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ABSTRACT 

The focus ofthis research was to develop a novel approach forthe separation 

of^^^Fr and ^'^Bi from ^^^Ac. First a method was developed to electrodeposit the 

actinium onto acathodefrom a pH=2nitric 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 of0.23 cm/min was 

measured for the electrodeposition of^^^Ac on a Pt electrode. 

To separatethe ^^'Fr.and ̂ '^Bi, the atoms were caught in an electrostatic field 

asthey recoiled from the cathode. The collection yield wasfound to be dependent on 

the electrostatic field strength with a critical voltage ofabout2000 volts, above which 

the yield leveled off. The maximum yields for ^^'Fr werefound to occur after40 

minutes ofcollection. The yield for'^'Pr approached 50% while that for ^'^Bi 

approached 99%. 

It wasfound that the activity of^^'Fr on the collector plate could be calculated 

by multiplying the chain decay equation by a geometry correction factor oftheform: 

f=0.5(1-cos9) 

where9=tan''(R/d) 

and R=the radius ofthe collector and d is the distance between the plates. Ifsecular 

equilibrium is assumed,then the equation reduces to simply: Apr=AAc*f-

The collection ofthe recoil atoms of^^'Fr and ̂ '^Bi in an electrostatic field has 

• 225
been shown an effective and efficient means oftheir separation from Ac. 
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CHAPTER 1 

. INTRODUCTION 

A. Research Topic 

The purpose ofthis doctoral research was to devise a novel method of 

separation ofthe radionuclides"'Fr(^'-^Bi)from"^Ac. Previous separation schemes 

used ion exchange wherethe actinium wasloaded onto an anion exchange resin and 

then, after sufficient ingrowth,the ̂ '^Bi was eluted. However,because ofthe heat and 

radiation damage produced from the high specific activity ofactinium 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 shelflife ofthe column and the continuous 

production ofmilliCurie levels ofradioactive wastes necessitated a new approach to 

the problem. 

Two possible techniques were considered. They were collection ofdaughter 

recoil atoms in an electrostatic field and thermal evaporation ofthe francium atoms in 

equilibrium with an actinium source. The second technique is based on the very low 

boiling point for francium(677°C)compared with its parent actinium(3200°C). This 
o 

second technique has been investigated and has become the subject ofa masters thesis. 

[1] The first technique was based on the idea ofDr. Harvey Gould.[2] An analysis of 

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

mass of^^^Ac, a temperature of700°C and an electrostatic potential of5000 volts. It 



TABLE 1. 

ENERGY COMPARISON OF SEPARATION TECHNIQUES 

Process Energy ofProcess Condition 
(keV) 

Recoil 100 Mass Ac=225 amu 

Electrostatic Field 5 Applied Potential=5000V 

Thermal,kT 8.387E-05 T=700°C 
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is obvious that the most energy available for separation comesfrom the recoil effect. 

However,as will be shown later,the application ofan electrostatic field will greatly 

enhance this effect. 

To collect the recoil atoms,a very thin source is needed since the range ofthe 

recoil atoms is very short. Two methods were investigated. The first wasto evaporate 

a freshly prepared actinium solution on a stainless steal disc. This method proved 

ineffective possibly because ofthe thickness ofthe evaporated residue. The second 

method involved the electrodeposition ofthe actinium onto platinum. This method 

proved successful and was used throughoutthis study. 

This dissertation will show that the electrodeposition of^^^Ac onto platinum 

will provide a suitable source ofrecoil atoms and that the electrostatic collection of 

recoil atoms of^^*Fr from the decay of^^"^Ac will produce ^'^Bi in high enough yield 

to be an effective and efficient means ofseparation and purification, with very little 

waste production. An equation is also introduced to 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 ofcancer.[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 from4-8MeV and deposit 

their energy in a very short distance. The range ofan 8 MeV alpha particle is~ 100 

pm 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 onethat can be overcome with the use 

ofradioisotope generators. 

A radioisotope generator or"cow" usually consists ofa 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 notto elutethe 

parent isotope. After a period oftime,which depends on the daughter half-life,the 

daughter isotope reaches a maximum activity equal to the activity ofthe 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 ofdaughter produced is no longer 

useful. Atthis 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. 

213 • 

One isotope that has particular promise in fighting cancer is the isotope Bi. 

[7,8,9] Bismuth-213, with a half-life of45 minutes, is descended from the longer-

lived isotope,the ten-day half-life,"'"'Ac. Actinium-225, in turn,is a member ofthe 

Neptunium Series. 



 

CHAPTER II 

PRODUCTION AND DECAY SCHEMATICS OFTHENEPTUNIUM SERIES 

The Neptunium(4n+ I)Series, see Figure I (p 6)and Figure 2(p 7), unlike the 

other three naturally occurring series, is extinct because the parent,^^^U, has a half-life 

(I.592E-K)5 years)which is short compared to the age ofthe Earth(4.5E+09 years). 

