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ABSTRACT

The focus of this research was to develop a novel approach for the separation
of 2'Fr and 2*Bi from ?*’Ac. First a method was developed to electrodeposit the
actinium onto va cathode from a pH = 2 nitric acid solution. Yields for the
electrodeposition approached 99% for a one hour deposition. The; Joliot Equation was
used to quantitate the process. A linear velocity constant of 0.23 cm/min was
measured for the electrddeposition of ?Ac on a Pt electrode.

To separate the **'Fr.and 213g;, the atoms were caught in an electrostatic field
as they recoiled from the cathode. The collection yield was found to be dependent on
the electrostatic field strength with a critical voltage of about 2000 volts, above which
the yield leveled off. The maximum yields for **'Fr were found to occur after 40
minutes of collection. The yield for **'Fr épproached 50% while that for 2"°Bi
approached 99%.

It was found that the activity of “*'Fr on the collector plate could be calculated
by multiplying the chain decay equation by a geometry correction factor of the form:

f=0.5(1 — cosb)
where 6 = tan” (R/d)
and R = the radi.us of the collector and d is the distance between the plates. If secular
equilibrium is assumed, then the equation reduces to simply: Ag = Aac*f.
The collection of the recoil atoms of 2'Fr and *"’Bi in an electrostatic field has

been shown an effective and efficient means of their separation from ***Ac.
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LIST OF SYMBOLS

ARC the atom recoil collector

k the Boltzman Constant

T temperature in Kelvin

A the decay constant of an isotope

¢ the electrostatic field strength

Er the recoil energy of a daughter atom
E. the alpha particle energy

M, the mass of the alpha particle

Mg the mass of the recoil nucleus

A the mass number éf the parent atom
ppb parts per billion

Ro the range of a particle in a stopping medium
M; the mass of an atom or ion

Z; the atomic number of an atom

p density

t. the half-life of an isotope

E, E° the electrode and standard electrode potential, respectively

n the number of electrons taking part in a reaction

a the deposition velocity constant

B the dissolution velocity constant

N the number of atoms of 2**Ac electrodeposited on the cathode

Ne the number of atoms of ***Ac in the initial solution prior to electrodeposition



LIST OF SYMBOLS (Continued)

¢ a unitless proportionality constant in the Joliot Equation

8 the deposition/dissolution constant in units of min™ in the Joliot Equation

k the linear velocity constant

dps disintegrations per second

uCi microCurie — a unit of radioactivity

go the permittivity of free space

e the product of K aﬁd €0

K the dielectric constant

F the force exerted on a particle by the electrostatic field

C the capacitance between the collection plates

Q the total charge on the capacitor

V the potential difference between the cathode and the recoil collector or the volume of
the initial solution. See context for meaning.

A refers to either the area of the cathode or the area of the recoil collector. See context
for meaning.

Ags, Aac the activity of *'Fr and **Ac, respectively

f the geometric correction factor

0 the angle subtended between the source (cathode) and the recoil collector

d the distance between the cathode and the recoil collector or the plates of a capacitor
R the radius of the recoil collector

RE,.. the maximum recoil energy imparted by a beta particle

Eg the maximum beta energy or beta max



CHAPTER |

INTRODUCTION

A. Research Topic

The purpose of this doctoral research was to devise a novel method of
separation of the radiopuclides 2'pr(1Bi) from 2B Ac. Previous separation schemes
used ion exchange where the actinium was loaded onto an anion exchange resin and
then, after sufficient ingrowth, the 213Bj was eluted. However, because of the heat and
radiation damage broduced from the high specific activity of actinium and its
daughters, the resin, in rather short time (a few days), is fused to the point where the
column is no longer functional. This short shelf life of the column and the continuous
production of milliCurie levels of radioactive wastes necessitated a new approach to
the problem.

Two possible techniques were considered. They were collection of daughter
recoil atoms in an electrostatic field and thermal evaporation of the francium atoms in
equilibrium with an actinium source. The second technique is based on the very low
boiling point for francium (677°C) Eompared with its parent actinium (3200°C). This
second technique has been investigated and has become the subject of a masters thesis.
[1] The first technique was based on the idea of Dr. Harvey Gould. [2] An analysis of

the energies involved is given in Table I (p. 2). These calculations are based on the

mass of 2°Ac, a temperature of 700°C and an electrostatic potential of 5000 volts. It



TABLE L

ENERGY COMPARISON OF SEPARATION TECHNIQUES

Process Energy of Process Condition
(keV)
Recoil 100 Mass Ac =225 amu
Electrostatic Field 5 Applied Potential = 5000V

Thermal, kT 8.387E-05 T =700°C




is obvious that the most energy available for separation comes from the recoil effect.

However, as will be shown latér, the application of an electrostatic field will greatly
enhance this effect.

To collect the recoil atoms, a very thin source is needed since the range of the
recoil atoms is very short. Two methods were investigated. The first was to eva;;orate
a freshly prepared actinium solution on a stainless steal disc. This method proved
ineffective possibly because of the thickness of the evaporated residue. The second
method involved the electrodeposition of the actinium onto platinum. This method
pro.ved successful and was used throughout this study.

This dissertation will show that the electrodeposition of 223 Ac onto platinum
will provide a suitable source of recoil atoms and that the electrostatic collection of
recoil atoms of 2'Fr from the decay of **Ac will produce *"’Bi in high enough yield
to be an effective and efficient means of separation and pui;iﬂcation, with very little
waste production. An equation is also introduced t6 calculate the activity of 'Fr on |

the recoil collector.

B. Importance to Nuclear Medicine
Radioisotopes and radioisotope generators have been used extensively in
‘nuclear medicine for the treatment of cancer. [3, 4, 5] The alpha-emitting isotopes are
especially important due to the alpha particles’ short range and high specific
ionization. The alpha particles have energies ranging from 4 — 8 MeV and deposit
their energy in a very short distance. The range of an 8 MeV alpha particle is ~ 100

um in water or about 10 cell diameters. This makes alpha emitters well suited for
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destroying tumors and cancer cells without destroying the surrounding tissue. [6] The
alpha particle energy, however, is inversely related to its half-life. Therefore, the
higher the alpha particle energy the shorter the half-life. This is a major drawback of
alpha emitters for use in nuclear medicine, but one that can be overcome with the use
of radioisotope generators.

A radioisotope generator or “cow” usually consists of a glass or plastic column
containing a cation- or anion-exchange resin. The longer-lived parent isotope is added
to the column where it undergoes decay producing the shorter-lived daughter isotopes.
The daughter products are then eluted from the column in a way as not to elute the
parent isotope. After a period of time, which depends on the daughter half-life, the
daughter isotope reaches a maximum activity equal to the activity of the parent isotope
and can be eluted or “milked” again. This process is then repeated until the parent
isotope has decayed to the point where the amount of daughter produced is no longer
useful. At this point, the generator can be either regenerated or disposed as
radioactive waste.

