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Dr. J. David Robertson, Dissertation Supervisor 

 
ABSTRACT 

 
 

Radioisotope micro-power sources (RIMS) hold great promise for the 

development of small power sources for use in numerous applications, including 

micro-electromechanical (MEMS) systems, due to the five orders of magnitude 

difference in the specific energy density available in radioactive decay versus 

chemical reactions. While a number of conversion schemes can be employed in 

RIMS, direct voltaic conversion technologies are compatible with the 

semiconductor manufacturing processes used in MEMS. A direct conversion 

solid-state betavoltaic RIMS device consists of a p-n semiconductor coupled with 

a beta-emitting radionuclide. Liquid semiconductor betavoltaic devices were 

investigated simultaneously with the solid-state designs as an alternative concept 

designed to minimize radiation induced lattice damage that occurs in solid-state 

devices formed through interaction with high-energy charged particles. A liquid 

semiconductor RIMS device operates similarly to a solid-state semiconductor; 

however, the device uses Schottky and ohmic contacts that encapsulate a 

radionuclide in its liquid state. Radioisotopes used for the fabrication of solid-

state semiconductor sources include 33P and 147Pm. Sulfur-35 was selected as 

the isotope for liquid semiconductor tests because it can be produced in high 

specific activity and it is chemically compatible with the liquid semiconductor 



 xiii

media under investigation.  The irradiation, separation and subsequent 

chemistries of curie amounts of activity were performed at the University of 

Missouri Research Reactor (MURR) for 35S and 147Pm.   
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1 - Introduction  

 

1.01 - MEMS  

Micro-electromechanical systems (MEMS) are miniaturized devices that can 

operate complex systems by combining mechanical and optical technologies with 

electronics at a scale of micrometers.  MEMS are integrated onto silicon chips and 

typically perform with better precision than similar technologies at the macro-scale.  

A MEMS chip can also have multiple devices, each with a different purpose.  

Examples of MEMS devices include biological, pressure, inertial, and gas sensors, 

optical and RF systems, miniature actuators and gears, and miniaturized propulsion 

systems.1-6  MEMS devices are used in satellite systems where they are preferred 

due to mass/payload requirements, and are also used in various consumer 

applications including pressure sensors in automobile tires, accelerometers in 

airbags, and accelerometers in laptops for disabling disk drives.  The power 

requirement for these devices range from microwatts to milliwatts, and for these 

applications an ideal miniaturized power source that provides power for an extended 

period of time is preferred.7   

The ability to use MEMS devices in portable stand-alone applications requires 

a power source that can be scaled down to similar dimensions.  Conventional 

chemical cell technology is not suited for the reduction in size that would be required 

to power an individual MEMS device.  As the chemical cell’s dimensions decrease, 

the storage capacity of the chemical reactants powering the device would decrease, 

limiting the lifetime of the battery.  Technologies are being developed creating 
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miniaturized fuel cells with increased efficiency at reduced dimensions.8  Another 

concern of chemical cells would be the reduced efficiency in extreme or hostile 

environments as chemical cells are temperature and pressure sensitive.   

Other potential power sources for MEMS technologies include photovoltaic 

and micro-scale combustible engines.9-11  Solar cell technology has proven to be a 

reliable source of power and can be scaled down without efficiency loss; however, it 

requires light input.  The micro-combustible engine suffers from a reduced fuel 

capacity and would be affected by adverse environmental conditions.  In contrast, 

the radioactive decay of radioisotope micro-power sources (RIMS) are unaffected by 

temperature and pressure and can provide energy for an extended period of time.  

Power sources based on radioactive decay can operate in hostile or extreme 

environments, be fabricated into a miniaturized design, and operate without the need 

of refueling if radionuclides with appropriate half-lives are used.  

RIMS harnesses the energy released from radioactive decay to generate 

useable electrical and mechanical power.  In theory, the small scale and long life 

that could be achieved with RIMS technologies make them an ideal power supply for 

a variety of MEMS applications. 

 

1.02 - Energy density comparison 

 Conventional chemical batteries and fuel cells perform adequately for many 

applications.9, 12, 13  The principle difference between chemical cells and RIMS is 

energy density.  Conventional power sources need fuel to provide power which 

takes up mass and is also an exhaustible resource.  The fuel supply for RIMS is the 
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radioactive material and the quantity of material required is directly related to the 

half-life of the radionuclide.   

 

Table 1 - Energy densities of conventional power sources and various radionuclides 

Energy content of various power sources 

Conventional chemical power 
source 

Energy 
density of 

device 
(μWh/mg) 

      

30 Wh Li-ion battery 44     
Fuel cell 530     

        

Radionuclide 
Specific 
Activity 
(Ci/mg) 

μW/mg @ 
BOL* 

μWh/mg       
over 2 half-

lives 
  Half-life 

35S 42.8 621 1.41 x 106   87.2 d 
147Pm 0.928 17 4.23 x 105   2.62 y 

32P 285.7 58698 2.17 x 107   14.3 d 
33P 156.4 3518 2.31 x 106   25.3 d 

210Po 4.5 7055 25.4 x 107   138.4 d 

Theoretical power is calculated using 1 mg of radionuclide "carrier free" 

Power produced assuming a 5% conversion efficiency 
*BOL - Beginning of Life 

 

 

Table – 1 illustrates that the energy density of a lithium-ion battery and a fuel 

cell cannot compete with the energy density available from radioactive decay.  As 

MEM devices continue to “shrink” in size, the mass of a lithium ion battery to 

produce the 20 mWh required for a 7.20 x 10-7 cm3 dual axis gyroscopic device 

would be 455 mg.  If we assume a density of 5 g/cm3 for the lithium ion battery then 

the power source would be 126000 times larger than the MEMS device.6, 7  The 

scale can be further represented by the fact that 277 dual-axis gyroscopic devices 

would fit on a 1 cm2 silicon chip.   
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RIMS are suited for the miniaturized environment of MEMS technology.  A 

RIMS power source could be engineered to be electroplated onto a MEMS device or 

an array of devices.  In addition the betavoltaic technology can potentially be 

integrated onto a MEMS silicon chip.   

The Ragone plot is a way to evaluate a power supply’s performance.  The 

plot shows the specific energy (Wh/kg) and the specific power (W/kg) of various 

power sources.  An ideal power supply would reside in the upper right portion of the 

graph and would posses both a high specific power and energy.   

 

 
Figure 1 - Ragone plot 

 

Nuclear 
B tt

RIMS 
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The Ragone plot, in FIGURE – 1, compares a variety of common conventional 

power sources with RIMS.  Clearly, RIMS devices are far superior when energy 

density is the primary requirement.   

Betavoltaic RIMS devices have poor power densities, producing microwatts of 

power for beta emitters and milliwatts of power for alpha emitters.  However, the 

energy density exceeds most, if not all, other conventional power technologies.  