However,^^^U was produced at Oak Ridge National Laboratory(ORNL)in the I960's and 

1970's as part ofthe molten salt breeder reactor program. Several hundred kilograms of 

^^^U were made by the neutron irradiation of"^Th,by thefollowing reaction: 

2^^Th[n,Y]"^Th{p-, t...=22.3 min} "'Pa (P", t-^ =27d}-^^^^U.[10] 

The^^^U is currently in long-term storage and is the only source ofhigh purity ^^'Th.[7] 

Thorium-229(7340 years)is produced by the alpha decay of^"U at a rate of4.28 mg 

(0.91 mCi)kg'Vr^ and can be extracted and purified by a number ofways.[II] A thorium 

"cow"is madefrom the purified thorium,and its daughters,^^^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 HNO3.[10] The^^^Ac then alpha decaysthrough a 

series ofshort-lived radionuclides; ^^'Fr(4.9 minutes)to ̂ '^At(32.3 milliseconds)to ^^^Bi 
• • 223 221

(45.59 minutes). This dissertation will focus on the three longer-lived species, Ac, Fr, 

and ̂ '^Bi. 
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Figure 1. The Neptunium (4n+l) Series. [8] 



N'cpcuniufii Stiricb i'*i\ f 

Major radiation energies (McV) 
Elemenc and intensities!Nuclide Half-life 
name 

Plutonium 13.2yg^ru 4.85 (0.00037.) 0.021 (-1007.) 0.145(.000167.) 
4.90 (0.00197.)-lOOZ 0.00237> 

2<1
Am Amerlclum 458y 5.44 (137.) 0.060 (362) 

5.49 (857.) O.lOlct (D.047.) 

Uranium 6.75d 0.248 (967.) 0.060 (367.) 
0.208 (237.) 

93®*P HepCunlum 2.14XlO®y 4.65c (127.) 0.030 (147.) 
4.78c (757.) 0.086 (147.) 

0.145 (17.) 

233p
gi^a ProcacCiniuffl 27.Od 0.145 (372) 0.31c (447.) 

0.257 (587.) 
0.568 (52) 

Uranium 1.62X10®y 4.78 (157.) 0.042 (?) 
4.82 (8371) 0.097 (?) 

"oTh Thorium 7340y 4.84 (587.) 0.137c (-37.) 
4.90 (117.) 0.20c (-107.) 
5.05 (7T) 

^asp 
80^ Radium 14.8d 0.32 (1002) 0.040 (337.) 

IAc Actinium 10.Od 3.73c (107.) 0.099 (?) 
5.79 (287.) 0.150 (?) 
5.83 (547.) 0.187 (?) 

07" Francium 4.8m 6.12 (157.) 0.218 (147.) 
6.34 (8271) 

esAC Astatine 0.032s 7.07 (-1007.) 

SBl Bismuth 47m 5.87 (-2.22) 1.39 (-97.82) 0.437 (?) 

97.87. I 2.27. 

r 
Po Polonium 4.2^s 8.38 (-1007.) 

'IfXl Thallium 2.2m 1.99 (1007.) 0.12 (507.) 
0.45 (1007.) 
1.56 (1007.) 

=Pb Lead 3.30h 0.637 (1007.) 

ao9_. 
Bismuth Stable 

(>2Xl0"y) 

•This expression describes the mass number of any member in this series, where n Is an Integer 
Example; 'JoTh (4n + I) 4(S7) + 1-229 

The (4n + 1) series Is Included here for completion. It Is not found as a naturally-occurring series, 
tintensltles refer to percentage of disintegrations of the nuclide Itself, not to original parent of series. 
SComplex energy peak which would be Incompletely resolved by Instruments of stoderately low resolving power such as scintlllacors. 

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

Figure2.. Decay Energies ofthe Neptunium(4n+1)Series[9]. 
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The majorgamma decay characteristics ofthese three radionuclides are given in Table 

II(p 9). The energies given are the three that were used to quantify the isotopes in this 

study. A gamma spectrum ofthe ^""^Ac source in equilibrium with its daughters isshown 

in Figure5(p 29). All three energies are prominently displayed along with a peak at 117.2 

keV that belongsto ^°^T1,a daughter of^'^Bi. Occasionally,a trace of^^^Ra was also 

present at40.3 keV. 

Gammaspectroscopy 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 of1.8 keV at the 1.332 MeV''"Co photopeak. It had a20% efficiency(relative 

to a3 X3 Nal(Tl)detector),and shelfefficiencies 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 shelfefficiencies used in this study are 

given in Table III(p 10). and the efficiency curves are given as Figure3(p IIs). The 

HPGe detector had a built-in field effect transistor(PET)pre-amplifier to help reduce 

noise. This was connected to an amplifier, which was connected to an internal Canberra 

AccuspecPC based analog-to-digital converter(ADC),which displayed the spectrum 

using 4096 channels. Regions-of-interest(ROIs)were created for each ofthe peaks of 

interest and the counts and counttime were entered into an Excel© spreadsheet for final 

analysis. Measurements were made on the initial solution before and after 

electrodeposition,the cathode after electrodeposition ofthe actinium,and the atom recoil 

collector(ARC)after collection. 



TABLE II. 

MAJORGAMMA CHARACTERISTICS OF^"Ac, AND ^"Bi.[13] 

Isotope Half-life Energy(keV) %Photon Abundance 

^"Ac 10 days 187.99 0.465 

22iFr 4.9 minutes 217.98 11.58 

^"Bi 45.59 minutes 440.34 26.1 
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Figure 3. EfTiciency curves for Gamma-X detector.
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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-e"'^) The correction factorfor decay ofthe"'Fr and ^"Bi during 

the recoil collection. 