As more alpha-emitting isotopes are identified for use in radioimmunotherapy,
and radioisotope generators become more prevalent in nuclear medicine to produce
these high energy but short half-life isotopes, new and better methods are needed to
quickly separate and purify them.

One isotope that has particular promise in fighting cancer is the isotope 213,
[7,8,9] Bismuth-213, with a half-life of 45 minutes, is descended from the longer-
lived isotope, the ten-day half-life, 25Ac. Actinium-225, in turn, is a member of the

Neptunium Series.



CHAPTER I
PRODUCTION AND DECAY SCHEMATICS OF THE NEPTUNIUM SERIES

The Neptunium (4n + 1) Series, see Figure 1 (p 6) énd Figure 2 (p 7), unlike the
other three naturally occurring series, is extinct because the parent, 2330 has a half-life
(1.592E+05 years) which is short compared to the age of the Earth (4.5E+09 years).
However, 22U was produced at Oak Ridge National Laboratory (ORNL) in the 1960’s and
1970°s as part of the molten salt breeder reactor program. Several hundred kilograms of
2317 were made by the neutron irradiation of 2inTh, by the following reaction:

B2Th[nyP>Th{B’, tx = 22.3 min} — **Pa {B’, t =27 d}— **U. [10]

The 23U is currently in long-term storage and is the only. source of high purity 2Th. [7]
Thorium-229 (7340 years) is produced by the alpha decay of 231 at a rate of 4.28 mg

(0.91 mCi) kg‘lyr'l and can be extracted and purified by a number of ways. [11] A thorium
“cow” is made from the purified thorium, and its daughters, 2°Ra (14.9 days) and Ac
(10 days), after an ingrowth period of ~ 45 days, can be further separated by elution from
the anion exchange column with 7.5 N HNO;. [10] The 2 Ac then alﬁha decays through a
series of short-lived radionuclides: *'Fr (4.9 minutes) to 27 At (32.3 milliseconds) to 23g;
(45.59 minutes). This dissertation will focus on the three longer-lived species, 2 pc, 2,

and 2"*Bi.
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Figure 1. The Neptunium (4n+1) Series. [8]



Neptunium Series {Wn +

Ly

7
Major radiation energies (MeV)
Nuclide Element Half-life and intensities?t
name
o B Y
2Py Plutonium 13.2y 4.85 (0.00037%) 0.021 (~100%) 0.145 (.00016%)
~100% 0.00237 4.90 (0.0019%)
et Americium 458y 5.44 (13%) .- 0.060  (36%)
5.49 (85%) 0.10lc# 0.047)
337y Uranium 6.75d --- 0.248  (967) 0.060  (36%)
0.208  (23%)
az1Np Neptunium 2.14x10%y 4.65¢ (127) --- 0.030  (147)
4.78¢c (75%) 0.086  (14%)
0.145 Qaz
333p4 Protactinium 27.0d -—- 0.145 (37%) 0.3lc (647%)
‘ 0.257  (S8%)
0.568 (5%)
33u Uranium 1.62x10°y 4.78 (15%) --- 0.062 Q)
4.82 (837%) 0.097 %)
229Th Thorium 7340y 4.84  (S87) - 0.137¢  (~3%)
4.90 (117%) 0.20c  (~10%)
5.05 7%
225Ra Radium 14.8d -—- 0.32 (100%) 0.040 (33%)
’ ! .
assac Actinium 10.0d §.73¢  (10%) --- 0.099 ¢!
5.79 (28%) 0.150 69
5.83 (54%) 0.187 &)
iFr Francium 4.8n 6.12 (157) - 0.218  (147)
6.34 (82%)
17Ac Astatine 0.032s .7.07  (~100%) .- -
31381 Bismuth 47m 5.87  (~2.2%) 1.39 (~97.8%) 0.437 O
. J
Polonium &4.2us 8.38 (~1007%) -——- -—-
309
91Tl | Thallium 2.2m - 1.99  (100%) 0.12 (507)
0.45  (100%)
1.56 (1007%)
29%pb Lead 3.30h - 0.637  (100%) ——-
33381 Bismuth Stable .- -- ---
(>2x10*%y)

*This expression describes the mass number of an
339Th  (4n + 1
The (4n + 1) serles i{s included here for completion.
tIntensities refer to percentage of disiantegrations of the nuclide itself, not to original pareat of series.

Example:

y member in this serfes, vhere m {s an inceger.
) 4(57) + 1 = 229
It is not found 2s a naturally-occurring series.

#Complex energy peak which would be incompletely resolved by i{nstruments of moderately low resoiving power such as sciatillators.

Data taken from: Table of Isotopes and USNRDL-TR-802.

Figure2. Decay Energies of the Neptunium (4n +'1) Series [9].
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The major gamma decay characteristics of these three radionuclides are given in Table
II (p 9). The energies given are the threé that were used to quantify the isotopes in this
study. A gamma spectrum of the **Ac source in equilibrium with its daughters is shown
in Figure 5 (p 29). All three energies are prominently displayed along with a peak at 117.2
keV that belongs to 2*Tl, a daughter of 213B;. QOccasionally, a trace of 22°Ra was also
present at 40.3 keV.

Gamma spectroscopy was performed on a 50-cm® high purity germanium (HPGe)
detector with a beryllium window. The EG&G reverse electrode Gamma-X detector had
an operating voltage of -3500 volts. It was cooled to liquid nitrogen temperature and had a
resolution of 1.8 keV at the 1.332 MeV “Co photopeak. It had a 20% efficiency (relative
to a 3 x 3 Nal(TI) detector), and shelf efficiencies were determined by counting a NIST
traceable point source (SRM 4275C-78) of '**'**Eu/'*Sb at different distances (shelves)
from the detector in a 2.5 inch thick lead tomb. The shelf efficiencies used in this study are
given in Table III (p 10). and the efﬁciency curves are given as Figure 3 (p 11s). The
HPGe detector had a built-in field effect transistor (FET) pre-amplifier to help reduce
noise. This was connected to an amplifier, which was connected to an internal Canberra
Accuspec PC based analog-to-digital converter (ADC), which displayed the spectrum
using 4096 channels. Regions-of-interest (ROls) were created for each of the peaks of
interest and the counts and count time were entered into an Excel© spreadsheet for final
analysis. Measurements were made on the initial solution before and after
electrodeposition, the cathode after electrodeposition of the actinium, and the atom recoil

collector (ARC) after collection.



TABLEIL

MAJOR GAMMA CHARACTERISTICS OF Z°Ac, #'Fr, AND 2"Bi. [13]

Isotope Half-life Energy (keV) % Photon Abundance

“SAc 10 days 187.99 0.465
g 4.9 minutes 217.98 11.58

3p; 45.59 minutes 44034 26.1
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Using the following formulas, corrections were made to relate the measured activities
on the atom recoil collector back to the starting activities.

C.F.1=1/(1 -¢€™) The correction factor for decay of the 2Er and 2"Bi during
the recoil collection.