Another advantage would be to integrate the RIMS device with a conventional 

device with a high specific power.  An example of this would be using a RIMS device 

to trickle charge a rechargeable chemical battery or capacitor.  This would allow for 

short bursts of high power coupled with a long life-time.  

 

1.03 - Potential applications of nuclear conversion technologies  

In addition to the increased specific energy density of RIMS for application to 

emerging MEMS technologies, these sources can provide power in extreme 

environmental conditions.  There are only a few terrestrial applications for RIMS as 

conventional chemical fuel technologies are adequate for most power needs.  

However, there is a potential need for fail-safe uninterruptible power supplies in 

computer or electronic systems.  Although current RIMS technologies could not 

provide the power needed to drive systems they could be used to power critical 

components.  Other fail-safe applications include trickle charging a capacitor for a 

high voltage/current application.  For example, by trickle-charging a capacitor which 

would discharge if the housing of a critical and sensitive component is breached, 
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one could create a tamper resistant “seal” that could not be circumvented by cooling 

down the housing of the system.   

An application which could currently be used is to couple RIMS with a MEMS 

sensor array that could be deployed in inaccessible or environmentally hostile areas.  

There is a potential concern that these sensors would be “detectable’ due to their 

radioactive emanations.  However, careful consideration of the source radionuclide 

would limit or eliminate potential detection, principally by choosing radionuclides with 

no gamma emission.   

RIMS technology is also suited for extraterrestrial applications due to its high 

energy density (low mass) and its ability to provide power for a long time in extreme 

environmental conditions.  The radiation shielding requirements for an application in 

space would be negligible.  As long as the electronics are resistant to the radiation 

field then extra shielding is not needed.  One example already demonstrated in our 

lab is a high voltage and low current RIMS power supply for use in a faraday cage 

that could protect sensitive electronic equipment from cosmic radiation.14, 15   

 

1.04 - History of RIMS devices  

The principle of a nuclear battery was first conceptualized by a young 

scientist prior to World War I.  Henry G. J. Moseley worked as an apprentice to 

Ernest Rutherford where he was tasked with many projects including a project 

characterizing the radioactive emanations of radium.  His work produced interesting 

results with respect to beta decay and eventually led to a concept where Moseley 

rationalized that a radium battery was theoretically possible by placing a quantity of 
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radium emanation, 222Rn, inside a thin-walled evacuated chamber.16  The radon and 

its daughters would emanate both alpha and beta particles.  The alpha particles 

would be blocked by the glass ampoule that housed the radon, while the beta 

particles would penetrate the thin-walled glass and accumulate on a silver coated 

glass bulb which housed the ampoule.  Using this approach, Moseley produced a 

potential of 160 kV in his laboratory.  Unfortunately, this research was suspended, 

along with his many other projects, when Moseley perished along with his regiment 

in August 1915 on Gallipoli during World War I.17   

In the 1950’s Rappaport constructed a RIMS device which consisted of a 

silicon p-n semiconductor coupled to a 50 mCi 90Sr/90Y source in a 2π 

configuration.18  The betavoltaic is analogous to photovoltaic technology except that 

instead of electron-hole-pair (EHP) formation caused by an incident photon of light, 

an EHP is formed when the ionizing radiation from radioactive decay deposits 

energy in the semiconductor.   

The theory behind this technology is that if a p-type and an n-type silicon 

semiconductor are joined together, a depletion region occurs in a volume near the 

junction.  An example of an n-type semiconductor would be pure silicon doped with 

impurities that will provide additional electron density; a dopant in this case could be 

phosphorus with five electrons in its valence shell as compared to silicon which has 

four.  The increased electron density of the n-type semiconductor makes it a better 

conductor than pure silicon.  Conversely, if the impurities are primarily an element 

with three electrons in its valence shell (boron, for instance) then the electron density 

is decreased which makes the semiconductor a better insulator than pure silicon.  
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When these two semiconductors are joined together, the free electrons in the n-type 

semiconductor will combine with holes in the p-type semiconductor forming a 

depletion region in thermal equilibrium (a region without any majority carriers).  Once 

thermal equilibrium is established an intrinsic potential will develop in the depletion 

region that prevents electrons from flowing from the n-type semiconductor into the p-

type semiconductor.   

 

 

Figure 2 - Schematic of the intrinsic voltage of a p-n semiconductor 
 

 

This characteristic of a semiconductor will dominate the electric field unless a 

stronger external potential (exceeding the intrinsic voltage) is placed upon the 

device.  If a load is connected to the semiconductor with the positive terminal 

attached to the p-type semiconductor then the device will function similar to a 

forward bias diode.  A characteristic of the semiconductor is the open circuit voltage 

(Voc).  This voltage is the required potential to overcome the intrinsic potential within 
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the device.  At a positive potential less than the Voc, EHPs formed by ionizing 

radiation in the depletion regions will flow toward the p-type semiconductor and 

create a current.  If the potential placed on device is equal to the Voc then no current 

will flow and if the potential is greater than the Voc then the diode will “switch on” and 

the device will rectify.  For power production using a betavoltaic, the operating 

voltage must be below the Voc.   

 

 

Figure 3 - Schematic for solid-state betavoltaic RIMS device 

 

Rappaport used both silicon and germanium semiconductor materials, with 

2π geometry sources, and realized a conversion efficiency of 0.4%.  The conversion 

efficiency is simply the ratio of the total power generated to the device by the total 

theoretical power available to that device from the radioactive source. 

   

in

out
conversion P

P
=η  

Equation 1 - Basic equation for conversion efficiency determination 
 

 

Beta emitting radionuclide 

Ohmic contact 

p-type semiconductor 

n-type semiconductor 

- hole 
- electron 

Load 

+ 

- 

Incident beta emission
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Modifications to the p-n semiconductor RIMS device were made by Pfann in 

1954.19  He understood that the desiderata for the semiconductor and the nuclear 

properties of the radionuclide must be analyzed and optimized.  He increased the 

activity of the 90Sr/90Y source to 200 mCi and improved the semiconductor’s 

characteristics by using 4π source geometry in an effort to maximize the efficiency 

and power output of his device by increasing the surface area of his conversion 

device. (FIGURE – 4).  

 

 

Figure 4 - Generic schematic for a RIMS device using 4π configuration  
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1.05 - BETACEL and ISOMITE nuclear conversion devices 

In the late 1960’s the BETACEL and ISOMITE RIMS programs were 

developed.20-23  The BETACEL used a 147Pm source integrated into a device that 

used several p-n silicon semiconductor devices arranged in a stacked design.  

FIGURE – 5 provides a general representation of the stacked design used to 

increase the device efficiency.  The increased efficiency is obtained by maximizing 

the surface area while minimizing the volume of the semiconductor and source 

material.   