C.F.2= l/(e"^) The correction factorfor decay ofthe ^^'Fr and ^'^Bi during 

the transfer time between the end ofrecoil collection and the beginning ofthe count 

time. 

C.F.3=Xt/(1-e'^)The correction factorfor decay ofthe ^^'Fr and ̂ '^Bi during 

the counttime. 

These correction factors were multiplied by the measured activities of^^'Fr and 

^'^Bi prior to calculating the yield ofthe recoil process. The yield ofthe recoil process 

wasthe corrected measured activities divided by the starting activities ofthe ^^'Fr and 

^'^Bi on the cathode. 
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CHAPTER III 

HISTORICAL INFORMATION 

This dissertation was a feasibility study to show that the collection ofrecoil 

atoms from a decaying ^^^Ac source would be practicable for the production of^^'Pr 

and ^'^Bi atoms. The recoil technique was decided upon because it could theoretically 

produce pure ^'^Bi with little need ofradiochemical 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 ofthe daughter nucleus after the emission ofan 

alpha particle by the parent nucleus as required by the conservation ofmomentum. An 

equation for the recoil energy ofthe daughter nucleus can be derived from the Law of 

Conservation ofEnergy and the Law ofConservation ofMomentum in terms ofthe 

alpha decay energy, Ea,; 

Ek=(M„/Mu)Ea, 

where Ma is the mass ofan alpha particle and Mr is the mass ofthe recoil(daughter) 

nucleus. This equation can be rewritten approximating the masses with the mass 

numbers ofthe parent nucleus. A,and using the mass number ofhelium forthe alpha 

particle to give: 

Er=4Ea/(A -4), 

where A-4 would be the mass number ofthe daughter nucleus. Using this equation, 

the recoil energies ofthe isotopes ofinterest are presented in TableIV(p 14). 
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TABLEIV. 

RECOILENERGIES OFTHEISOTOPES 

Isotope Mass Number,A Alpha Energy,Ea Recoil Energy,Er^ 
Parent Daughter ofParent (MeV) (MeV) 

^^^Fr 225 5^83 OJO 

22iFr 217^j 221 6.34 0.12 

^•^At '''Hi 217 5.87 0.11 

'Er=4E.,/(A-4) 
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The kinetic energy ofthe recoil atoms are all about 0.1 MeV,which corresponds to a 

velocity of-3.06E+05 m/s(KE='/2mv-). This is a sufficient velocity to strip the 

outer orbital electrons, because the moving atoms(ions)become stripped ofall orbital 

electrons whose orbital velocity is less than the velocity ofthe atom(ion).[11,14] As 

the atom(ion)slows down,it begins to pick up electrons. Therefore, its charge is 

greaterjust after the recoil than it is at the end ofits range. At velocities greater than 

2.0E+06 m/sthe ions major loss ofenergy is by ionization and excitation ofatoms 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 ofthe mass ofthe recoil atom Mi 

to the mass ofthe stopping medium Mjdetermines the behavior ofthe ion. Ifthe ratio 

M1/M2is large,then the average energy loss per collision will be small and the ions 

will travel in nearly straight lines.[14] Ifthe ratio ofthe masses is unity or less, then 

the paths will be far from straight. At a ratio ofone,the ion may lose a large fraction 

ofits energy in a single collision,therefore, its range is proportional to its energy.[14] 

For alpha decay,the ratio M1/M2is less than one and the recoil daughter nucleus will 

lose most ofits energy by elastic scattering during a random walk. However,the 

electrostatic field tends to straighten the path in the direction ofthe field because the 

multiple positive charges are attracted to the negatively charged plate. The 

electrostatic field also imparts an additional 5 keV ofenergy per charge to the ion(see 

Table 1, p 2),thus extending its range. 

Separations based on the recoil process, with subsequent collection ofthe 

positively charged ions on a negatively charged plate, has been used in the pastto 

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 s),223(2.2 min), and 224(2.9 h)}[l1]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 ofrecoil collection of 

-10 percent. They also reported that yields of50 percent can be obtained in vacuum 

withoutthe need ofan electric field.[16] 

Ghiorso et al. have applied a double recoil technique to the discovery of 

isotopes ofthe newer elements nobelium [18, 19]and lawrencium [20]. These 

involved very sophisticated apparatus with high vacuums,intense ion beamsto induce 

nuclear reactions, and helium carrier gas to move the recoiled atoms to a thin copper 

conveyor tape, which then moved the collected recoil atomsto a series ofsolid-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 ofrecoils collected to the number 

atoms ejected from the target)of0.6.[21] 

More recent attempts involve capturing recoils from an orthotropic source[23] 

in a vapor cell magneto-optical trap where the atoms are thermalized in an oven to 

produce an atomic beam of^"'Pr atoms[24], This arrangement produced aflux of 

3.8E+04 atoms per second of"'Pr with a yield ofabout 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 

SOURCEPREPARATION BYEVAPORATION 

Much time wasgiven to source preparation. Initially,the source consisted ofa 

glass or stainless steel disc on which about 150 uL of^^^Ac in 0.1 NHNO3acid 

solution wasevaporated under a heatlamp, 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 ofthe plates,but improvements were 

minimal. Even collection in a yacuum was unsuccessful. The process ofevaporation 

apparently left a residue too thipk for the recoiling atoms to escape,although sources 

prepared by evaporation were well suited for gamma spectroscopy.[25] 