CF2=1/ e™)  The correction factor for decay of the 22'Er and *®Bi during
the transfer time between the end of recoil collection and the beginning of the count
time.

CF3=n/(1- ™) The correction factor for decay of the 221Er and **Bi during
the count time.

These correction factors were multiplied by the measured activities of 2Igr and
213 prior to calculating the yield of the recoil process. The yield of the recoil process
was the corrected measured activities divided by the starting activities of the 22Er and

213B; on the cathode.
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CHAPTER 111
HISTORICAL INFORMATION

This dissertation was a feasibility study to show that the collection of recoil
atoms from a decaying 2°Ac source would be practicable for the production of 21y
and 2*Bi atoms. The recoil technique was decided upon because it could theoretically
produce pure 2385 with little need of radiochemical separations, has very little waste
production, and can be scaled-up to 100 mCi (a useful clinical generator).

The radioactive recoil technique was discovered by Otto Hahn in 1909. [10]
The method is based on the recoil of the daughter nucleus after the emission of an
alpha particle by the parent nucleus as required by the conservation of momentum. An
equation for the recoil energy of the daughter nucleus can be derived from the Law of
Conservation of Energy and the Law of Conservation of Momentum in terms of the
alpha decay energy, Eq,:

Er = (Mo/My) E,
where Mg is the mass of an alpha particle and Mg is the mass of the recoil (daughter)
nucleus. This equation can be rewritten approximating the masses with the ‘mass
numbers of the parent nucleus, A, and using the mass number of helium for the alpha
particle to give:
Ex =4E,/(A - 4),
where A — 4 would be the mass number of the daughter nucleus. Using this equation,

the recoil energies of the isotopes of interest are presented in Table IV (p 14).



TABLE IV.

- RECOIL ENERGIES OF THE ISOTOPES

14

Isotope Mass Number, A Alpha Energy, E, Recoil Energy, Ex*
Parent Daughter of Parent (MeV) (MeV)
“*Ac “IFr 225 5.83 0.10
2lpr At 221 6.34 0.12
2T At 20B; 217 5.87 0.11

"Er=4E/(A-4)
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The kinetic energy of the recoil atoms are all about 0.1 MeV, which corresponds to a
velocity of ~ 3.06E+05 nv/s (KE = Yamv?). This is a sufficient velocity to strip the
outer orbital electrons, because the moving atoms (ions) become stripped of all orbital
electrons whose orbital velocity is less than the velocity of the atom (ion). [11,14] As
the atom (ion) slows down, it begins to pick up electrons. Therefore, its charge is
greater just after the recoil than it is at the end of its range. At velocities greater than
2.0E+06 m/s the ions major loss of energy is by ionization and excitation of atoms in
the surrounding medium. [14] At velocities below 2.0E+06 m/s, the main energy loss

is by elastic scattering. [14] In this region, the ratio of the mass of the recoil atom M;

to the mass of the stopping medium M, determines the behavior of the ion. If the ratio

M)/Ms: is large, then the average energy loss per collision will be small and the ions
will travel in nearly straight lines. [14] If the ratio of the masses is unity or less, then
the paths will be far from straight. At aratio of one, the ion may lose a large fraction
of its energy in a single collision, therefore, its range is proportioﬁal to its energy. [14]
For alpha decay, the ratio M]/Mz is less than one and the recoil daughter nucleus will
lose most of its energy by elastic scattering during a random walk. However, the
electrostatic field tends to straighten the path in the direction of the field because the
multiple positive charges are attracted to the negatively charged plate. The
electrostatic field also imparts an additional 5 keV of energy per charge to the ion (see
Table 1, p 2), thus extending its range.

Separations based on the recoil process, with subsequent collection of the
positively charged ions on a negatively charged plate, has been used in the past to

separate and collect charged particles. As early as 1899, Ernest Rutherford was
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collecting charged particles from thorium oxide between electrically charged plates.
[15] More recently, this process has been used to collect the short-lived actinium
isotopes {222 (5.5 5), 223 (2.2 min), and 224 (2.9 h)}[11] and to elucidate artificial
short-lived decay chains collateral to the natural decay chains {16,17]. Meinke et al.
used an electric field between two plates where the recoil atoms were collected on the
negatively charged plate. They reported a yield for this type of recoil collection of

+ ~10 percent. They also reported that yields of 50 percent can be obtained in vacuum
without the need of an electric field. [16]

Ghiorso et al. have applied a double recoil technique to the discovery of
isotopes of the newer elements nobelium [18, 19] and lawrencium [20]. These
involved very sophisticated apparatus with high vacuums, intense ion beams to induce
nuclear reactions, and helium carrier gas to move the recoiled atoms to a thin copper
conveyor tape, which then moved the collected recoil atoms to a series of solid-state
surface-barrier detectors. [20]

Recoil collections by gas entrainment have also been used to study accelerator-
produced short-lived alpha emitters. [21,22] MacFarlane and Griffioen reported an
overall collection efficiency (defined as the number of recoils collected to the number
atoms ejected from the target) of 0.6. [21]

More recent attempts involve capturing recoils from an oﬁhotropic source [23]
in a vapor cell magneto-optical trap where the atoms are thermalized in an oven to
produce an atomic beam of 2218 atoms [24]. This arrangement produced a flux of

3.8E+04 atoms per second of **'Fr with a yield of about 2%. [24]
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To summarize, most efforts to use recoil techniques to separate atoms involved
sophisticated apparatus and high vacuums to get low to moderate yields. This
research will show that high yields can be obtained, in air, with an electrostatic field

and with very simple apparatus.
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CHAPTER IV
SOURCE PREPARATION BY EVAPORATION

Much time was given to source preparation. Initially, the source consisted of a
glass or stainless steel disc on which about 150 uL of Z5A¢in 0.1 N HNO; acid
solution was evaporated under a heat lamp, until the residue was dry. Many attempts
were made to spread the residue as thinly as possible. In addition, different voltages
were tried to “pull” the recoil atoms through the residue, without success. Mica was
used as a dielectric to increase the capacitance of the plates, but improvements were

minimal. Even collection in a vacuum was unsuccessful. The process of evaporation
apparently left a residue too thi:ck for the recoiling atoms to escape, although sources
prepared by evaporation were \;zvell suited for gamma spectroscopy. [25]

The impurities, as assayed by the manufacturer, in the ultrapure HNO;3 acid
ﬁsed for the actinium extractior!l are listed in Table V (p 19). [26] The numbers of
atoms of all the impurities covér fewer than three percent of the area of the.disc if the
atoms were arranged in a monc}layer across the surface of the disc. If a hundred
microcuries (uCi) of Z*Ac wer:e a part of the solution evaporated and were allowed to
reach equilibrium with 2ige anfd 21385 then the number of atoms arranged in a
monolayer on the surface of th!e disc would still cover less than three percent of the

disc. However, the residue was not evenly distributed, as evidenced by the appearance

of a white residue on the disc.
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The range of recoiled **'Fr in different matrices was calculated using the
expression of Bohr for ions with an initial velocity below 2.0E+08 cm/s. (The 0.1
MeV recoil energy of the **'Fr daughter translates into a recoil velocity of 3.06E+07
cm/s). The Bohr equation is:

Ro = Q x Eg x (M2(M+Mz)/M) x Z:+ Z22%) (2, x Za)
where Eg is the recoil energy of an ion of mass M, and atomic number Z,, moving in a
stopping medium of mass M, and atomic number Z;. [22] The proportionality
constant Q has a value of 600. [22] The ranges calculated for recoiled 221 in
different matrices are given in Table V1 (p 21). From these data, the range is on the
order of a few hundred angstroms (A) or tenths of a nanometer (nm), clearly less than
the thickness of any visible residue. The;e values are in agreement (same order of
magnitude) with that calculated by Gould (300 A). [2] Indeed, if 100 uCi of ®Ac
were spread in a monolayer over a disc of 4.5 cm?, the resulting thickness would be
only 0.0038 A, which is less than its atomic radius of 1.88 A and its ionic radius of
1.11 A. This implies that there is plenty of room for a monolayer of 223 Ac with room
to spare. A reverse calculation shows that 45.5 mCi of 225 A ¢ would be required to
cover completely the 4.5 cm® area one atom thick. |

It had been hoped that the evaporation technique would be sufficient because
of the simplicity of the technique and the minimal equipment needed. However, it
was soon obvious that the evaporation technique was ineffective and that another
technique was needed. The electrodeposition of actinium onto a platinum electrode

was then investigated.
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CHAPTER V

A SUMMARY OF ACTINIUM SOLUTION CHEMISTRY

Actinium, element 89, is the first member of the actinide series or actinides. It
is the second rarest of the naturally occurring elements and has 31 isotopes. [27] All
the isotopes of actinium are radioactive. The two most common isotopes are T Ac (tv,
= 21.773 years) of the Actinium Series (4n + 3) and Z8Ac (ty = 6.13 hours) of the
Thorium Series (4n). [28] Only the Uranium Series (4n + 2) does not have an
actinium isotope in its decay chain. It is not found in nature by itself, but can be

- separated from uranium and thorium ores. The extinct Neptunium Series (4n + 1)
contains the second longest-lived actinium isotope, ZAc (t. = 10 days). -

Based on the position of actinium in the Periodic Table as a member of a
d-transition series with a 6d'7s? electronic structure in its ground state, the +3
oxidation state would/seem to be the only valence of any practical importance. This
has been confirmed by redox potential measurements in which the standard potential,
E°, for the Ac"|Ac? reduction, was measured to be —2.13 volts. [10] There was little
to no evidence to support the existence of a +2 oxidation state. [10] Therefore, the
most chemically stable state of the element actinium in solution is the +3 oxidation
state. Actinium is found in this state over the entire water stability range. See

Pourbaix Diagram in Figure 4 (p 23).
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This trivalent element is in Group 1B of the Periodic Table, which makes it
analogous to lanthanum, and indeed it shows a strong chemical’simi]arity to
lanthanum.[10] Actinium ([Rn]5d'6s?) is clearly then a homologue of lanthanum
([Xe)6d"7s?) by virtue of both its chemical behavior and its electronic structure. Its
compounds are all isomorphous with the corresponding lanthanum compounds and its
solutions are colorless. [10] With an ionic radius of 1.11 A, actinium is the largest
tripositive cation knou;n. [10] It forms radiocolloids at a pH of 6 or higher and will
adsorb onto glass at a pH of 5. [10] It is also important to use a freshly prepared
solution. Mueller has shown that an aged Ac(NOs)3 éolution contains up to 99% of
the element in a colloidal state and that to transform it back to its ionic form requires
repeated boiling with nitric acid and evaporation to near dryness. {28]

Actinium undergoes hydrolysis at a pH of 5 to 6 forming Ac(OH)**. [10] At a
pH of 8, nearly 100% of the actini'um is in the for’m Ac(OH)** and Ac(OH),", although
the hydrolysis constants have yet to be determined. [10] Therefore, it is very
important for the pﬁ of the solution to be ~ 2 to keep the trivalent form, Ac®, the
predominant form in solution. Actinium also undergoes complex formation with
chloride and nitrate ions. The chloride forms have been identified as AcC12+, AcCly",
and AcCls°. Their formation constants are given in Table VII (p 25). There is also
evidence of an anionic complex, AcCl;". Nitrate forms the complexes: Ac(NO3)** and
Ac(NOs),". The nitrate complexes are remarkable in that they form only in the
presence of high concentrations of nitrate salts, especially LiNO3, but not in
concentrated nitric acid having the same nitrate anion concentration. [10] The

formation constants for these nitrate complexes are also found in Table VII (p 25).
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TABLE VII

Complex Formation Constants of Actinium with Chloride and Nitrate [7]

Reaction Method Formation Constant
A +Cl e A.ch+ 1 0.91
2 0.8
AC +2Cly & AcCly” 1 0.091
2 0.24
Ac® +3Cl ¢ AcCls° 1 0.055
Ac* +NO5 & Ac(NO3)* 2 ' 131

)

Ac® + 2NO5 ¢ Ac(NOs)," 1.02

Method 1; dis/TTA; 4 M NaCLO,; 25°C
Method 2: dis/DNNS; IM HCLOq; 27°C
dis: distribution between two iiquid phases
TTA: 2-thenoyltrifluoroacetone

DNNS: dinonylnaphthalene-sulfonic acid
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CHAPTER V1
THE ELECTRODEPOSITION OF ACTINIUM

Because of the very negative standard electrode potential (E°=-213 V),
actinium metal should not electrochemically deposit on the cathode from an aqueous
solution.[10] Whatever the chemical form of the actinium, it does electrodeposit, and
several papers have been published with procedures to do so. [10,29,30] Possible
explanﬁtions include adsorption onto the cathode material or onto a carrier present in
the solution followed by deposition of the carrier with the actinium at the cathode. [7]

References 10 and 29 report the use of a saturated urea oxalate solution from

which carrier-free 2*"Ac is electrodeposited with a current density of 20 to 80 mA/cm?

~ onto a nickel foil cathode (the anode consisted of a platinum wire). [10,29] These

methods gave yields of 90% - 95% after two hours of deposition. [10,29] These two
methods were decided against because of the concern that the oxalate would also coat
the surface and prevent the recoil daughter atoms from escaping. A third method [31]
did not have this drawback and gave yields of nearly 100% after only one hour of
depositidn time.

