields were unexpectedly observed at very low

viemperatures (50°C to .=150°C). During the Zr and Nb experiments an isotope’ of
strontium (94Sr) was als;o produced. Sfrontium does not form volatile halides. However,
significant yields are observed at 50°C and 100°C (Fig. 6.1) for 945r. The yield then
decreases with increasing fcmperaturc to acceptable levels. Therefore, transport by
mechanisms other than isothermal chroma.;ography is indicated at very low temperatures
whén using HBr or HCI as halogenating agents. This complicates the 7interpretat'ion of
the yield curves. When Clp/CCly was usedh as the halogenating agent, the Sr yields at
low temperatures were decreased to acceptable levels (Fig.6.2), ll'esulting 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 99Nb- and 94Sr-chloride
molecules with a He/MoO3 gas jet and HCI/CCl4 as
chlorinating agent. ;
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. Fig. 6.2 Relative yield curves for 99Nb- and 94sr-chloride
- molecules with a He/MoO; gas jet and Cl5 /CCl,4 as

chiorinating agent. The solid line drawn through the data
~ points is from the Monte Carlo computer program.
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This high yield effect at low temperatures is not complétely under?tood, ‘but our
rééults shov? a-con'elation 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 thé
| formétioh of \watcr acrosols which tlanspdn the.activity at very low temperatures. This,
‘however, is a speculétion,and more research is reqmred for a clear understanding of this
problem. | _ _ | ' o
| Throughout this chaptef, volatility rcs_ults have been illustrated using relative yield
vérsus temperature plots.‘ The error bars shown in all yield curves represent one sigma
uncertainties based on statistical ﬂuctﬂations in the peak areas. Whefe nb error bars are
displayed, the error is smaller than the symbols. For many of the yield curves, the Monté
_Carlo lines through the data points are normalized to the maximum yiéld values. |

. Adsorption enthalpy.results have been compared to Rudolph's values; however, the
halogenaﬁng conditions used are not similar. Rulolph used a CCly chldrinating agent at

various vapor pressures.

6.1 Bi_é and Po-Chlorides

Figure 6.3 sh’qws a relative yield curvé for 2.14-min ’211BiC13 and 25.2-s
211pomCly with a He/MoO3 gas-jét and HCI as c]ﬂorinating 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 éffect at low temperatures is observed at 50°C for Po.
BiCl3 is volatlle at 100°C and PoCly is volatﬂe at 150°C, with respccnve adsorption '
enthalpies of -6914 kJ/mol and -74%5 kJ/mol (T able 6.1).

The adsorption enthalpy for the Po spec1es agrees well with Rudoiph's value of -
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Fig. 6.3 Relative yield curves for 21 1Bi- and 21 1Po™M-chioride
molecules with a He/MoO5 gas jet and HCI as chlorinating
agent. The solid lines drawn through the data points are from
.the Monte Cario computer program.
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-69420 [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 Adsdrption enthalpies for Bi- and Po-chlorides. These compounds are ._
probably the species which are formed. . '

Compound | Surface | Halogenating | Transport AHY *AHD,
\ Agent Aerosol | &J/mol) | J/mol)
BiCl3 | SiO, HCl | Mooz | -69+4 | -101%20
PoCly | SiOp HCL MoO3 7415 | -69%20
*Data from [RUD 79] '

6.2 Group 4 Elements

The differences in maximum yield bétvs)cen different isotopes of the same element
are due to thcir_ half-lives. The time-conéumiﬁg process (on the order of 15 to 25
seconds) of reclustering separated halides Aon 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 36,7-s 987r and 7.1-s 100Z;-
halides with either a He/MoOj3 or He/KCl gas jet and various halogenating agents oh a
SiO; surface. As depicted in Figs 6.4 and 6.5, ZrCly becomes volatile at temperauires .
bptweeh 100°C and 150°C. Table 6.2 lists the calculated adsorption enthalpies. In
e)iperiments performed with HC], HCI/CCly, and HBr as chlorinating agents (Figs 6.5, A
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Fig. 6.4 Relatnve yield curves for 98zr. and 1°°Zr-chloride