The impurities,as assayed by the manufacturer,in the ultrapure HNO3acid 

used forthe actinium extraction are listed in Table V(p 19).[26] The numbers of 

atoms ofall the impurities cover fewer than three percent ofthe area ofthe disc ifthe 

atoms were arranged in a monolayer across the surface ofthe disc. Ifa hundred 

microcuries(uCi)of^^"''Ac were a part ofthe solution evaporated and were allowed to 

reach equilibrium with ̂ ^'pr and ̂ '"^Bi, then the number ofatoms arranged in a 

monolayer on the surface ofthe disc would still cover less than three percent ofthe 

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

ofa white residue on the disc.' 
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The ranye ofrecoiled "'Fr in different matrices was calculated using the 

expression ofBohr for ions with an initial velocity below 2.0E+08 cm/s. (The 0.1 

MeV recoil energy ofthe"'Pr daughter translates into a recoil velocity of3.06E+07 

cm/s). The Bohr equation is; 

Ro=Q X Er X(M2(M,+M2)/M,)X x Z2) 

whereEr isthe recoil energy ofan ion ofmass Mi and atomic numberZi,moving in a 

stopping medium ofmass M2and atomic numberZ2.[22] The proportionality 

constantQ has a value of600.[22] The ranges calculated for recoiled ̂ ^'pr in 

different matrices are given in Table VI(p 21). From these data,the range is on the 

orderofafew hundred angstroms(A)or tenths ofa nanometer(nm),clearly less than 

the thickness ofany visible residue. These values are in agreement(same orderof 

magnitude)with that calculated by Gould(300 A).[2] Indeed,if100 uCi of Ac 

were spread in a monolayer over a disc of4.5 cm",the resulting thickness would be 

only 0.0038 A,which is less than its atomic radius of1.88 A and its ionic radius of 

1.11 A. This implies that there is plenty ofroom for a monolayer of"^Ac with room 

to spare. A reverse calculation shows that 45.5 mCi of^^^Ac 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 

ofthe simplicity ofthe technique and the minimal equipment needed. However,it 

wassoon obvious that the evaporation technique was ineffective and that another 

technique was needed. The electrodeposition ofactinium onto a platinum electrode 

wasthen investigated. 
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CHAPTER V 

ASUMMARYOF ACTINIUM SOLUTION CHEMISTRY 

Actinium, element 89,is the first member ofthe actinide series or actinides. It 

is the second rarest ofthe naturally occurring elements and has 31 isotopes.[27] All 

the isotopesofactinium are radioactive. The two mostcommon isotopes are (ty, 

=21.773 years)ofthe Actinium Series(4n+3)and ̂ ^^Ac(ty, =6.13 hours)ofthe 

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,^^^Ac(ty. = 10 days). 

Based on the position ofactinium in the Periodic Table as a member ofa 

d-transition series with a 6d'7s^ electronic structure in its ground state,the+3 

oxidation state would seem to be the only valence ofany practical importance. This 

has been confirmed by redox potential measurements in which the standard potential, 

E°,forthe Ac"'|Ac° reduction, was measured to be-2.13 volts.[10] There was little 

to no evidence to support the existence ofa+2oxidation state.[10] Therefore,the 

most chemically stable state ofthe 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 Figure4(p 23). 
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This trivalent element is in Group IIIB ofthe Periodic Table,which makes it 

analogous to lanthanum,and indeed it shows a strong chemical similarity to 

lanthanum.[10] Actinium([Rn]5d'6s")is clearly then a homologue oflanthanum 

([Xe]6d'7s^)by virtue ofboth its chemical behavior and its electronic structure. Its 

compounds are all isomorphous with the corresponding lanthanum compoundsand its 

solutions are colorless.[10] With an ionic radius of1.11 A,actinium is the largest 

tripositive cation known.[10] Itforms radiocolloids at a pHof6or higher and will 

adsorb onto glass at a pHof5.[10] It is also important to use afreshly prepared 

solution. Mueller hasshown that an aged Ac(N03)3 solution contains up to99%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 pHof5to6forming Ac(OH)^^.[10] Ata 

pH of8,nearly 100% ofthe actinium is in the form Ac(OH)^'^ and Ac(0H)2^,although 

the hydrolysis constants have yet to be determined.[10] Therefore,it is very 

important forthe pH ofthe solution to be »2to 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 AcCP^,AcCb^, 

and AcCl3°. Their formation constants are given in Table VII(p 25). There is also 

evidence ofan anionic complex, AcCU". Nitrateformsthe complexes: Ac(N03)^^ and 

Ac(N03)2*. The nitrate complexes are remarkable in that they form only in the 

presence ofhigh concentrations ofnitrate salts, especially LiNOs,but not in 

concentrated nitric acid having the same nitrate anion concentration.[10] The 

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

Complex Formation Constants ofActinium with Chloride and Nitrate[7] 

Formation ConstantReaction Method 

1 0.91Ac^^+Cr0AcCl^^ 

2 0.8 

Ac^""+2CI2"0AcClz" 1 0.091 

2 0.24 

0.055Ac^^+3Cr <=> AcCb" 1 

Ac^^+N03'<^>Ac(N03)^' 2 1.31 

Ac^^+2N03"0Ac(N03)2^ 2 1.02 

Method 1: dis/TTA;4M NaCL04;25°C 

Method 2: dis/DNNS;IM HCLO4;27°C 

dis; distribution between two liquid phases 

TTA: 2-thenoyltrifluoroacetone 

DNNS; dinonylnaphthalene-sulfonic acid 
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CHAPTER VI 