 

 

Figure 5 - Stacked design for source  

p-n semiconductor

Radionuclide
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The BETACEL program was developed for pacemaker batteries.  The desire 

was to create a long lived reliable battery that could be implanted into humans.  The 

battery must also emit a negligible radioactive dose.  The conversion efficiency of 

this device was 1.1% and provided a beginning of life power output of 1288 μW.   

The ISOMITE program used thermionics for electrical power production which 

were also slated to be used as a pacemaker power source.  Thermionics uses the 

work function of a metal and the decay of the radionuclide, 147Pm2O3 and 238PuO2, to 

excite electrons.21, 24  These electrons can be harvested for electrical and thermal 

energy. The power output for this type of technology ranged from 19 mW (147Pm2O3) 

to 350 mW (238PuO2).21, 24     

The termination of these projects coincided with the development of the 

lithium chemical battery.  These batteries supplanted the BETACEL and ISOMITE 

devices as compact power sources for cardiac pacemakers.  

1.06 - Output characteristics of RIMS device 

The power curve, (also known as an IV curve) and efficiency of the 

semiconductor device can be determined with an electrometer.   

 

Figure 6 - General data from a betavoltaic 

V V

I I Isc

Voc

Pmax= IV

Betavoltaic 
         Betavoltaic 
(data inverted with power 
curve added) 
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The power produced can be measured by using impedance matching to measure 

the short circuit current (Isc), the open circuit voltage (Voc), the fill factor (FF), and 

the maximum power of the device.  The Isc is the maximum current when there is no 

potential, the Voc is the maximum voltage measured when the resistance has 

eliminated the current flow, and the FF is a ratio of the peak power of the device 

divided by the maximum theoretical power the device can produce.  An ideal cell will 

exhibit minimal current degradation until rectification.  The maximum power of a 

device can be determined by a variety of methods. 

 

VocIscFFIVRIP ××=== 2
max  

Equation 2 - Power determination of betavoltaic device 

 

The efficiency of the device can be derived by taking the ratio of the power 

produced from the device to the potential power available from the total decay 

energy of the chosen radionuclide.  The current produced from one curie of 

electrons is equivalent to 5.92 nA/Ci.  This conversion is derived by multiplying the 

activity (3.7 x 1010 electrons/second) by 1.601 x 10-19 coulombs/electron (1 A = 1 

C/s).  Theoretical power, in microwatts, can be calculated by multiplying this current 

by the average energy of the alpha or beta emission (keV).  The absolute efficiency 

of a RIMS device is comprised of two unrelated efficiencies, the geometric (source) 

efficiency and the intrinsic (conversion) efficiency.   

The source efficiency is the fraction of energy from the source interacting with 

the active volume of the conversion device.  The source efficiency is negatively 
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affected by self-absorption of the radioactive source material and the thickness and 

composition of materials in the RIMS device that do not result in energy conversion. 

The conversion efficiency is device related and is dependant upon the materials 

used for the semiconductor, the concentration and type of dopants used, the band-

gap of the semiconductor material, as well as the thickness of the depletion region in 

the device.  The optimization of the conversion efficiency in a semiconductor is 

outside the scope of this dissertation.   

The source efficiency can be optimized using a variety of methods.  The 

radionuclide can be encapsulated within multiple layers of semiconductor materials 

in a stacked configuration (FIGURE – 7) providing a greater source efficiency.  A 

porous semiconductor material could also be engineered so that a radionuclide in a 

liquid or gaseous state could occupy a greater surface area on/in the 

semiconductor.25   

 

 

Figure 7 - Basic configurations of betavoltaic RIMS device 
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Ideally, the type of source used for RIMS needs to be chemically compatible 

with the semiconductor device, possess nuclear properties compatible with the 

electronics and the handling of the device, be easily produced, and available in high 

specific activity.  The radionuclide’s nuclear and chemical properties that are taken 

into account include: decay mode and energy, half-life, activity, and chemical form.  

Alpha and pure beta emitters are well suited for this technology.  The range of the 

particle emission in the semiconductor substrate coupled with a reduced shielding 

requirement benefits this type of RIMS device.   

 

1.07 - Types of RIMS 

RIMS devices can be categorized as either thermal or non-thermal.20  

Thermal devices include, but are not limited to, thermionics, thermophotovoltaics 

and radioisotope thermal generator (RTG) technologies.20, 21, 24, 26-30  These devices 

use the heat generated from the decay of radionuclides and convert it into power.  

The heat either excites electrons or stimulates photon emission in a given medium 

or generates current by the use of a thermal pile.  Non-thermal devices include 

betavolatics, direct-charge collectors, reciprocating electromechanical atomic 

batteries and liquid semiconductors.15, 18, 19, 23, 26, 31-41  Each of these concepts 

requires either an alpha or beta emitting radionuclide and has different applications.  

The betavoltaic and liquid semiconductor cells are low voltage cells (~1-2 V) that can 

be used for consumer or MEMS applications while the direct charge collector is a 

high voltage power source (kV) which could, for example, be used to power a 
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Faraday cage.  The reciprocating electro-mechanic atomic battery uses charge 

collection to create an oscillating component that could be used as a timed switch.   

A liquid semiconductor betavoltaic incorporates a radionuclide into a liquid 

semiconductor media that is separated by two metals.  The metal with the higher 

work function will act as the Schottky metal (analogous to a n-type semiconductor) 

and the metal with the lower work function will act as an ohmic contact.31, 32  When a 

p-type semiconductor and a Schottky metal are placed together, the Fermi levels of 

the two materials enter into thermal equilibrium creating a depletion region.  Once 

equilibrium is reached, an intrinsic potential builds up in the Schottky metal (similar 

to that of FIGURE – 2) preventing electrons from flowing from the Schottky metal to 

the ohmic contact.  If a load is connected to the liquid semiconductor device, with the 

positive terminal attached to the ohmic metal, the device will function similar to a 

forward bias diode.  Ionizing energy from the radionuclide can create EHPs in the 

depletion region.  Electrons promoted in this region will flow toward the ohmic 

contact and the hole it occupied will flow toward the Schottky metal as long as the 

potential placed upon the device is less than the Voc.  The conditions of a potential 

equaling and exceeding the Voc are identical to the solid-state semiconductor 

system.    

 

1.08 - Ideal sources  

The ideal radionuclide source would either be a pure beta or an alpha emitter.  

High energy gamma rays will limit the scalability and applicability of the RIMS device 

due to shielding requirements.   
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Beta particles are an acceptable option due to their moderate energies, low 

penetration and easy shielding requirements.  The high linear energy transfer (LET) 

allows for the cells to be manufactured in a compact design and the circuitous 

pathway of the energetic electron serves to promote many electrons within the 

depletion region.  Also, the beta particles have a limited range in air and can be 

shielded quite effectively.  Extensive work has been done with beta particles in both 

thermal and non-thermal energy conversion.   