- molecules with a He/MoOg gas jet and Cl %/CCI 4 858

chlorinating agent. The sohd lines drawn through the data |
points are from the Monte Carlo computer program.
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Fig. 6.5 Relative yield curves for 982r- and 1002r-chioride
molecules with a He/MoOg gas jet and HCVCCI , as
chlorinating agent. The solid lines drawn through the data
points are from the Monte Cario computer program.
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Fig. 6.6 Relative yield curves for 982r. and 100zr-chloride
molecules with a He/KClI gas jet and HC! as chlorinating
agent. The solid lines drawn through the data points are from
the Monte Cario computer program. '
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Fig. 6.7 Relative yield curves for 982r- and 100zr-bromide

molecules with a He/MoO5 gas jet and HBr as chlorinating

~ agent. The solid lines drawn through the data pomts are from
the Monte Cario computer program.
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/

6.6, and 6.7), the high yield effect at low temperatures is .present. Small deposits of
MoO,Cl, were observed inside the column fof some experiments (Table 6.2); yet, the
adsorption enthalpies agree well with values calculated for quartz (SiOp) surface. When
using KCl as transport acrosol materiai, one third of the column was coated with KCl. A
decreased volatility on the order of 100°C (Fig. 6.6) was observed for ZrCly sinéc the
separation was conducted on a partially KCl coated column and is consistent with results
of Rudolph [RUD 79] for a NaCl surface. As expected, a more negative adsorption
enthalpy value was‘\observed. Our results show a lower volatility for ZrBrg m

comparison to ZrCly. The results shown for ZrBr4 are preliminary.

Table 6.2 Adsorption erithalpies for Zr-chlorides and bromides. These compounds are

® Adsorption enthalpy on NaCl surface.

104

robably the species which are formed.
Compound | Half-life | Surface | Halogenating | Transport AHD. | *AHD |
(sec) Agent Aerosol &J/mol) | J/mot)
98 -
ZiCla | 307 | siop | ayccy | MoO3 | .696 | -07:+20
100 | . |
ZCla | 7,4 Si0y Clyccly | MoO3 | 69
o8 Si0 , ‘
ZiCla | 307 2 HCYCCl, | MoO3 | 7445
(MoO,Clp)
100 Si0y - '
ZCla | 74 2" | Bavccy | MoOs | 7116
Mo0,Cly)
98 |
ZCly | 307 | sioy®QY HCI KCl | .9117 | *-99+20
100 S |
ZCla | 71 |siopkeny | HaQ KCl | 9318
98 Sio
ZiBry | 397 2 HBr MoO3 | 9116
(MoO»Brp) o
1 Si | -
00ziBrg | 5, | 502 HBr MoO3 | 9718
: (MoO,Brp)
*Data from [RUD 79]




The best value of adsorption enthalpy on a SiOp surface for ZrCly is -69+6 kJ/mol from
experiments performed with a He/MoO3 gas-jet and Clp/CCly 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
- (Cl, HCUCC14, and HCI/SOClp) werevutilized.' Unfortuxiatcly, the chlorine gas used
(99.99% pure) did not yield any volatile Hf-chlondc species. According to Tiirler ['I'UR
93], the gas may not have been pure enough (99 9999% pure) to produce Hf-chloride
species. Due to the scarcuy of accelerator time, we were unable to repeat these
_ experiments with high puﬁty chlorine gas. Therefore, all results'prcsented here have the
high yield problem at low temperatures diséu'ssed in section 6. | _

As shown in Figs 6.8 throug_h 6.11, HfCly beginé to be volatile at temperatures
between 200°C and 250°C. Table 6.3 lists the calculated adsorption énthalpics. As
observed in section 6.2.1, when using KCl as transbori aerosol material (Figs. 6.12 and
6.13) decreases in volatlhty (on the order of 150°C) and adsoxpuon enthalples (T: able
6.2) are expected _

The best value of adsorption enthalpy on a SiO» surface fpf HfCly is -9615 kJ/mol
_ﬁom experiments performed with a He/MoO3 ‘gas-jet and HCI/CCly as chlorinating

agent.
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Table 6.3 Adsorption enthalpies for Hf-chlorides. These compounds are probably the
species which are formed.