THEELECTRODEPOSITION OF ACTINIUM 

Because ofthe very negative standard electrode potential(E°=-2.13 V), 

actinium metal should not electrochemically deposit on the cathode from an aqueous 

solution.[10] Whateverthe chemicalform ofthe actinium,it does electrodeposit,and 

several papers have been published with procedures to do so.[10,29,30] Possible 

explanations include adsorption onto the cathode material or onto a carrier present in 

the solution followed by deposition ofthe carrier with the actinium atthe cathode.[7] 

References 10 and 29reportthe use ofa saturated urea oxalate solution from 

which carrier-free ̂ ^^Ac is electrodeposited with a current density of20to 80 mA/cm 

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

methodsgave yields of90%-95% after two hours ofdeposition.[10,29] Thesetwo 

methods were decided against because ofthe concern that the oxalate would also coat 

the surface and prevent the recoil daughter atomsfrom escaping. A third method[31] 

did not have this drawback and gave yields ofnearly 100% after only one hour of 

deposition time. 

This third method consisted ofelectrodepositing carrier-free ^^'Ac from a nitric 

acid solution ofpH=2.[30] The electrodes consisted ofa platinum disc for the 

cathode and a spiral platinum wire forthe anode. After the electrolysis, ammonium 

hydroxide was added to make the solution alkaline before turning offthe current. A 

current density of200 mA/cm^ for one hour gave a yield of-100%.[30] Because this 

approach took less time and the ^"Ac was already in a nitric acid solution,this 

method,with some modifications, was used. 
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The method used here consisted ofelectrodepositing from a nitric acid 

solution ofpH 2.The electrochemical cell was a 20-mL glass scintillation vial. The 

cathode wasa 1.5 cm x 1.5 cm platinum square(active area of4.5 cm^)spot welded to 

a5cm platinum wire. The anode was also a 5cm platinum wire. The electrodes were 

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

deionized(DI)water,and blotting dry. The pH ofthe solution was not adjusted to a 

pH of2,butthe source preparation wasdesigned to give a solution ofpH—2when the 

carrier-free ^^^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 ̂ ^^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 ofa Hewlett 

Packard E3610ADC power supply and the anode to the positive terminal. A potential 

difference of8 volts wasthen applied between the electrodes. The electrodeposition 

was allowed to continue forone hour while the solution was stirred magnetically. At 

the end ofthe electrodeposition period,the cathode was removed from the solution 

prior to turning offthe voltage. No ammonium hydroxide was added. The20 mL vial 

containing the ^^^Ac solution, was analyzed for"^^Ac before and after the 

electrodeposition,to determine the amount of^^^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 proceduresfor the source solution preparation and the 

electrodeposition are given in Appendix I(p 82)and Appendix II(p 83),respectively. 
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The main difference between our method and that ofIyer et al.[29]wasthe 

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 22mA/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. 

Figures5(p 29)and6(p 30)are spectra ofthe source solution before and after 

the electrodeposition, respectively. Thetop part ofthe spectra is an expanded view of 

the lower part ofthe spectrum. The spectra show clearly the removal of^^^Acbythe 

absence ofthe ^^^Ac peak at 188 keV(location ofthe cursor)in Figure6(p 30). 

Figure7(p 31)showsthe decrease of"Vcin solution during the electrodeposition, 

and Figure8(p 32)showsthe corresponding increase of^^^Ac on the cathode. These 

data were collected by taking 100 uL aliquots ofthe solution every 15 minutes during 

a three-hour electrodeposition period. The aliquots were counted fortwo minutes. As 

can be seen from the graphs,98%to99%ofthe actinium was removed from the 

solution and deposited onto the cathode within 60 minutes. Thereafter,the 

electrodepositions were carried out for one hour. The data are reported in Table VTII 

(p 33)and TableIX(p 34)gives the electrode parameters and shows datafrom a 

typical electrodeposition. The negative numbers in Table VIII(p33)forthe activities' 

and atoms are the result ofnegative count rates. 

Once the electrodeposition 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 ofthe copper disc use to collect the recoil atoms as opposed to 

the vial ofsolution. Figures9(p 36)and 10(p37)show the buildup of Fr and Bi, 

respectively,on the cathode after the electrodeposition was complete. 

Although the actual species that deposits on the cathode is unknown,forthis 

discussion the electrochemical half-reaction at the cathode is assumed to be: 

Ac^"-+3e-=> Ac° E°=-2.13V 

and the half-reaction atthe anodeto be: 

2H2O =>02+4H^+4e E°=-1.23V 

This gives an overall cell reaction of: 

4Ac^"+6H2O 4Ac''+302t+ 12H^ E"=-3.36V 

Therefore,the potential difference for the electrodeposition would heed to be greater than 

3.36V. The Nernst Equation for this reaction is: 

E=E°-(.059/n)*log([H"]'-/[Ac^n^) 

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

number ofatoms in the solution is less than that required to cover the electrodes. Wethus 

movefrom a thermodynamic to a kinetic description ofthe electrodeposition process. 