Although beta particles can provide a high energy density per unit volume 

they are less likely to damage a RIMS device than an alpha emitting radionuclide.  

Cutting edge solid state semiconductor research has developed new technologies 

which allow for the use of more activity which is directly related to an increased 

power production.  The drawback to using more activity is the potential for self 

absorption of the beta particle within the source material.  This characteristic of the 

beta emission limits the amount of material that can be used for a given volume.   

Alpha particles have great potential for many conversion technologies.  The 

low penetrating, high LET, and high energy (5.3 MeV for 210Po) of this mode of 

decay makes it ideal for certain applications including RTGs and liquid 

semiconductor technology.  

 

1.09 - Non-ionizing energy loss (NIEL) 

The energy of an incoming alpha or beta particle that is absorbed into the 

semiconductor lattice will be transferred via one of three avenues.  The particle will 

either ionize electrons within the semiconductor lattice creating electron-hole pairs, 
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or the energy will be converted to vibrational energy (given off as heat), or the 

energy will dislocate atoms within the semiconductor lattice.  The “dislocation” 

energy imparted into the semiconductor lattice creates lattice defects that can 

potentially disrupt and alter the flow of electrons through the device.  These defects 

tend to trap electrons from flowing and create a potential “electron sink”, significantly 

lowering the efficiency of the device.  The lattice dislocations are caused by non-

ionized energy loss (NIEL) and the likelihood of the lattice dislocation increases with 

energy, mass, and size of the particle (i.e., a proton would have a larger NIEL than 

an electron but less than an alpha particle).   

 

 

Figure 8 - Approximate values for NIEL for beta particles, protons, and alpha particles 
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As is presented in FIGURE – 8, the NIEL of an alpha particle emission is roughly 1 

MeV cm2/g for a 5 MeV particle whereas the NIEL for 1 MeV electron is 

approximately 10 eV cm2/g.42, 43  This 5 order of magnitude difference of alphas over 

betas results in short lifetimes of solid state semiconductor RIMS devices that use 

alpha emitters. 

A study performed by Rybicki tested two identical semiconductor diodes with 

two different radionuclide sources.  One diode was loaded with 1.5 mCi of 241Am and 

the other with 30 mCi of 147Pm.44  As expected, the americium source gave a greater 

beginning of life power output and efficiency.  However, the power output dropped 

50% in the first 100 hours of the experiment.  In contrast, the promethium source 

provided power and demonstrated virtually no degradation over the same period of 

time.   

Power produced by the betavoltaic device is directly related to the formation 

of EHPs in the semiconductor material.  Alpha particles, due to their high LET, 

impart a higher amount of energy in a smaller range than beta particles.  This 

increased power also increases the likelihood of lattice defects within the device.  

Lattice defects can be minimized by three different methods.  One method is 

to use source material that emits a soft beta and another is to use semiconductor 

materials that are relatively radiation resistant (SiC, for example).  Yet another 

method to reduce degradation from NIEL would be to use a molten matrix or liquid 

semiconductor that would conceptually anneal the defects upon formation.  

Minimizing lattice defects greatly increases the betavoltaic’s applicability since the 
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lifetime of a completely radiation resistant RIMS device is governed only by the half-

life of the radionuclide. 

1.10 - Objectives 

The primary objective of this work was to develop chemically stable 

radioisotope sources for incorporation into both solid-state and liquid semiconductor 

RIMS devices.  The sources need to be prepared in high specific activity and exist in 

a stable form factor.  Radiation doses from these sources need to be minimal and 

the radioisotope needs to be relatively inexpensive and easy to produce.  Secondary 

objectives include the modification and optimization of the production chemistries to 

enhance the chemical yield and improve the specific activity of the radioisotopes 

used, and the opportunity to collaborate with the engineering aspect and testing of 

the RIMS devices for the comprehensive study of both solid-state and liquid 

semiconductor betavoltaic technologies.  The devices will be tested for power 

production, efficiency, stability, and device lifetime measurements.   
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2 - Sulfur-35  

 
 

The primary objective of the sulfur work was to produce high specific activity 

35S in its elemental form for inclusion into a liquid semiconductor RIMS device.  

Sulfur-35 is produced by the neutron irradiation of KCl via the 35Cl(n,p)35S reaction.  

This exoergic reaction has a Q-value of 0.615 MeV and thermal and epithermal 

cross-sections of 480 mb and 590 mb, respectively. 

Caution – Although sulfur-35’s nuclear properties are fairly benign, a 48.8 

keV average energy beta emission, there is a potential inhalation risk.  This risk is 

compounded by the volatility of sulfur in various environments.  Care must be taken 

to handle radioactive sulfur only in fume hoods or glove boxes to minimize the 

inhalation hazard.  The volatility of sulfur also leads to potential contamination issues 

as sulfur is likely to bind tightly to various surfaces.  Under no circumstances should 

high levels of sulfur activity be handled outside of an atmospherically controlled area 

or glove box.  

 Materials – The KCl used for irradiations is PURATONIC (Alfa Aesar) 

99.997% pure (metals basis).  The quartz tubes and irradiation cans were standard 

issue materials used extensively at MURR for non-flooded irradiations. Unless 

otherwise noted, all other chemicals were reagent grade or better.   

Caution – Carbon disulfide is toxic.  Toxicology issues aside, care must be 

taken with regards to its low boiling point of 46°C, auto ignition temperature of 90°C, 

and explosion limits from 1% to 50% atmospheric composition. 
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2.01 - Background of production chemistries 

Methods obtained from the literature used reduction/oxidation chemistries to 

form elemental sulfur from an irradiated KCl target.  The types of oxidizing and 

reducing agents, the amount of activity used, and the sulfate carrier concentrations 

varied greatly.   

 Otto (1960) used a mixture of red phosphorus, hydrogen iodide, and formic 

acid as the reducing solution and potassium ferricyanide solution as the oxidizer.  A 

chemical yield of 95% was reported.  Specific activities of 100 mCi/mg were 

estimated; however, no data was presented.45   

Suarez (1966) used chromium as the reducing agent and an iodine/methanol 

solution as the oxidizing agent.  No information regarding the amount of activity or 

the specific activity of the elemental sulfur was provided.  The stated chemical yields 

were reported as 97% and the amount of sulfate carrier was limited to 0.2 mM.  The 

chemical yields reported from this method could not verified or duplicated in our 

laboratory.46 

Kase et al. (1970) used tin (II) chloride as the reducing agent and potassium 

ferricyanide solution as the oxidizer.  Kase reported a chemical yield of 75% using 

0.3 – 1.5 mM of sulfur carrier and stated that the chemistry yields dropped 

significantly at sulfur carrier concentrations below 0.3 mM.  A theoretical specific 

activity of 16 - 80 mCi/mg was also estimated using a maximum target activity of 100 

mCi.  However, this was not experimentally determined as only 10 mCi of 35S was 

used for each of the experiments.47   
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2.02 - Irradiation of analysis of KCl 

Quartz tubes were initially used to irradiate small masses of KCl.  Sulfur-35 

was produced by irradiating KCl for 300 hours in the G1/H1 position at MURR at an 

estimated thermal flux of 8 x 1013 n s-1 cm-2.   One and one half gram quantities of 

KCl were placed into 4 mm x 8 mm quartz tubes that were then evacuated and 

sealed with a torch.  A head space of 1.5 cm was required when sealing these tubes 

to minimize the spread of radioactive particulates when opening the tubes.   