Compound | Half-life | Surface | Halogenating | Transport AHD. | *AHD

'(sec) Agém Aerosol &J/mol) | (xJ/mol)
162H£Cl4 53 | siop | Hovecy | Mooz | g6+s
165HfC1,4 102 Si0y HC]/CCI4 MoO3 |.104+9
162HfCl4 38 $i0y HCI/SOCl, | MoO3 |.101+7
165HfCly | 40, Si0y HCI/SOClp | MoO3 |.109+7

[ 192H6Cla | 55 | sioy®eD | HOUSOCL | KCl | 12716 *-909220

165hfCly | 102 | SiO»(KCh) | HCl/SOCl, KCl -130+9
*Data from [RUD 79] ‘
®Adsorption enthalpy on NaCl surface.

6.2.3 Rf-Chlorides

A new half life of 78té1 s has been measured for 261Rf as explained in section

4.5.2. Decay curvés of the 7.275 MeV and the 8.15 to 8.38 MeV regions ax;e shown in
Figs 6.14 and 6.15, respectiirely. A yicld ’curve (Fig. 6.16) for 261RfC14 was constructed -
as explained in §ection 4.5.2. Table 6.4 contains the data used in constructing yield
cu.rves.for BiCl3, PoCly, and RfCl4. As illustrated in Fig. 6.16, RfCl4 becomes volatile
ai temperatures between 100°C and 150°C, éorresponding to an adsorption enthalpy
value of -77 + 6 kJ/mol.
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Fig. 6.8 Relative yleld curve for Hf-chioride molecules with a
He/MoOj3 gas jet and HCUCCl 4 as chiorinating agent. The '
solid line drawn through the data pomts is from the Monte
Carlo computer program. _
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Fig. 6.9 Relative yield curve for Hf-chloride molecules with a
He/MoOg3 gas jet and HCUVCCI 4 as chlorinating agent. The
solid line drawn through the data points is from the Monte
Cario computer program.
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Fig. 6.10 Relative yield curve for Hf-chloride molecules with a
He/MoOg gas jet and HCUSOCI » as chiorinating 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/MoOg gas jet and HCVSOCI 5 as chiorinating agent. The
solid line drawn through the data points is from the Monte
Carlo computer program. '
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- Fig. 6.12 Relative yield curve for Hf-chloride molecules with a

He/KCl gas jet and HCVSOCI, as chlonnatnng 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 Hf-chloride molecules with a
He/KCl gas jet and HCVSOCI, as chiorinating agent. The
solid line drawn through the data points is from the Mome
Carlo computer program. -
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Fig. 6.14 Two component decay curve fit to the 7.275 MeV
~ region. The half-lives of 211Po Mand 254 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 -
\achvnty for the 8.305 5&/ (0. 255/,) alpha line of the same
R

lsotope in the fit to the

f No decay curve. A

maximum likelihood decay curve fit has been used. The
upper and lower limits on the decay curve oorr&epond toa
oonfldenoe level of 68% [GRE 91].
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Fig. 6.15 Growth (261Rf) and decay (257No) plus one

- component (¢' 'Po™) fit to the 8.15 to 8.38 MeV

region. In this fit half-lives of Po and No and the initial
activity of Po were fixed; all other parameters were
aliowed to vary. A maximum likelihood decay curve fit
has been used. The upper and lower limits on the
half-life interval correspond to a confidence level of