This third method consisted of electrodepositing carrier-free 27 Ac from a nitric
acid solution of pH = 2. [30] The electrodes consisted of a platinum disc for the
cathode and a spiral platinum wire for the anode. After the electrolysis, ammonium
hydroxide was added to make the solution alkaline before turning off the current. A
current density of 200 mA/cm? for one hour gave a yield of ~100%. [30] Because this
approach took less time and the 225 o ¢ was already in a nitric acid solution, this

method, with some modifications, was used.
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The method used here consisted of electrodepositing 223 Ac from a nitric acid
solution of pH ~ 2. The electrochemical cell was a 20-mL glass scintillation vial. The
cathode was a 1.5 cm x 1.5 cm platinum square (active area of 4.5 cm?) spot welded to

a 5 cm platinum wire. The anode was also a 5 cm platinum wire. The electrodes were

prepared by washing with concentrated nitric acid, rinsing with Millipore (18 MQ)

deionized (DI) water, and blotting dry. The pH of the solution was not adjusted to a
pH of 2, but the source preparation was designed to give a solution of pH~2 when the
carrier-free 23 Ac was diluted to 15 mL with 0.01 N nitric acid. The calculated pH,
based on the nitric acid concentration only, was 1.96, and the measured pH, which
also included 2*°Ac, was measured with pH paper to be 1.6. The electrodes were
placed ~0.5 cm apart with the cathode attached to the negative terminal of a Hewlett
Packard E3610A DC power supply and the anode to the positive terminal. A potential
difference of 8 volts was then applied between the electrodes. The electrodeposition
was allowed to continue for one hour while t‘he solution was stirred magnetically. At
the end of the elecfrodeposition period, the cathode was removed from the solution
prior to turning off the voltage. No ammonium hydroxide was added. The 20 mL vial
containing the **Ac solution, was analyzed for 25 Ac before and after the
electrodeposition, to determine the amount of 225 Ac deposited. The cathode was also
counted to determine the source activity. The electrodeposition was also run at 12
volts and at one-cm distance between the electrodes, with comparable results. The
detailed step-by-step procedures for the source solution preparation and the

electrodeposition are given in Appendix 1 (p 82) and Appendix IT (p 83), respectively.
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The main difference between our method and that of Iyer et al. [29] was the
current density. Whereas the method in Reference 25 specified a current density of
150 — 250 mA/cm’ for one hour at pH =2, this work gave the same yields (~98%) for
the same duration but with a much lower current density of ~ 13 to 22 mA/cm? in our
case. It is not known at this time why such a large difference in current density would
give the same yields for the same deposition time.

Figures 5 (p 29) and 6 (p 30) are spectra of the source solution before and after
the electrodeposition, respectively. The top part Qf the spectra is.an expanded view of
the lower part of the spectrum. The spectra show clearly the removal of 25 Ac by the
absence of the 22°Ac peak at 188 keV (location of the cursor) in Figure 6 (p 30).
Figure 7 (p 31) shows the decrease of 22 A ¢ in solution during the electrodeposition,
and Figure 8 (p 32) shows the corresponding increase of 2 Ac on the cathode. These
data were collected by taking 100 uL aliquots of the solution every 15 minutes during
a three-hour electrodeposition period. The aliquots were counted for two minutes. As
can be seen from the graphs, 98% to 99% of the actinium was removed from fhe
solution and deposited onto the cathode within 60 minutes. Thereafter, the
electrodepositions were carried out for one hour. The data are reported in Table VIII
(p 33) and Table IX (p 34) gives the electrode parameters and shows data from a
typical electrodeposition. The negative numbers in Table VIII (p 33) for the activities
and atoms are the result of negative count rates.

Once the electrodleposition was complete, the daughters were allowed to
reestablish equilibrium. The cathode was then counted to get a more accurate measure

of ** Ac on the cathode. This was done because the flat cathode was
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in a geometry similar to that of the copper disc use to collect the recoil atoms as opposed to
the vial of solution. Figures 9 (p 36) and 10 (p 37) show the buildup of 221Er and 2B,
respectively, on the cathode after the electrodeposition was complete.
Although the actual species that deposits on the cathode is unknown, for this
discussion the electrochemical half;reaction at the cathode is assumed to be:
A +3¢ = A E’=-2.13V
and the half-reaction at the anode to be:
2H,0 = O, + 4H' +4¢° E’=-1.23V
This gives an overall cell reaction of
4AC + 6H,0 = 4AC° +30, T+ 12H E’= -3.36§/
Therefore, the potential difference for the electrodeposition would rieed to be greater than
3.36V. The Nernst Equation for this reaction is:

E = E® — (.059/n)*log ([H']'/[Ac*"]%)

where n = 12. However, the Nernst Equation tends to break down under conditions where the

number of atoms in the solution is less than that required to cover the electrodes. We thus
move from a thermodynamic to a kinetic description of the electrodeposition process.

The rate of electrodéposition of the actinium on the cathode can be expressed by the
following mathematical relationship, first derived by Frederic Joliot in 1930 for the
electrodeposition of polonium on gold [27] and later described by Fahland et al. [28],
Reischmann et al. [29], and Mirzadeh et al. [30]:

dN/dt = o(Ne ~ N) - BN,
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In this equation, N represents the number of **Ac atoms deposited on the cathode
during the electrodeposition period, t. Ne is the initial number of *’Ac atoms in the
solution at t = 0. Therefore, Ne — N is the number of > Ac atoms left in solution at
time t. Because a is the deposition velocity constant and f is the dissolution velocity
constant, the rate at which the actinium is being deposited on the cathode is
proportional to the number of ?°Ac atoms in solution available for deposition at any
time t, minus the rate at which the actinium is being redissolved off the cathode back
into solution. Obviously, for a useful electrodeposition to occur, p needs to be small in
comparison to a.
The solution to the differential equation above is:
N=0*Ne*e™*(1-e",

where € and 9 are constants to be determined. The constant € is defined as [o/(a + B)]
and is unitless [34]. 9 is defined as (o + B) and h~as units of min'll~[33]. In this case,
the °Ac half:life (t, = 10 days) is much longer than the deposition time (t = 60
minutes) so the decay correction term can be ignored. It is interesting to note that N
can never reach Ne but approaches the maximum that can be electrodeposited CNe.
Therefore unless { = 1, there will always be some actinium left in solution that is not
electrodeposited.

The electrodeposition rate data for this study are given in Table X (p 39) and is
used for the calculations in Table X1 (p 40). From the data presented, values of 0.987
for € and 0.0686 min™ for § were calculated corresponding to values of 6.77E-02

min™ for a and 8.58E-04 min™ for B. The relatively low rate of dissolution, B,
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compared to a for these experimental conditions suggests that the eleétrodeposition of
22 Ac on the platinum electrode was highly favora‘ble and largely irreversible, as long as
the circuit remained closed.