 

 

Figure 9 - Irradiated KCl in 4mm x 8mm quartz tube 

 

The irradiated KCl was removed from the quartz tube by scoring the tube with 

a diamond tipped cutter followed by breaking the tube along the newly created fault 

line in a glove box.  The irradiated KCl powder was then transferred to a 50 mL 
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falcon centrifuge tube containing 25 mL of 0.05 M HCl spiked with 0.3 millimoles of 

non-radioactive K2SO4.  Upon dissolution, the solution was transferred to three 15 

mL centrifuge tubes in equal amounts, and 5 mL of 10% (w/v) BaCl2 was added to 

each tube to form a BaSO4 precipitate.  Centrifugation was performed on the three 

tubes for 15 minutes at high speed.  After centrifugation, the solution was decanted 

and the precipitate was collected in a cellulose filter and rinsed with DI water.  After 

the BaSO4 was thoroughly rinsed, 5 mL aliquots of acetone were added to the 

centrifuge tubes forming a slurry that was transferred to a 100 mL dual necked 

round-bottom reaction flask.  Aliquots of the acetone rinse solution were added until 

all of the BaSO4 was transferred. The reaction flask was then placed on a spherical 

heating mantle and gently heated until the acetone evaporated.   

 

−++− ++→++ ClKSOBaBaSOKCl 4
3522

4
35  

Equation 3 - Principle reaction isolating 35S as radiolabled BaSO4 

 

A modification to the irradiation packaging was then designed to eliminate the 

use of KCl powder for irradiation.  These irradiated targets are difficult to process 

due to the potential spread of contamination from KCl powders.  Potassium chloride 

discs were fabricated by placing 5 – 12 grams of the salt in a 25mm diameter press 

mold; a method similar to that used to create IR optical discs.  The KCl was placed 

in the mold and 20000 pounds per square inch of pressure was applied for 2 

minutes to form the disc.  The pressed discs were then wrapped in aluminum foil 

and placed in an aluminum irradiation can.  The fused discs minimize airborne 



 - 25 -

contamination concerns while simultaneously reducing the waste-stream from 

irradiated quartz.  The method was further optimized by separating each disc with a 

layer of aluminum foil, making it easier to separate the irradiated samples during 

post-irradiation handling.   

 

 

Figure 10 - Irradiated KCl discs and aluminum packaging 
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Figure 11 - Enlargement of irradiated KCl disc 

 

The irradiated KCl discs were unwrapped from the aluminum foil package in 

the glove box and placed individually into 50 mL falcon centrifuge tubes.  A solution 

containing 2 mM of K2SO4 dissolved in 25 mL of 0.05 M HCl was added to the tube 

and agitated until the disc dissolved.  Upon dissolution, 10 mL of 10% (w/v) BaCl2 

solution was added to form a BaSO4 precipitate.  The solution was poured through 

Fisher brand P2 grade filter paper and the filtrate was rinsed adequately with DI 

water and allowed to dry overnight.  The dry BaSO4 was then scraped from the filter 

into a round-bottom 100 mL dual-necked reaction flask using a shielded spatula.   

The filtrate collection step was later modified to reduce the potential for loss of 

powdered BaSO4 that occurs when the bulk of BaSO4 was scraped off of the 

cellulose filter (that could potentially retain trace amounts of 35S).  A Wattman GF/F 

borosilicate filter was used in lieu of cellulose filter paper.  Because the borosilicate 

matrix and its binders are soluble in the acidic environment of the reaction flask at 
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increased temperatures, the entire BaSO4 mass could be completely transferred to 

the reaction flask with the Wattman GF/F borosilicate filter.   This improvement 

minimized the loss of activity that cannot be recovered by scraping BaSO4 from the 

filter paper.  It also minimizes the reaction time required by eliminating the need to 

dry the BaSO4 overnight prior to adding it to the reaction flask.   

There was evidence in the literature that radiolysis can modify the physical 

characteristics of the KCl matrix and this was evident in the increased time required 

for the dissolution step following irrradiation.48  Further evidence of radiolysis was a 

color change of the irradiated KCl target.  A color change from a white to blue occurs 

due to the trapping of electrons and the formation of electron “holes” in the lattice.  

The charge distribution in the KCl matrix creates electronic bands in the visible 

region of the spectrum.48  

Following the irradiation of KCl, sulfur-35 exists in a variety of oxidation states 

ranging from sulfides to sulfates.49, 50  The mono-atomic sulfur atoms are 

fundamentally different in their chemistry, most notable in their solubility in an 

aqueous media, compared to the most common and stable allotrope of sulfur (α-S8). 

Currently it is unknown if the mono-atomic sulfur atoms are fully converted to sulfate 

during the irradiation, by reacting oxygen with molecules trapped in the KCl matrix, 

or during the dissolution of the target in an aqueous media.49-51  It is, however, 

possible to alter the distribution of the oxidation states of sulfur by using careful 

preparatory steps including sample degassing and heating.  A study conducted by 

Chiotan et al. investigated the oxidation states of the sulfur following neutron 

irradiation of KCl when careful steps were taken both before and after irradiation.49  
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The ratio of sulfates to sulfides in an irradiated sample was 3:1 if careful drying and 

degassing of the KCl target was performed.  If the seal vial is kept at room 

temperature then there was no evidence that elemental sulfur was produced in the 

irradiation.  However, if the sealed target was heated to 700°C for 5 hours after 

irradiation then the ratio of the oxidation states changed: sulfides (19.5%), elemental 

sulfur (36.5%) and sulfates (44.0%).  It is clear from the work of Chiotan et al. that 

pre and post irradiation steps can affect the oxidation states of the collected sulfur.  

However, because the highest oxidation state is preferred for the chemistry 

described in this work, no preparatory steps were taken.   

Nine separate irradiations were performed over a 26 month period at MURR 

producing an aggregate of 77 curies of 35S.  The irradiations occurred predominately 

in the G1/H1 position at a thermal flux of 8 x 1013 n s-1 cm-2 in a sealed aluminum 

can.  One irradiation was performed in the flux trap with an estimated thermal flux of 

1 x 1014 n s-1 cm-2. 