- 68% [GRE 91].
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Fig. 6.16 Relative yield curve for Ri-chioride molecules witha
He/MoOg3 gas jet and HCI as chlorinating agent. The solid line
drawn through the data points is from the Monte Carlo
computer program.
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Table 6.4 Experimental data used in constructing relative yiéld curves for BiCl3, PoCly,

and RfCl4. |
Temperature | Beam | Total Events | Total Events |  Total Events Expected
261Rf 4+ 257No | 21lpom | 261RfEvents
(°C) @c) | 211pom 211g; +211pgm Events
7.27 MeV 6.62 MeV | 8.18-8.38 MeV | 8.305 MeV | 8.18-8.38MeV
50 | s4303| 2753 1821 40 8 32
100 68280 1516 7045 34 4 30
150 68792 | 11435 9519 222 31 191
200 92113 | 13869 11412 206 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 Discussi_on |

Within the group 4 élements, the lighter species (ZrCly) is more volatile and has a
largef adsorption enthalpy than the heavier species (HfClg). Assuming this trend
continues and there are similar molecular structures for chloride complexes within a .
periodic table group, RfCi4 should be the least volatile of the group 4 chlorides and have
the smallest adsorption enthalpy. S |

The volatility of Rf-chlorides, which has been determined vwith high accuracy, can
be compﬁred with the volatility of Zr- and Hf-chlorides measured under identical
conditions. The following volatility series has been established for the group 4 element
chlorides: - ZrCl4=RfCl4>HfCl4. The Zr- anci Rf-chloﬁdes are similar in volatility and
more volatile than Hf-chlorid;s. The order observed in the volatiiities does nof
cor-réSpond to the_cxpected' trend for the group 4 chlorides. The adsorption enthalpies are
as follows: ZrClg>RfCl4>HfCly.
| Preliminary results indicate that the Zr-chlorides are more §olatile than thcir.

bromi_des.

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
cither a He/MoO3 or He/KCl gas jet and various halogenating agents on Si02 or KCl
- surfaces. As depicted in Figs 6.17 and 6.18, NbC15 becomes volatile at temperatures
between 100°C and 150°C. Table 6.5 lists the calculated adsorption enthalpies. Our
adsorption enthalpies agfee very well with Rudolph's values. A 100°C chahge is again
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Fig. 6.17 Relative yield curves for 99Nb-chioride molecules
with a'He/MoO3 gas jet and Cl /CCl4 as chiorinating agent.
The solid line drawn through the data pomts is from the Monte
Cario computer program.
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" Fig. 6.18 Relative yield curves for 9SNb-chloride molecules

with a He/MoO3 gas jet and HCVCCl 4 as chlorinating agent.

- The solid line drawn through the data points is from the Monte
Carlo computer program. j '
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Fig. 6.19 Relative yield curves for 99Nb-chioride molecules
with a He/KCl gas jet and HCl as chiorinating agent. The solid
line drawn through the data points is from the Monte Carlo
computer program.
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Fig. 6.20 Relative yield curves for 39Nb-chloride molecules
with a He/KCl gas jet and Cl 2/CCl 4 as chiorinating agent on
a KCl surface. The solid line drawn through the data pomts is

from the Monte Cario computer program -
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Fig. 6.21 Relative yield curves for 9Nb-bromide molecules
~ with a He/MoOg gas jet and HBr as chlorinating agent. The
solid line drawn through the data points is from the Monte
Cario computer program.
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observéd when a He/KCl gas-jet was used (Fig. 6.19) because of the pafﬁally KCl-coated
column surface. The volatility of NbCls was inveéﬁgated on a KCl surface, prepared as
explained in section 4.3, and a 250°C decrease in volatility was observed. The decrease
in adsorption énthalpies for NbC15 observed between experiments on a SiO9 surface and
on a KCl surface, is also observed by Rudolph v(T able 6.5). The KCl surface was created
as expiainéd in section 4.3. Our re's@ts show a lower volatility for NbBr5 than fof

NbCls. The results shown for NbBr5 are considered preliminary.