The constant § can be written in terms of a linear rate constant k with units of
cm/min. The relationship in terms of k can be approximated by: 3 =«x*A/V, where A
is the active area of the cathode and V is the volume of solution containing the atoms
to be deposited. The rate constant, k can also be derived as:

K = (V/At)In(CNe/(LNe-N)).
The value of x for *’Ac on Pt in this study was 0.23 cm/min. This is the first reported
data for “*Ac on Pt. Values for k found in the literature were 0.38 cm/min for Po on
Au [32], 0.74 cm/min for 2'°Po on Ag [33], and 0.77 cm/min for ’Cu on Pt [34]. In
view of the different substrates, ions deposited, and electrodeposition conditions (area
of electrodes, volume of solution, activity of isotopes, etc.), it is not too surprising to

find such a range of values for k.
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CHAPTER VII

THE ATOM RECOIL COLLECTOR (ARC)

Once the actinium has been electrodeposited on the cathode, it is best to let the
actinium regain secular equilibrium with its daughters. Then the 221Er will have the
same activity as the 225 A ¢ and the flux of francium atoms to the recoil collector will be
known.

The atom recoil collector (ARC) consists of a copper disc ~3 cm in diameter
and about 100 pum thick placed 0.5 cm or less h‘om the cathode with a potential
difference of 2000 to 5000 volts between them. See Figure 11 (p 43). The voltage
was supplied by a 5000V ORTEC 459 bias supply in a Tennelec Minibin with a TC
909 power supply. The recoil atoms are then allowed to accumulate for a period of
time to maximize the yield for Z'Fr and *"°Bi.

The system as described is somewhat like a capacitor. A capacitor consists of
two metal plates with a potential difference between them. The dielectric material
between the plates can be a vacuum, air, or a solid material such as mica. Over the
course of these experiments, all three dielectrics were tried. However, the yields
approached the theoretical maxima in air and because this simplified the apparatus and
reduced the setup times, the experiments were done in air.

The capacitance C is related to the area of the plate A, the dielectric material,
and the distance between the plates, d, by the equation: C = e*A/d, where € is the
product of the dielectric constant, K, and the permittivity of free space, €, which has

the value of 8.8562E-12 farad/m. [35] The dielectric constant, K is 1.0000 fora

(S
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vacuum and 1.0006 for dry air. The unit of capacitance is the farad or a subunit thereof,
named after Michael Faraday. The average capacitance for the system used here was
1.252 pF.

The capacitance is also related to the total charge, Q, that can be collected on the
plates. The relationship is: C = Q/V, where V is the potential difference between the
plates. This expression also serves as the definition of capacitance as the farad is the
number of coulombs per volt. [35]

When a potential difference is placed between two parallel metal plates, the
electrostatic field is normal to the plates, uniform, and constant in magnitude and
direction over the specified volume of space. [35] Outside the parallel plates and near the
boundaries, the electrostatic field is ﬁot so uniform. The electrostatic field between the
plates, &, is given by the equation: &= V/d, where V is the potential difference between
the plates, aﬁd d is the distance between them. For example, for a potential difference of
5000 volts and a distance between the plates of 0.5 cm, the electrostatic field would be
equal to 1,000,000 V/m. The parﬁcles travelling in such a field follow the lines of force
between the two parallel plates. [35] See Figure 11 (p 43).

In an electrostatic field £ between two parallel plates, the force F exerted on a
particle of charge q is F = &q. If the particle is free to accelerate, its kinetic energy T =
qV. [14] Therefore, the kinetic energy of the particle depends only on its charge and the
value of the accelerating potential and is independent of the mass of the particle and the
distance it travels in the electrostatic field .[14] Tables XII (p 45) and XIII (p 46) give
the forces and kinetic energies of **'Fr and 213B;, respectively, for three different

voltages.
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To determine the optimum operating parameters for this system, several
experiments were run to determine which voltages, recoil collection times, and
distances between plates gave the best yields.

The first set of experiments was to determine the duration of recoil collection
that gave the best yield. This was done at a potential difference of 5000 volts and a
plate separation of 0.5 cm while varying the recoil collection period.

The results are given in Table XIV (p 48) and plotted in Figure 12 (p 49). The
results show that the yield increases for the first 40 minutes and then begins to level
off. This is in agreement with the buildup of 221Er with a half-life of 4.9 minutes. The
forty minutes represents about eight half-lives to give 99.6% of maximum buildup.

The second set of experiments was to determine the optimum voltage to use.
This was done by collecting recoils on the atom recoil catcher at different voltages but
at the same distances and collection times. The distance between the plates used was
0.5 cm, and the duration of recoil collection was 40 minutes. The results are given in
Table XV (p 50) and plotted in Figure 13 (p 51). The plot shows the yield increases
with voltage up to ~2000 volts. There the yield seemed to reach a plateau and level
off. The reason for this may be that the total charge that can be collected on the
collector plate is exceeded by the charge flux below ~ ZOQO volts. This is because the
total charge, Q = CV, where V is the voltage and C is the capacitance (which is fixed
for a given distance between the plates and area of the collection plate). At the lower
voltages, the total c_harge that can be collected is less than the flux of the charges of the

recoil atoms impinging on the collector plate and some atoms are not retained.
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However, upon reaching a critical voltage, there is enough charge capacity on the
collector plate to accommodate all the incoming charges and the yield levels off. This would
indicate that the more activity used, the higher the voltage may need to be. However, this trend
has not yet been substantiated. Activities used in this study were in the 100 uCi to 200 pCi
range. Therefore, for this level of activity, a good operating voltage would be on the plateau

around 3000 volts.

During the experiments with different applied potentials, the distance between the plates
was kept constant. Therefore, the electrostatic field & between the plates varied from 20,000
V/m to 1,000,000 V/m. See values of & for different applied potentials in Table XV (p 50).

Another experiment was done to see what effect varying ihe applied potential but
keeping the electrostatic field constant would have on the yields. Table XVI (p 53) and Figure
14 (p 54) show that with the electrostatic field kept constant, the yields do not increase with
applied potential but remain constant. Therefore, the yields do not depend on the applied
potential but on the electrostatic field intensify. In the earlier experiment, the distances between
the plates were kept constant while the api)lied potential was varied. Therefore, the electrostatic
field strength was inadvertently varied, and the yield thuls seemed dependent on the applied
potential. The data are replotted in Figure 15 (p 55).

The relationship with distance was also investigated. As would be expected, as the

distance increased, the yield decreased. See Table XVTI (p 53) and Figure 16 (p 57). This
follows from the geometry for the angle subtended by the source fo the recoil catcher. The

geometry correction factor to correct for this is: f=0.5(1-cos6), where 6 = tan” (R/d), R = the
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the recoil collector, and d = the distance between the recoil collector and the cathode.
See Figure 17 (p 59). [32] This equation is analogous to the one used to make
geometry corrections for alpha spectroscopy.