 

Table 2 - Irradiation runs of potassium chloride at MURR 
 

Irradiation 
#  

KCl 
target 
mass 

(g) 

Start of 
Irradiation 

Time of 
Irradiation 

(hours) 

 Irradiation 
position 

Curies of 
35S 

produced 
(theoretical) 

Matrix of 
KCl 

1 6.471 7/20/2006 300.01 H1 2.5 Powdered  

2 6.431 8/23/2006 300.00 H1 2.5 Powdered  

3 7.8583 10/6/2006 300.00 H1 3.0 Powdered  

4 36.44 1/15/2007 155.51 Flux Trap 18.6 Disc 

5 22.4519 2/3/2007 295.72 H1 8.6 Disc 

6 42.2141 5/18/2007 155.60 G1 8.2 Disc 

7 74.9421 7/2/2007 152.32 G1 14.6 Disc 

8 48.1418 11/13/2007 143.87 G1 9.4 Disc 

9 47.8989 10/6/2008 150.00 G1 9.3 Disc 
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An analysis of the measured activity versus theoretical yield was performed 

on irradiation #3.  The materials irradiated included, 7.86 g KCl powder and an 18.72 

mg aluminum wire doped with 700 ppm cobalt as a thermal neutron flux monitor.  

 

Table 3 - Isotopes produced during irradiation of a 7.86g KCl target and cobalt flux wire 
 

Target 
isotope 

Nuclear 
reaction 

Product 
isotope Half-life 

Theoretical end 
of irradiation 
activity (Ci) 

Theoretical 
end of decay 
activity (Ci) 

          (120 hours)  
              

Slow reactor neutron reactions: 
30Si (n,γ) 31Si 2.62 h 2.88 0 
41K (n,γ) 42K 12.36 h 13.79 0.016 
35Cl (n,γ) 36Cl 300000 y 0.00036 0.00036 
35Cl (n,p) 35S 87.51 d 4.86 4.68 
37Cl (n,γ) 38Cl 37.24 m 14.36 0 
23Na (n,γ) 24Na 14.959 h 0.003 0 
27Al (n,γ) 28Al 2.24 m 0.21 0 
59Co (n,γ) 60mCo 10.47 m 0.01 0 
59Co (n,γ) 60Co 5.271 y 0.0001 0.0001 
         

Fast reactor neutron reactions: 
28Si (n,p) 28Al 2.24 m 0.44 0 
29Si (n,p) 29Al 6.56 m 0.01 0 
35Cl (n,p) 35S 87.51 d 0.07 0.066 
35Cl (n,a) 32P 14.28 d 0.04 0.029 
         
         
* Isotopes produced in activities of < 1 microcurie were neglected 

 

 

Discrepancies were observed regarding the theoretical activity of 35S and the 

activity measured by liquid scintillation counting.  Two radionuclides used for activity 

determination measurements were 35S and 42K.  Sulfur-35 activity was measured by 

LSC and 42K activity was measured using an HPGe detector.   

Other radionuclides were also analyzed.  The two pure beta emitters, 32P, and 

36Cl, were analyzed because of the potential for these isotopes to contaminate the 
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RIMS device with high energy betas.  There are no major dose concerns regarding 

pure beta emitters as long as ALARA and safe laboratory practices are met.   

Radionuclides that are pure beta emitters require less shielding than gamma 

emitting radionuclides.  The only penetrating dose associated with a pure beta 

emitter is Brehmstralung radiation.   

Potassium-42 is a gamma emitting radionuclide with a 12.4 hour half-life and 

a 1.524 MeV gamma emission.  This radionuclide is a major dose concern and must 

be accurately estimated before the sample can be handled in a glove box.  As 

observed from results in TABLE - 3, a 5 day decay is insufficient as the irradiated 

target will still contain 16 mCi of 42K, producing an estimated dose of 22 R/h at 1cm, 

which is hazardous to handle without proper ALARA safeguards implemented.  

Allowing for a two week decay of the irradiated target will reduce the 42K in the 

sample to 6.6 x 10-7 % of the original activity.   

Dilute cobalt in aluminum flux wire was used to determine the neutron flux at 

the irradiation target position.  An aluminum wire, doped with a known concentration 

of cobalt, was sealed in a quartz tube of similar dimensions as the tubes used to 

irradiate KCl and placed in the center of 5 quartz tubes filled with KCl.  A wire 

weighing 18.72 mg with a certified concentration of 700 ppm 59Co was irradiated with 

the KCl irradiations for 300 hours in the H1 irradiation position.  The only stable 

isotope of cobalt, 59Co, is 100% naturally abundant and undergoes a (n,γ) nuclear 

reaction forming 60Co with thermal and epithermal cross sections of  37 and 74 

barns, respectively.  The half-life of 60Co is 5.3 years and it has two predominant 

gamma emissions, 1173 keV (Iγ%=99.9%) and 1332 keV (Iγ%=99.982%).  The 
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metastable state, 60mCo with a half-life of 10.5 minutes, can be ignored due to the 2 

week decay before the sample was handled.  After irradiation the quartz tube was 

broken and the cobalt wire removed and secured onto a radiation card and counted 

at 10 inches from the face of an efficiency calibrated HPGe detector for 5 minutes.  

The activity of the sample was determined using a multi-element gamma efficiency 

standard at the same counting position with similar geometry.   

 

Table 4 - Cobalt-60 flux foil measurements 
 

Cobalt-60 flux monitor measurements 

Gamma 
energies Counts % 

Error 
Detector 

efficiency*  

Activity 
of Co-

60 (μCi) 

Theoretical activity 
(μCi) Ratio  

         
1332 36317 0.53% 2.93 x 10-4 28.46 39.6 71.9% 
1773 40492 0.50% 3.27 x 10-4 28.47 39.6 71.9% 

Iγ (1332) = 99.9%       
Iγ (1773) = 99.98%  Average 28.47 Average 71.9% 

       
Reported flux 

(n s-1 cm-2)   
Measured flux 

(n s-1 cm-2)   

8.00 x 1013 Thermal flux   5.75 x 1013 Thermal flux   
2.40 x 1012 Epithermal flux**   1.73 x 1012 Epithermal flux**   
7.20 x 1012 Fast flux**     5.18 x 1012 Fast flux**   

*Detector efficiency was determined using a multi-element gamma efficiency standard 
**Epithermal flux was estimated at 3% of thermal flux    
**Fast flux was estimated at 9% of thermal flux       

 

 

Theoretical activity calculations were determined using the following equation: 

 

)()1())()()(( decaynirradiatio tt
fastfastepithermalepithermalthermalthermal eeNA λλσσσ −− ×−××Φ+×Φ+×Φ×=  

Equation 4 - Activity production equation 
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Where A is the activity (dps), N is the number of atoms in the target, Ф is the neutron 

flux (n s-1 cm-2), σ is the cross-section (cm2), λ is the decay constant (s-1) of the 

produced radionuclide, tirradiation (s) is the duration of the irradiation and tdecay is the 

time (s) taken after the irradiation allowing for decay.  For the sake of this single flux 

monitor, it was assumed that the Фepithermal = 0.03 Фthermal and Фfast = 0.09 Фthermal.  