Table 6.5 Adsorptién enthalpies for Nb-chlorides and -bromides. These compounds are
probably the species which are formed. S

Compound Surface Halogenatiﬁg Transport AH‘a’d-s ’ *AH:dS
v | Agent | Aerosol &¥/mol) | &J/mol)
99NbCls S$i0; | Cp/CCly | Moo; | -70%5 | -69%5
99NbCl5 SiO, HCY/CCly | Moo | -68%5
| (MoO2CL2)
PNbCls | SiO2(KCD) HCl KCl | -84%5
PNbCls | KC - Cly/CCly KCl | -114£7]-10212
99NbBrs |  SiO; HBr MoO; | 895 |
MoO,Brp) '
*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 (Clp, HCI/CCly, and HCl/SOClz) were utilized. Similar to the Hf results

discussed in section 6.2.2, chlorine gas did not yield any volatile Ta-chloride species.
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The results pfesentcd here have the high-yield problem at low temperatures discussed in
'section 6. ' |

Most probably the Ta species under study here is TaOClj3 rather thén TaCls 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 \L;OII( [RUD 79] shows an increase in adsorption
| enthalpy (or volatility) for TaOCl3v between expériments performed on a SiO» surface
(AH =-133120 kJ/mol) and eipe’riments done on a NaCl surface (AH =-96120 kJ/mol).
An increase in volatility (on.the drder 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
species which are formed. -

Compound | Half-life | Surface | Halogenating | Transport 0 * ATTO0
: AH_, AH_ 4

 (sec) - Agent Aerosol , _
(&J/mol) | (J/mol)
166Ta0C1; | 34 Si0y HeycCl, | Moos |-152:12]-133120
I67ra001; | 84 siop | Hoveay | Moos |-153:11
166Ta0C1; | 34 si0, | HCysocl, | MoOs | -166+9
167T0c1; | 84 Si0y | HCYSOCl, | MoO3 | -162%7

166Ta0Cl; | 34 | SiO®CD | HCYSOCH, | KCl | -149+5 | *-96+20

167Ta0C1; | 84 SiO»(KCl) | HCYSOCl, | KCI | -160+12

*Data from [RUD 79]
® Adsorption enthalpy on NaCl surface.
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Fig. 6.22 Relative yield curve for Ta-chldﬁde molecules with a
He/MoO3 gas jet and HCVCCI 4 as chiorinating agent. The
solid line drawn through the data points is from the Monte

Carlo oomputer program.
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Fig. 6.23 Relative yield curve for Ta-chloride molecules with a
He/MoOg3 gas jet and HCV/CCl 4 as chlonnatmg 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-chloﬁde molecules with a
He/MoO3 gas jet and HCVSOCI» as chiorinating agent. The

“solid lme drawn through the data points is from the Monte

Carlo computer program.
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Fig. 6.25 Relative yield curve for Ta-chloride molecules with a
He/MoO3 gas jet and HCVSOCI > as chiorinating agent. The
solid Ime drawn through the data points is from the Mome
Carlo computer program.
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Fig. 6.26 Relative yield curve for Ta-chloride molecules with a
He/KCl gas jet and HCVSOCI 5 as chlorinating agent. The