A step-by-step procedure for collecting atoms on the recoil catcher is given in
Appendix III (p 80). Data from a typical recoil collection are given in Tables XVIII (p
60) and XIX (p 61). Figure 18 (p 62) shows a gamma spectrum at the end of the recoil
collection period. Figure 19 (p 63) shows a gamma spectrum after about two half-
lives of 2'Fr are past, showing the decay of the **'Fr and *"*Bi and the absence of
225 Ac. However, a count of a recoil collector 18 days after collection, still showed a
trace of *'Fr and >’Bi. This indicated a trace of *°Ac was present on the recoil
collector. Assuming secular equilibrium and based on the activities of **'Fr and 2!°Bi
measured, a maximum activity of ***Ac of 0.9 nCi was calculated:' The 2*°Ac may be
present on the collector because the alpha decay of the **'Fr and *"*Bi on the cathode

225 Ac atoms in the matrix, thus allowing them to

may ionize and dislodge some of the
be caught in the electrostatic field and collected. However, the activity of ***Ac

inadvertently collected represented less than 0.001% of the original starting activity.
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Recoil Collector

Active Area ' | Il 0

f=0.5(1-cosB)

6 = tan” (R/d)

Figure 17. Geometry factor diagram. [32]



60

alw Junod 8y} st €}
Bupunoo uibaq pue yjo abejjoA usamiag auwi 8y S| g}
jjo abejjoA pue uo abejjor usamiag awi} 8y S| |}

%92'9S = pialk %
122-i4 swole go+31ey’L Lo+3eL'y  LO+30v'8 =10N
sdp = g0+3S.’} veLLl pp'lee  =sdo
€0-362°L,  €0-3gZ’L = Aousio3
wogz woge = 9oue)}sig Jojo8)e( 0} 82.N0S
syl'l 182’1 ¥00°L svl’L 000'}
€40 240 1’40 €40 240
ozl g0l 00r2 19502 £L69V ozl 0 0
€} a (B (oyv)  (spoyeD) €} o B!
sSjunod SIUN0YD
ajil-ey
uw 6’y 12244
8LEC0 =1 AU 85L'9 =V Wwo g0=p uiw oy =3 A000S = 8bejjoA

NOLLOFTTIOD TIOOTY YHLAV ATHIA 14, 40 NOLLVINDTVD

THAX dTdVL



61

aw} Junod 8y} si €}

Buyunoo uibaq pue yo abejjoA usamieg awl 8y} si g}
o abe}joA pue uo abeyjjoA usemiaq awl sy} si L}

%LE'00} =Pl %
€l2-1g swoje 0L+3ahL'L 10+398°L 10+3€8°L =10Nn
sdp = 90+316'C G0'90C¢ 899 =sd
p0-312°9° 0-312'9 = Aousipuil
wogGe woge = 9ouejsi Jojosyad 0} 82Jnog
SL0'} LZ0L - S6LT S0} 000}
€40 rAE Ko 1’40 €40 2490
ozl o] oovZ  9TibT  2TSss ozt 0 0
€} o b (ouv) (epouied) €} . 4 R}
sjunod sSjunoy
ajll-ey
ulw eg'sy  €lz-d
81EE0=4 U0gSl'9=V wago=p uiw oy =} A000S = dbeljon

NOILOATIOD TIOD™Y dHLAY €, Y04 ATHIA 40 NOLLVINOTVO

XIX HTdVL




62

"Pa302]]02 1g,, Pue Fuimoys uonesedos (10201 Joye OpOYIEd JO WNIads BwweD ‘g| aInglg

M ATy L]
3 T la paurgeq s1oy

. )
[

EGETHLSE 19N

LI .
1§44

Bt [e3}0L
: oag Jad sjunc)
ELE S3u)d
Z2E ueysd
829€ Haeyg
8- 39N
BESE 139
! e ' —rr v e STYLOL
__ L. 9zZ€ s3uD
PLE ueyn
HOSUNO

64E =W 69E=W1
S28% =(qU F=@'T
968¥ sueyD
TOH/SUHANUBH "€

t-| L2 BBT /PLE DD UITY/PBEST

SI0

JA0 T/TYOH =dS OS:ET:I0 @3-hed-E2




© "1 (g PUR 1, JO A8OOP S} PUE OV, JO 9OUDSQE A} Suimoys uoyesedas [10991 oY APOYIEd JO wiuads ewwen) ‘6] 2In31y

—W

"= T % 5 vpeurgeq sioy

1 leBS 3aN

889 1e30}
093¢ Jad s3unagd
SHaVZ s3udd
9.8 weynd
2922 qoeq
55402 39N
ZZBEL 1301
. : AR - S ——— STY10L
) 6¥L SHu)
o b€ wey)
dyz . HOSHNO
188 =WY 298=WT
. GZBT =0y =071
19, 960% swey)
JOH/SHIMHYH "€

r 22Z°'B8T /PLE DD UITU/B9LZE sd0 440 TF/TVOM =dS 606:7Z:79 08-Hel-£Z




CHAPTER VIII

CALCULATION OF ACTIVITIES ON THE RECOIL CATCHER

Once the recoil atoms have been collected, the activity can be quantitated by
gamma spectroscopy. However, it would be helpful to calculate the activity of the
recoil atoms before the recoil capture is begun. .

To do this the chain decay equation is used. It is as follows:

A = (il e = M) *Aac* (€™ — €7%),
where Ay, is the activity of *'Fr at time t, Aac is the activity of °Ac att =0 and Az
and Ay are the respective decay constants. However, because the Z'Fr activity has
been moved through space by the recoil action, the chain decay equation must be
multiplied by the geometry factor f as given in the previous chapter. The new
equation then becomes:
Afr = (Ard/ (Mer = o) * Anc (e A — €75).

When the éhain decay equation is multiplied by this geometry factor, the
calculated activity agrees well with the measured activity of 2IEr on the recoil
collector. In the special case of secular equilibrium when the half-life of the parent is
much, much longer than the half-life of the daughter, the above equation reduces to:

Al-‘r = AAc*f-



65

Figure 20 (p 65) shows the relétionship between the calcglated and measured activities
of 2'Fr to be linear with an R? of 96%. The R? means that 96% of the variation in the
data is accounted for in this linear model.

Since f'is a function of the radius of the collector and the distance between the
plates, these variables can be adjusted to give th-e desired activity of **'Fr to be
collected.

This equ.ation does not hold for 2*Bi however. On the recoil collector, the
213B; collected is from the 22'Fr that decays on the collector as well as the collection of
213g; recoils from the source itself. Another factor is the intermediate shortl-lived
daughter of *'Fr, 217 At (ty, = 32 milliseconds), which decays to 213Bi. When it decays
on the collector, some of the 2°Bi atoms will be ejected from the collector. Some may
be returned by the electrostatic field, but some will be lost as well. Therefore, a
suitable equation for the production of ?13B] is complex and has yet to be worked out

satisfactorily.
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CHAPTER 1X

FUTURE WORK

As with any study, there are always more questions to be answered. One of
the most pressing questions is what is the best method to remove the 2'Fr and 2"*Bi
from the recoil catchér. In this study, copper was used, but it was found that the
radioactivity could not be removed by dipping in dilute to concentrated hydrochloric
or nitric acids. It was also observed that alpha activity could be detected on the side of
the copper disc away from the cathode. It is not certain whether this a;:tivity was due
to “alpha creep,” 217Rn which is a minor decay branch of 2174t (0.01%), or if some of
the 2'Fr and 2°Bi atoms had sufficient momentum, due to the electrostatic field, to
penetrate the thickness of the copper disc. This last alternative seems unlikely due to
the thickness of the disc of ~100 pm (see Table V1p 21). Itis clear though that some
of the activity is imbedded in the copper and is not on the surface where it can be
easily removed. To keep the francium and bismuth from being imbedded in the
copper, a material of atomic weight greater than that of francium and bismuth is
required. However, all the elements above francium and bismuth are radioactive and
could pose a further contamination problem either from themselves or from their
daughters. A possible solution would be an alloy of freshly separated uranium that
could stop the recoil atoms from penetrating and yet not be a source of other
contamination. Another factor to consider is the increase in elastic scattering a heavier

element would cause with a corresponding decrease in the yield. However, there



should be some tradeoff between hardness and elastic scattering that could be

achieved.