The rate ofelectrodeposition ofthe actinium on the cathode can be expressed by the 

following mathematical relationship,first derived by Frederic Joliot in 1930forthe 

electrodeposition ofpolonium on gold[27]and later described by Fahland et al.[28], 

Reischmann et al.[29],and Mirzadeh et al.[30]: 

dN/dt=a(N!-N)-PN. 
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In this equation,N represents the number of atoms deposited on the cathode 

during the electrodeposition period,t. is the initial number of atoms in the 

solution at t=0. Therefore,Jfa-N is the number of^^^Ac atoms left in solution at 

time t. Because a is the deposition velocity constant and P 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 offthe 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 = e * Jfo * e'-'*(1-e\ 

where C and S are constants to be determined. The constant C is defined as[a/(a+P)] 

and is unitless[34]. S is defined as(a+ p)and has units ofmin"'[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 Jfa but approaches the maximum that can be electrodeposited CXa. 

Therefore unless C= 1,there will always be some actinium left in solution that is not 

electrodeposited. 

The electrodeposition rate data for this study are given in TableX(p 39)and is 

used for the calculations in Table XI(p 40). From the data presented, values of0.987 

for C and 0.0686 min"' for9 were calculated corresponding to values of6.77E-02 

min'^ for a and 8.58E-04 min"'for p. The relatively low rate ofdissolution,P, 
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compared to afor these experimental conditions suggests thatthe electrodeposition of 

^^^Ac on the platinum electrode was highly favorable and largely irreversible, as long as 

the circuit remained closed. 

The constantS can be written in terms ofa linear rate constant k with units of 

cm/min. The relationship in terms ofk can be approximated by: S=k*AA^,where A 

is the active area ofthe cathode and V is the volume ofsolution containing the atoms 

to be deposited. The rate constant,k can also be derived as: 

K=(V/At)ln(C^s/(CJVo-N)). 

The value ofk 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 forPo on 

Au[32],0.74 cm/min for ^'°Po on Ag[33],and 0.77cm/min for "^^Cu on Pt[34]. In 

view ofthe different substrates,ions deposited, and electrodeposition conditions(area 

ofelectrodes, volume ofsolution, activity ofisotopes, etc.), it is not too surprising to 

find such a range ofvalues 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 ^^'Fr will havethe 

same activity as the ^^^Ac and the flux offrancium atomsto the recoil collector will be 

kno>vn. 

Theatom recoil collector(ARC)consists ofa copper disc~3 cm in diameter 

and about 100^m thick placed 0.5 cm or less from the cathode with a potential 

difference of2000to 5000 volts between them. See Figure Ii(p 43). The voltage 

was supplied by a 5000V ORTEC459 bias supply in a Tennelec Minibin with aTC 

909 power supply. The recoil atoms are then allowed to accumulate for a period of 

timeto maximize the yield for ^^^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 ofthese 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 ofthe plate A,the dielectric material, 

and the distance between the plates, d,by the equation: C=£*A/d,where s is the 

product ofthe dielectric constant,K,and the permittivity offree space,So, which has 

the value of8.8562E-I2farad/m.[35] The dielectric constant,K is 1.0000for a 
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vacuum and 1.0006for dry air. The unit ofcapacitance 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=QA^,where V is the potential difference between the 

plates. This expression also serves as the definition ofcapacitance asthe farad is the 

numberofcoulombs 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 ofspace.[35] Outside the parallel plates and near the 

boundaries,the electrostatic field is not so uniform. The electrostatic field between the 

plates, is given by the equation: ̂ = V/d,where V is the potential difference between 

the plates,and d is the distance between them. For example,for a potential difference of 

5000 volts and a distance between the plates of0.5 cm,the electrostatic field would be 

equal to 1,000,000 V/m. The particles travelling in such a field follow the lines offorce 

between the two parallel plates.[35] See Figure 11(p 43). 

In an electrostatic field ̂ between two parallel plates,the forceF exerted on a 

particle ofcharge q is F=^q. Ifthe particle is free to accelerate, its kinetic energy T= 

qV.[14] Therefore,the kinetic energy ofthe particle depends only on its charge and the 

value ofthe accelerating potential and is independent ofthe mass ofthe particle and the 

distance it travels in the electrostatic field .[14] Tables XII(p 45)and XIII(p46)give 

the forces and kinetic energies of^^'Fr and ̂ '^Bi, 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 gavethe best yields. 

The first set ofexperiments wasto determine the duration ofrecoil collection 

that gave the best yield. This was done at a potential difference of5000 volts and a 

plate separation of0.5 cm while varying the recoil collection period. 

The results are given in Table XIV(p48)and plotted in Figure 12(p 49). The 

results show thatthe yield increases for the first 40 minutes and then beginsto level 

off. This is in agreement with the buildup of^^'Pr with a half-life of4.9 minutes. The 

forty minutes represents about eight half-lives to give99.6% ofmaximum buildup. 

The second set ofexperiments was to determine the optimum voltage to use. 