- solid line drawn through the data points is from the Monte
Cario computer program.
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Fig. 6.27 Relative yield curve for Ta-chioride molecules with a
He/KCl gas jet and HCI/SOCI 5 as chlorinating agent. The
solid line drawn through the data points is from the Monte
Cario 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 anélysis of SF activities observed in all gas chemistry experiments
resulted in a half-life of 47 '_"%1 S, assunﬁng a minor contamination from 256Fm
(256Md). This -half-lifevis long compared té the literature value of 34-s, but agrees well
with the 447105 half-life observed by Giggeler et al. in carlier gas chemistry
experirrients [GAG 92]. The analysis of a-spectra revealed 7 correlated a-o 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’_"17 s and 3.8+2'3 s resulted for the mother and the daughter nuclides,
_ 8 =10 _

respectively, in good agreement with mé literature values. 'I'hc.observation of éor_relﬁted
rﬁother—daughter pairs furnishes positive proof that 2621, was observed after chemical
sgparatibn. Figure 6.28 shows the yield curve constructed for HaCls. The relative yield
of Ha-chlorides at 100°C is considerably Iowe_r than that measured at 250°C and hjgher'
temperatures. Unfortunafely, 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 HaClg volatility. An adsorption enthalpy of -73110 kJ/mol was calculated for
HaCls; however, the point at 100°C was heavily wéightcd in ihis 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]. HaClg 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/MoO3 gas jet and Cio/CCly4 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

TaOCl3 and not the pure chloride species (TaCls). Therefore, we are unable to arrive at

any conclusions conceming 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 chromatography system whi_c_h continuously separates halide'species of short-lived
nuclides according to their volaﬁlities; Volatility measurements have been performed on
chlorides of Rf and its group 4 homologs, Zr and Hf, as well as ﬁa and its group 5
homologs, Nb and Ta. Adsorption enthalpies have been calculated for all species using a
- Monte Carlo code simulation v.based on ~ a - microscopic model for gas
thermochromatography in open columns with laminar flow of the carrier gas. There is
good agreement between the expeﬁmeh@ résults and the simulation. Table 7.1 contains

- the best volatility and adsorption enthalpy values for all species studied on SiO5 surfaces.
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Table 7.1 The best volatility and adsorpuon enthalpy values for all species studied on

SiOy surface These compounds are arobably the spec1es which are formed.
" Compound Volatility AHD,
| O | amob
BiCl3 | 100-150 -69+4
PoCly 150-200 | -74%5
ZrCly ~ '100-150 | -69t6
HECly | 200-250 | 96%5
RfCly 100 - 150 776
NbCls 100 - 150 | 7045
HaCls 100-250 | -73 £10
TaOCl3 550 - 600. -153+11
5 Zi'B.r4 200 - 250 916
 NbBrs | 200-250 | -89%5

7.1 Group 4

Tﬁc following series for volatilities and adsorption enthalpies of the group 4 element
chlorides have been established: ZrCly=RfCl4>HfCl4 and ZrCl4>RfCl4>HfCly,
: réspe.ctively{ Assuming snmlar mblecular structures for éhloridé complexes within group
4 of the periodic tablé, a trénd of dt;c'reasing volatility and AHads is observed as one
moves down the group (noticed in Zr- and Hf-chlorides). Following this trend, RfCly |
would then bc expected to be the least volatile of thc group 4 chlorides with the smallest
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-AHpgg value. Hdwcvcr, 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 volatil.e than their respective -
bromides [GAG 92]. HaCls is probably similar in volatility to NbCls. -Additional
experiments need to be performed for a more accurate determination of the volatility of
Ha-chlorides. In this work; results were obtained for TaOClj3 rather than for the pure
chloride species TaCls. Therefore, we are unable to arrive at any conclusions concerning
trends in volatility for _the group 5 pentachlorides. However, if as in group 4, the heavier
species TaCls is less volatile than the lighter NbCls, then a reversal in trend again occurs
for group 5 since the chlorides of Ha, the heaviest element, has about the same vqlatility