A better solution may be to find a film of some material that would coat the
copper and on which the recoil atoms would deposit. The film would then be removed
and the recoil atoms with it. Then the film could be dissolved to liberate the recoil
atoms without any copper contamination.

Another possibility would be to find a suitable chelating agent to extract the
recoil atoms from the copper that would not dissolve the copper. This may be possible
if the thickness of ;he copper is not too great.

A final possibility would be to completely dissolve the copper and then
extract it or the recoil atoms from the other by ion exchange or some other method.
However, the process would need to be quick due to the short half-lives of the isotopes
involved.

Once a suitable material for the collection disc has been found, the
separation of other isotopes may be tried. One possible candidate may be 224Ra from
2281} The collection times would need to be longer due to the longer half-lives but
the recoil collection would be feasible.

Another useful result to have would be the mathematical expression for
calculating the activity of 2138 on the recoil catcher. This would aid in the production

of 2*Bi for other laboratory experiments.
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Another extension of this technique would be to beta emitters. While the
recoil of the daughter atom is not great, it does recoil with maximum recoil energy
RE.x of:

N REmax(eV) = 537Eg(Eg + 1.02)/M,
where Ej is the maximum B energy in MeV and M is the mass of the parent. [11] This
is a maximum energy because the recoil energy is dependent on how the kinetic
energy of the beta particle is shared with the antineutrino and on the angular
correlation between the two particles. [11] For example a.0.5 MeV [ decay in a mass
225 nucleus will produce a maximum recoil energy of ~ 1.8 eV. Although small in
energy, it is enough to break some chemical bonds, and once the recoil atom is
“caught” in the electrostatic field, the field will accelerate it to the collector. Some
possible candidates of interest would be 2255 ¢ from 2*°Ra, 2!°Bi from 210pp, 27T} from
227 A, and *'?Bi from *!?Pb. Each pair would be a challenge due to nuances in their
half-lives, but they would be interesting to try.

Another topic to pursue would be to use the recoil atom flux as a “beam” of
atoms to bombard a target of interest. This low (compared to reactor or particle
accelerator) flux might prove ideal for putting atoms inside of fullerenes. One
experiment suggested would be to coat the collector disc with fullerenes and then
bombard them with recoil atoms to see if these atoms could be placed inside the cages.
[37] This would be a very interesting and useful application of this tec;hnique ifitis

successful.
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CHAPTER X

SUMMARY AND CONCLUSIONS

In summary, the electrostatic collection of recoil atoms has been shown a
viable means to separate *'Fr and 2138i from “°Ac. Yields as high as 50% for 2igr
and 98% for 2’Bi have been obtained.

The electrodeposition of 2 Ac has been quantitated and shown to obey the
Joliot Equation. Deposition and linear velocity constants for actinium have been
calculated.

The atom recoil catcher system has been studied to determine its optimum
parameters. It was found that the yields are dependent on the strength of the
electrostatic field and the distance between the plates. It was further found that the
yield increased with electrostatic field strength but leveled off after a critical voltage
had been reached. The length of time for optimum buildup of 2IEr on the collector
was found to be 40 minutes.

An equation has been identified for the calculation of 221gr activity on the
recoil collector. Knowing the source activity, area of the recoil collector, and the
distance between the plates, the activity of the 22'Er collected can be calculated in

advance. Conversely, knowing the amount of activity to be collected can be used as

input to determine the experimental parameters.



Finally, 22'Fr and 2'*Bi can be separated from *>Ac by electrostatic

collection of the recoil atoms in high yield and without the usual problems and wastes

generated by the normal means of ion exchange separation.
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APPENDIX 1

Source Solution Preparation

. Rinse a 20 mL liquid scintillation vial with 0.01 M nitric acid.

. Add ~ 5 mL of 0.01 M nitric acid to the vial.

. Quantitatively transfer ~ 200 pL of 225 Ac stock solution in 0.1 M nitric acid to the 20
mL scintillation vial with 10 mL of 0.01 M nitric acid. pH should be about 1.6.

. Add a magnetic stir bar and plaée cap on vial.
Stir on low (settings 3 or 4) for at least 10 minutes until well mixed.

. Count source solution on a HPGe detector.



10.

11.

APPENDIX 1I

Electrodeposition Procedure
The platinum cathode should be ~ 1.5 x 1.5 cm square arc welded to a Pt wire ~5 cm
long.- The anode consists of only a Pt wire ~5 cm long.
Wash the electrodes in conc. nitric acid. Rinse with DI water and blot dry.
Place electrodes in solution ~ 0.5 cm apart.

Hook negative terminal of the DC power supply to the cathode and the positive to the
anode.

Turn voltage to 8 volts and monitor the current during the electrolysis. Record
ammeter readings at beginning and at the end of the electrodeposition.

Add 0.01 M HNO;s if necessary to keep electrodes covered.
Allow the electrodeposition to proceed for 1 hour.

At the end of 1 hour, take the cathode out of the solution with the voltage still on. Be
careful not to touch the electrodes together. Record time of cathode removal.

Turn off the voltage.
Rinse cathode with DI water to wash off the acid and carefully blot dry.

Count the 20 mL vial solution again on an HPGe detector for 2 minutes. Record time
of count start.
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APPENDIX 111

Atom Recoil Collection (ARC) Procedure

. Put the cathode from the previous electrodeposition in the cathode holder and count on an

HPGe detector for 2 minutes. Record time of count start.

. When count is completed, attach cathode to the positive or ground terminal of the

recoil catcher apparatus.

. Attach the copper disc collector to the negative terminal of the atom recoil catcher

(ARC) apparatus to catch the positive ions.

. Turn high voltage to -3000 volts. Record time voltage on.

. Accumulate recoils fbr 40 minutes.

. Turn high voltage off. Record time voltage off.

. Unhook cathode and put away for future use.

. Unhook the copper disc collector from the recoil catcher apparatus.

_ Count the disc collector on an HPGe detector for 2 minutes. Due to the amount of

activity collected, the disc may need to.be counted at 10 cm or more from the
detector. Record time of count start.

10. Enter data into a spreadsheet and calculate % yield.
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