These are the flux ratios quoted by the MURR irradiations group.  The variation of 

the measured flux to the estimated flux can be attributed to the self-absorbance of 

the neutrons through the sample.  As stated the quartz vial containing the flux wire 

was placed in an arrangement inside of 5 other tubes containing KCl powder.  The 

purpose of this measurement was to provide an estimated flux for future KCl 

irradiations.   

Potassium-42 is a beta emitting radionuclide with a 12.4 hour half-life and a 

1524 keV gamma ray (Iγ%=18%).  Potassium-41 is 6.73 % abundant and the 

thermal and epithermal cross-sections of the (n,γ) reaction are 1.46 and 1.4 barns 

respectively.  Between 8 and 10 days after the end of irradiation, there exists a small 

window of time where the activity of the sample can still be measured on an HPGe 

detector without significant dose concerns as long as ALARA safeguards are met.  

The activity at 8 days is approximately 6 μCi/g of irradiated KCl.  After 10 days 

decay, the 42K in the sample becomes increasingly difficult to distinguish from 

background even with a highly shielded HPGe detector.   

After 8 days decay, the entire irradiated target of 15 KCl discs was separated 

and 5 targets were set aside for 42K activity determination.  These samples were 



 - 33 -

chosen based on their relative position in the “stack” of KCl discs.  After allowing 140 

additional days for decay 4 targets were processed and analyzed for 35S activity.   

 

 
 
Figure 12 - Location of samples in KCl target (Irradiation #7) 
 
 
The rose colored positions (positions 1, 5, 8, 12, and 15) were analyzed for 42K 

activity.  The green samples (positions 5, 9, 10, and 11) were analyzed for 35S 

activity.  The blue samples were processed for elemental sulfur; however, they were 

not part of either of the aforementioned analyses.   

The irradiated KCl sample was weighed and then dissolved in 25 mL of 0.05 

M HCl spiked with 2 mM of potassium sulfate carrier.  An aliquot of 100 μL was 

transferred to a 0.25 dram vial for gamma spectroscopy measurements on an HPGe 

detector.  The activity of the sample was determined using a multi-element gamma 

efficiency standard at the same counting position with similar geometry.   
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Table 5 - Potassium-42 measurements from irradiated potassium chloride targets 
 

Potassium-42 measurements 

Sample 
# 

Sample 
mass 

(g) 
Counts 

% 
counting 

error 

Detector 
efficiency* 

Activity at 
end of 

irradiation 
(Ci) 

Theoretical 
activity** 

(Ci) 
Ratio 

          
7-1 5.8997 2489 2.0% 1.13E-03 4.2 6.7 62.3% 
7-4 4.9548 1688 2.4% 1.13E-03 2.7 5.7 47.5% 
7-8 4.9455 1850 2.3% 1.13E-03 2.8 5.6 49.0% 

7-12 4.8889 2080 2.2% 1.13E-03 2.9 5.6 52.7% 
7-15 4.8656 3015 1.8% 1.13E-03 4.0 5.6 72.2% 

          
           Average 56.7±8.3% 

*Detector efficiency was determined using a multi-element gamma efficiency standard 

**Theoretical activity was determined using the neutron flux obtained from the cobalt flux foil 
experiment 

 

It is prudent to allow a much longer period of decay for the 35S measurement.  

Ideally, a decay of 140 days would remove a significant portion of the 32P from the 

sample which would greatly simplify the analysis.  Both 32P (1.709 MeVmax) and 36Cl 

(709 keVmax) are present in the irradiated samples and need to be taken into account 

in the liquid scintillation counting (LSC) analysis. The long-lived 36Cl can be 

determined by obtaining a 36Cl standard or by analyzing the sample after the 35S has 

decayed away.   

The irradiated KCl sample was weighed and then dissolved in 25 mL of 0.05 

M HCl spiked with 2 mM of potassium sulfate carrier.  An aliquot of 200 μL was 

transferred to a centrifuge tube containing 30 mL DI water.  All of the liquid 

scintillation analyses were performed on the Packard TR-2300.  All aliquots were 

diluted to give sample count rates of 10000 to 100000 cpm to minimize the counting 

error associated with the saturation of the detector.  All samples were added to 10 

mL of Econo-safe liquid scintillation counting cocktail.  The windows analyzed were 
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0-167 keV (Window A), 167 keV-1.8 MeV (Window B), and 0 keV -1.8 MeV (Window 

C).  Windows B and C were used to determine the presence of 36Cl and 32P. The 

sulfur activity was determined by converting the counts per minute (cpm) in Window 

A into disintegrations per second (dps) using an efficiency of 90% for 35S.52 

 

Table 6 - Sulfur-35 activity measurements 
 

Sulfur-35 measurements 

Sample 
number 

Mass of 
KCl 

target 
(g) 

Counts % Error Detector 
efficiency 

Activity 
at EOI 

(Ci) 

Theoretical 
activity* 

(Ci) 
Ratio 

          
7-5 4.9825 62824 0.40% 90% 0.95 1.25 76.2% 
7-9 4.9306 48755 0.45% 90% 0.90 1.24 72.8% 

7-10 4.9169 67821 0.38% 90% 0.75 1.24 60.9% 
7-11 4.9118 104533 0.31% 90% 0.86 1.23 69.9% 

          
           Average  69.9±6.4% 

*Theoretical activity was determined using the neutron flux obtained from the cobalt flux foil 
experiment 

 

 

 The activity produced in the samples was lower than anticipated.  A possible 

reason for this was the self-absorbance of the neutrons in the target.  The variation 

between the 42K and 35S activity could be attributed to a pipetting error associated 

with the sampling method.  An adequate production yield of 35S from an irradiated 

KCl target is approximately 200 mCi of 35S per gram of KCl irradiated, which is the 

mean of the two methods.   
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2.03 - Sulfur production chemistries 

 Essentially the irradiated sulfur exists in a variety of oxidation states, and 

oxidation chemistries were implemented creating the sulfate.  Reductive chemistries 

were then carried out on the sulfate forming the sulfide.  Finally, oxidation 

chemistries were performed once again in an anoxic environment forming elemental 

sulfur. 

Separation of 35S from 32P and 36Cl was achieved at different steps of the 

production method.  Chlorine-36 was removed when the BaSO4 precipitate was 

produced and subsequently rinsed.  The chlorine would be retained in the rinse 

solution and be discarded.  Trace amounts of 32P were retained in the rinsed BaSO4; 

however, the phosphorus was not present in the final product.  There was evidence, 

using liquid scintillation counting, that phosphorus was still present in the reaction 

flask.  Therefore, the reduction and oxidation chemistries performed on the sulfur 

simultaneously separated it from the phosphorus.   