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 low 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 KCl 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 ixﬁprovement will allow the
investigation of the voiatility of element 106 and its group 6 homologs, molybdenum and
‘tungsten. | ,
Presently, Volatility studies are bemg conducted on ﬂxe bromide systems of grbup 4
(Zr, Hf, and Rf) and group 5 (Nb, Ta, énd Ha) elements. Collaborative efforts between .
Léwrencc Berkeley Laboratory and Los Alamos Naﬁonal Laboratory have been planned
to investigate the fluoride systems of group 4 and 5 elements. Elements with a\jailable |
4% oxidation states such as cerium, thorium, blutonium and berkelium will also be
investigated.
| Finally, work is being done by theoretical chemisfs such as Valeria Perishina [PER
92], presently at GSI, B. Fﬁckc, currently at University of Kassel in Germany, G. V.
Ionova, currently at Institute of Physical Chcmis&y in Moscow, and Elijah Johnson,
cilrrently- at Oak Ridge National Laboratory, to aid in the expl-anatibn- of our experimental

results.
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Appendix A

'"MONTE CARLO SIMULATION OF ISOTHERMAL CHROMATOGRAPHY
'USING A MICROSCOPIC MODEL PROPOSED BY L. ZVARA
'AUTHOR: ANDREAS TURLER

'VERSION 1 FOR HEVI
'01/31/92

SCREEN 0
CLS '

'‘Declare variables and éonstants

DIM T(13, 59)
~ DIM LOSS(13)

DIM MADEIT(13) | |

CONST Pi =3.141592653589%  'Nothing else put Pi

CONST M2=40026  "Molar mass of Helium (amu)
~ CONST d2 =.147 . 'Density of Helium

'CONSTR =831432E+07  'The gas constant (cgs)
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'Read in the actual measured temperature profiles

OPEN "bheviprof.txt” FOR INPUT AS #1

FOR X = 0 TO 58 STEP 1

INPUT #1, T(0, X), T(1, X), T2, X), TG, X), T@, X), T(5, X), T(6, X), T(7, X), T,
X), TO, X), T(10, X), T11, X), T12,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 : 1
INPUT "The flow rate of He through the column (Torr*l/sec STP) “; Q
INPUT "The molecular weight of the spemes, i.e. TaBr5 (amu) _"; M1
INPUT "The ]den‘sity of the species, values frofn CRC Héndbook "5 dl
INPUT "The erriod of oécillations of the molecule (1.0E-12) “'; po

INPUT "The enthalpy of adsorption to start with = "; DHaSTART
INPUT "The enthalpy of adsorpuon to stop w1th : " 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$, TIME$ | o

PRINT #2, O —— |

PRINT #2,

PRINT #2, "Half-life of the nuclide (sec) | " TS5
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PRINT #2, "Number of molecules for each temperature " ]

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 (1.0E-12) % po

PRINT #2, "The enthalpy of adsorption to start with' " DHaSTAR_T
PRINT #2, "The enthalpy of adsorption to stop with | - "; DHaSTOP
PRINT #2, "The step width "; DHaSTEP

PRINT #2,

PRINT #2,

'Loop for different valmS of DHa

FOR DHa = DHaSTART TO DHaSTOP STEP _DH#S'_TEP

PRINT #2, "Adsorption Enthalpy (J/mol) ~ . ";DHa
PRINT #2, o | |

PRINT "Adsorption Enthalpy (kJ/mol) “; DHé, TIMES

'Loop for different temperatures
FORTX =0 TO 12 _
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 (¢C) " (TX +1)*50
‘Loop for I molecules

FORL=1TOTI

xi=0 'The distance variable in the column (cm)
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tt=0 'The accumulated time (jump and sit) (s)

'Provide a primer for the random number generator

{
- RANDOMIZE TIMER

'‘Generate a random td (Decay Time)

'Since RND actually can be 0 use 1-RND as random number

td = -T.5 /LOG(2) * LOG(1 - RND)
DO

'Generat‘e arandom Ni (Jump Length)'

'First calculate the Diffusion Coefficient using the Gilliland's equation

D298 = .0043 * (298.15) ~ 1.5 * SQR(1 /M1 "l',l /IM2)/(M1/d1)A(1/3)+ M2/

d2)A (/3N 2 |
D =D298 * (T(TX, CINT(x})) + 273.15) / 298.15) » 1.75

'Then calculate N mean

Nm =11 * Q * (T(TX, CINT(xi)) + 273.15) / 273.15 / (48 * Pi * D)

'Generate random Ni
'Since RND actually can be 0 use 1-RND as random number
Ni = -Nm * LOG(1 - RND) .