This wasdone by collecting recoils on the atom recoil catcher at different voltages but 

atthe same distances and collection times. The distance between the plates used was 

0.5 cm,and the duration ofrecoil collection was40 minutes. The results are given in 

TableXV(p 50)and plotted in Figure 13(p 51). The plot showsthe yield increases 

with voltage up to-2000 volts. Therethe 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 — 2000 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 ofthe collection plate). Atthelower 

voltages,the total charge that can be collected is less than theflux ofthe charges ofthe 

recoil atomsimpinging 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 thatthe 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 pCi to 200 p.Ci 

range. Therefore,forthis level ofactivity, a good operating voltage would be on the plateau 

around 3000 volts. 

Duringthe 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 TableXV(p 50). 

Another experiment was doneto see what effect varying the 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 intensity. In the earlier experiment,the distances between 

the plates were kept constant while the applied potential was varied. Therefore,the electrostatic 

field strength was inadvertently varied, and the yield thus 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,asthe 

distance increased,the yield decreased. See Table XVII(p 53)and Figure 16(p 57). This 

followsfrom the geometry for the angle subtended by the sourceto the recoil catcher. The 

geometry correction factorto correctfor this is; f=0.5(1-cos0), where0=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). Datafrom 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 ofthe recoil 

collection period. Figure 19(p 63)shows a gamma spectrum after abouttwo half-

lives of^^'Fr are past,showing the decay ofthe ^^'Fr and ̂ '^Bi and the absence of 

225 •Ac. However,a count ofa 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 ̂ '^Bi 

measured,a maximum activity of^^"''Ac of0.9 nCi was calculated. The ^^^Ac may be 

present on the collector because the alpha decay ofthe ̂ ^^Fr and ̂ '^Bi on the cathode 

may ionize and dislodge some ofthe ̂ ^^Ac atoms in the matrix, thus allowing them to 

be caught in the electrostatic field and collected. However,the activity of^^^Ac 

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

»|r 

X 
Active Area 

Source 

J. 

f=0.5(l-cos9) 

0=tan'(R/d) 

Figure 17. Geometry factor diagram.[32] 
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CHAPTER VIII 

CALCULATION OF ACTIVITIESONTHERECOILCATCHER 

Once the recoil atoms have been collected,the activity can be quantitated by 

gamma spectroscopy. However,it would be helpful to calculate the activity ofthe 

recoil atoms before the recoil capture is begun. . 

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

Apr=(hAhr-XAc))*AAc°*(eV"cV), 

where Apr is the activity of^^'Pr attime t, Aa° is the activity of^^^Ac att=0and Xpr 

and Xac are the respective decay constants. However,because the ̂ ^'pr activity has 

been moved through space by the recoil action,the chain decay equation must be 

multiplied by the geometry factorfas given in the previous chapter. The new 

equation then becomes: 

Apr=(W(Xpr-XAc))*AAc°*P(eV" 

When the chain decay equation is multiplied by this geometry factor,the 

calculated activity agrees well with the measured activity of^^'Pr on the recoil 

collector. In the special case ofsecular equilibrium when the half-life ofthe parent is 

much,much longer than the half-life ofthe daughter,the above equation reduces to: 

Apr= AAc*f. 
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Figure20(p65)showsthe relationship between the calculated and measured activities 

22ipj. jjg linear with an of96%. The meansthat96%ofthe variation in the 

data is accounted for in this linear model. 

Sincefis afunction ofthe radius ofthe collector and the distance between the 

plates,these variables can be adjusted to give the desired activity of^^^Frto be 

collected. 

This equation does not hold for^'^Bi however. On the recoil collector,the 

^'^Bi collected isfrom the ^^'Fr that decays on the collector as well asthe collection of 

^'^Bi recoils from the source itself. Another factor is the intermediate short-lived 

daughter of"'Fr,^'"'At(W.=32 milliseconds), which decaysto ̂ '^Bi. When it decays 

on the collector,someofthe ^'^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^'^Bi is complex and has yet to be worked out 

satisfactorily. 
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CHAPTER IX 

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 removethe ^^'pr and Bi 

from the recoil catcher. In this study,copper was used,but it wasfound 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 activity wasdue 

to"alpha creep,"^'^Rn which is a minor decay branch of^^'At(0.01%),orifsome of 

the ^^^Fr and ̂ ^^Bi atoms had sufficient momentum,dueto the electrostatic field,to 

penetrate thethickness ofthe copper disc. This last alternative seems unlikely due to 

thethickness ofthe disc of-100 pm(see Table VI p 21). It is clear though that some 

ofthe 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 ofatomic weight greaterthan that offrancium and bismuth is 

required. However,all the elements above francium and bismuth are radioactive and 

could pose afurther contamination problem eitherfrom themselves orfrom their 

daughters. A possible solution would be an alloy offreshly separated uranium that 

could stop the recoil atomsfrom penetrating and yet not be a source ofother 

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 



68 

should besome tradeoffbetween hardness and elastic scattering that could be 

achieved. 

A better solution may be to find a film ofsome material that would coat the 

copper and on which the recoil atoms would deposit. Thefilm would then be removed 

and the recoil atoms with it. Then the film could be dissolved to liberate the recoil 

atoms withoutany copper contamination. 

Another possibility would be to find a suitable chelating agentto extract the 

recoil atomsfrom the copper that would not dissolve the copper. This may be possible 

ifthe thicknessofthe copper is not too great. 

A final possibility would be to completely dissolve the copper and then 

extract it orthe recoil atomsfrom the other by ion exchange orsome other method. 