'‘Evaluate the coordinate of the molecule

xi=xi+ Ni

'Calculate the flight time
142
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3 -5

'Assurﬁe that the flight time was Ni/Velocity and Velocity = Qi/Pi*r A2
tf=0 °
IF xi - Ni > 53 THEN |
tf = 2 * Pi * 002025 * (INT(xi - Ni + 1) - (xi - Ni)) / ((Q * (T(TX, INT(xi - Ni)).+
273.15)/273.15) + Q * (T(TX, 1_NT(xi - Ni + 1)) +273.15) /273.15))
ELSE - | |
tf=2*Pi * 0841 * (INT(xi - Ni+ 1) - (xi - Ni)) / ((Q * (T(TX, INT(xi - Ni)) +
273.15) / 273.15) +(Q * (T(TX, INT(xi - Ni + 1)) + 273.15)/ 273.15)),
END IF -
FOR Z = INT(xi - Ni + 1) TO INT(xi - 1)
IF Z > 57 THEN EXIT FOR
IFZ>52THEN |
tf=tf+2%Pi* 002025/((Q*(T(TX Z) +273.15) / 273. 15)+(Q* (T(TX, Z +
1) +273.15) / 273.15))
ELSE

tf = tf+2*P1* 0841/((Q*(T(TX Z) +273. 15)/273 15)+(Q*(T(TX Z+1)

+273.15) / 273. 15))

ENDTF
NEXT Z
IF xi > 53 AND xi < 58 THEN

tf = tf + 2 % Pi * 002025 * (xi - INT(xi)) / ((Q * (T(TX, INT(xi)) +273.15) /

273.15) + (Q * (T(TX, INT(xi + 1)) + 273.15) / 273.15))

ENDIF
IF xi <= 53 THEN | | |
f = tf+2 % Pi * 0841 * (xi - INT(xD)) / (Q * (T(TX, INT(xi)) + 273.15) / 273.15) +
(Q * (T(TX, INT(x + 1)) +273.15) / 273.15)) -

ENDIF -
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tt=tt+tf

'Chgck if the nuclide has decayed ?
IFtt>td THEN
LOSS(TX) = LOSS(TX) + 1
EXIT DO
END IF

— 'Check if the molecule has left the column ?
 IF xi > 58 THEN
/ MADEIT(TX) = MADEIT(TX) + 1

EXIT DO |

END IF

'Generate a random time the molecule spent adsorbed
'Calculate t mean
tm = p0 * 1E-12 * EXP((-DHa * 1E+10) / R * (T(TX, CINT(xi)) + 273.15)))
'Calculate vi (mean number of collisions) |
IF xi > 53 THEN -
vi =.045 / (Q * (T(TX, CINT(xi)) + 273.15) / 273.15) * SQR(2 * Pi * R * (T(TX,
CINT(xi)) + 273.15) /M1) |
'ELSE |
vi=.29/(Q * (T(TX, CINT(xi)) + 273.15) / 273.15) * SQR(2 * Pi * R * (T(TX,
CINT(xi)) + 273.15) / M1) |
END IF
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'Generate a random ta

'Since RND actually can be 0 use 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 ?
. IFtt>td THEN
LOSS(TX) = LOSS(TX) + 1
EXIT DO |
ENDIF |
LOOP WHILE tt <= td AND xi <= 58
NEXTL | \
PRINT #2, (TX + 1) * 50, MADEIT(TX), LOSS(TX), (MADEIT(TX) / T) * 100
| NEXTTX . |
PRINT #2,
PRINT #2,
NEXT DHa
CLOSE #2
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