However,the process would need to be quick due to the short half-lives ofthe isotopes 

involved. 

Once a suitable material for the collection disc has been found,the 

separation ofother isotopes may be tried. One possible candidate may be Rafrom 

228Th. 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^'"^Bi on the recoil catcher. This would aid in the production 

of^'^Bi for other laboratory experiments. 
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Another extension ofthis technique would beto beta emitters. While the 

recoil ofthe daughter atom is not great, it does recoil with maximum recoil energy 

REtnax of" 

RE„,ax(eV)=537Ep(Ep+ 1.02)/M, 

whereEp is the maximum P energy in MeV and M is the massofthe parent.[11] This 

is a maximum energy because the recoil energy is dependent on how the kinetic 

energy ofthe beta particle is shared with the antineutrino and on the angular 

correlation between the two particles.[11] For example a.0.5 MeV P 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 ofinterest would be ^^^Ac from ^^^Ra,^'°Bi from ^'°Pb,^^^Thfrom 

^"Ac,and ^'^Bi from ̂ '^Pb. Each pair would be a challenge due to nuances in their 

half-lives, butthey would be interesting to try. 

Anothertopic to pursue would be to use the recoil atom flux as a"beam of 

atomsto bombard a target ofinterest. Thislow(compared to reactor or particle 

accelerator)flux might prove ideal for putting atoms inside offullerenes. One 

experiment suggested would be to coat the collector disc with fullerenes and then 

bombard them with recoil atoms to see ifthese atoms could be placedjnside the cages. 

[37] This would be a very interesting and useful application ofthis technique ifit is 

successful. 
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CHAPTER X 

SUMMARY AND CONCLUSIONS 

In summary,the electrostatic collection ofrecoil atoms has been shown a 

viable meansto separate ^^'Fr and ̂ ^^Bi from ̂ ^^Ac. Yields as high as50%for Fr 

and 98%for ^'^Bi have been obtained. 

The electrodeposition of^^"''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 wasfound that the yields are dependent on the strength ofthe 

electrostatic field and the distance between the plates. It wasfurtherfound that the 

yield increased with electrostatic field strength but leveled offafter a critical voltage 

had been reached. The length oftime for optimum buildup of^^'Fr on the collector 

wasfound to be40 minutes. 

An equation has been identified for the calculation of^^'Fr activity on the 

recoil collector. Knowing the source activity, area ofthe recoil collector,and the 

distance between the plates,the activity ofthe ̂ "'Fr collected can be calculated in 

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

input to determine the experimental parameters. 
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Finally, and can be separated from by electrostatic 

collection ofthe recoil atoms in high yield and withoutthe usual problems and wastes 

generated by the normal means ofion exchange separation. 
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APPENDIX I 

Source Solution Preparation 

1. Rinse a20 mL liquid scintillation vial with 0.01 M nitric acid. 

2. Add~5 mLof0.01 M nitric acid to the vial. 

3. Quantitatively transfer~200 ^JL of^^^Ac stock solution in 0.1 M nitric acid to the20 
mL scintillation vial with 10 mLof0.01 M nitric acid. pHshould be about 1.6. 

4. Add a magnetic stir bar and place cap on vial. 

5. Stir on low(settings 3 or4)for at least 10 minutes until well mixed. 

6. Count source solution on a HPGe detector. 
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APPENDIX II 

Electrodeposition Procedure 

1. The platinum cathode should be~ 1.5 x 1.5 cm square arc welded to aPt wire~5 cm 
long.The anode consists ofonly aPt wire ~5 cm long. 

2. Wash the electrodes in conc. nitric acid. Rinse with DIwater and blot dry. 

3. Place electrodesin solution~0.5 cm apart. 

4. Hook negative terminal oftheDC power supply to the cathode and the positive to the 
anode. 

5. Turn voltage to 8 volts and monitorthe current during the electrolysis. Record 
ammeter readings at beginning and at the end ofthe electrodeposition. 

6. Add 0.01 MHNO3ifnecessary to keep electrodes covered. 

7. Allow the electrodeposition to proceed for 1 hour. 

8. Atthe end of1 hour,take the cathode out ofthe solution with the voltage still on. Be 
careful notto touch the electrodes together. Record time ofcathode removal. 

9. Turn offthe voltage. 

10.Rinse cathode with DI waterto wash offthe acid and carefully blot dry. 

11.Countthe 20 mL vial solution again on an HPGe detector for2minutes. Record time 
ofcount start. 
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APPENDIX III 

Atom Recoil Collection(ARC)Procedure 

1. Putthe cathode from the previous electrodeposition in the cathode holder and count on an 
HPGe detectorfor2minutes. Record time ofcount start. 

2. When count is completed,attach cathode to the positive or ground terminal ofthe 
recoil catcher apparatus. 

3. Attach the copper disc collectorto the negative terminal ofthe atom recoil catcher 
(ARC)apparatus to catch the positive ions. 

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

5. Accumulate recoils for40 minutes. 

6. Turn high voltage off. Record time voltage off. 

7. Unhook cathode and put away for future use. 

8. Unhook the copper disc collectorfrom the recoil catcher apparatus. 

9. Countthe disc collector on an HPGe detectorfor2 minutes.Dueto the amount of 
activity collected,the disc may need to be counted at 10 cm or morefrom the 
detector. Record time ofcount start. 

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