In general, methods in the literature use a reducing agent and phosphoric 

acid to reduce sulfate into hydrogen sulfide gas46, 47, 53, 54.  The gas was carried by 

nitrogen where the hydrogen sulfide was trapped in an alkaline environment by a 

simple acid/base sequestration.  The sulfur in the hydrogen sulfide gas was then 

oxidized to elemental sulfur and separated by organic extraction.   

 The assembly for this method uses a gas tight setup that consists of a 

reaction flask (B), a heating mantle (A), an inlet for a carrier gas (C), an expansion 

bulb (D), a water trap (E), the primary scrubber (F), and the secondary scrubber (G).   
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Figure 13 - Experimental setup for sulfur experiments 

 
 

2.04 - Experimental method for obtaining elemental sulfur from an 

irradiated KCl target and non-radioactive BaSO4 using chromium 

powder as the reducing agent 

In the 100 mL dual-necked round-bottom reaction flask (B), 0.5 mM of BaSO4 

was added along with 1g of powdered chromium metal (325 mesh) and 15 mL of 

85% ortho-phosphoric acid.  The reaction flask was connected to the system and dry 

nitrogen gas (C) was allowed to flow throughout the system at a rate of ~100 

mL/minute.  The primary scrubber (F) and secondary scrubber (G) contain 10 mL of 

1 M NaOH and 25 mL of 5 M NaOH, respectively.  The primary scrubber acted as 
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the primary collection vessel for the elemental sulfur while the secondary scrubber 

prevented radioactive hydrogen sulfide gas from escaping the flow-through reaction 

system.  The expansion bulb (D) and the water trap (E) functioned as water basins 

that minimize the dilution of the solution in the primary scrubber.   

After 15 minutes of purging with nitrogen gas, the heating mantle was set to 

its maximum setting.  During the heating, hydrogen sulfide gas was produced from 

the reduction of sulfate and carried though the system via the nitrogen carrier gas 

where it was trapped in the primary scrubber.  The reductant was powdered 

chromium metal. 

 

OHSHCrHSOHsCr 22
3

4 1238327)(8 ++→++ +−+    E0 = 1.54 V 

Equation 5 - Redox reaction for the production of hydrogen sulfide using chromium as the 
reducing agent 

 

 

The hydrogen sulfide gas is weakly acidic and dissociates in the alkaline media of 

the primary scrubber.  The dominant species of the sulfur is hydrogen sulfide ions.   

 

−+ +↔ HSHSH 2   pKa1 = 6.89 

−+− +↔ 2SHHS    pKa2 = 19   

Equation 6 - Dissociation reactions for hydrogen sulfide gas 

 

Upon heating, a green solid forms in the reaction flask along with phosphorus 

pentoxide as a white gas upon the completion of the reaction.  At this time the 
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heating mantle was reduced to its lowest setting.  While cooling, a solution of 3 g of 

elemental iodine dissolved in 30 mL of methanol was prepared.  The 

iodine/methanol solution was added slowly to the primary scrubber taking care to 

minimize any air (oxygen) introduced into the impinger.  The solution immediately 

turned yellow upon addition, due to the oxidation of the hydrogen sulfide, and 

became white and eventually brown if an excess of the methanol/iodine solution was 

added.  The color change was indicative of the oxidation of the hydrogen sulfide and 

the formation of colloidal elemental sulfur.  Elemental sulfur formed as a yellow 

precipitate and collected at the base of the impinger.   

 

+−− ++→+ HSIHSsI 0
2 2)(   E0 = 0.68V 

Equation 7 - Redox reaction for the production of elemental sulfur using iodine as the 

oxidizing agent  
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Equation 8 - Production of elemental sulfur using a chromium metal reducing agent 

 
 

The sulfur was recovered either by filtration or solvent extraction.  The 

filtration method was similar to the isolation of the barium sulfate precipitate.  The 

alkaline solution containing elemental sulfur was passed through a filter paper and 

thoroughly rinsed with methanol.  The filter paper was dried overnight and the sulfur 

was removed by scraping.  
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2.05 - Experimental method for obtaining elemental sulfur from 

barium sulfate utilizing tin as the reducing agent 

Using tin as a reducing agent optimized many conditions of the production 

method.  Immediate benefits included a decreased waste stream due to the 

chromium byproducts adhering to the glassware.  Other benefits included the ability 

to measure the activity of products in the round bottom flask for sulfur activity.  The 

chromium product was difficult to handle and reliable measurements of activity 

retained were impractical due to the form and viscosity of the product.  Finally, 

inconsistent results with curies of activity using chromium as the reductant 

necessitated a change in the reducing agent.   

The method for producing elemental sulfur using tin (II) chloride (SnCl2) as a 

reducing agent used the same experimental steps as the chromium method with 

significant changes made to the reactants in the dual-necked reaction flask.  A 

reducing solution was prepared by combining 70 mL of H3PO4 and 10 g of tin (II) 

chloride.  This mixture was reduced by heating to a final volume of ~50 mL.  Two 

millimoles of BaSO4 were added to the reaction flask along with the reducing 

solution and the flask was attached to the same glassware shown in FIGURE - 13.  

One major difference was the opacity of the solution during the heating of the 

reactants.  The tin product was soluble and became transparent upon completion of 

the reaction.  Other aspects of this reaction remain unchanged.  

OHSHSnHSOHSn 22
4

4
2 4494 ++→++ +−++     E0 = 0.95 V 

Equation 9 - Redox reaction for the reduction of sulfur using tin as the reducing agent 
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Equation 10 - Principle reactions utilizing tin as a reducing agent during the formation of 
elemental sulfur 
 

 

An optimization of the previous method used tin (II) pyrophosphate (Sn2P2O7) 

as a reductant in lieu of SnCl2.  The higher solubility of Sn2P2O7 eliminated the need 

for the preparation of a reducing solution prior to the experiment, minimizing the time 

required to perform the method.  Combined in the reaction flask are, 3.5 g of tin 

pyrophosphate, 2 mM of BaSO4, and 50 mL of concentrated H3PO4.  All other 

aspects of this reaction were identical to the tin (II) chloride method.   

 

2.06 - Results and discussion for the production experiments 

utilizing the chromium reducing agent 

In the cold (non-radioactive) experiments, analysis of the chemical yield was 

performed gravimetrically.  The amount of sulfate was varied while keeping constant 

all other reaction parameters.   
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Table 7 - Results from “cold” experiments using chromium as the reductant 
 

Successful "cold" results using chromium as the 
reducing agent 

     

mM of sulfur 
carrier 

% chemical 
yield 

Number of 
experiments 

0.13 84.0% 1 
0.32 66.5% 13 
0.41 70.8% 1 
1.56 29.9% 2 
1.69 28.4% 2 
1.80 34.0% 2 
2.03 38.0% 2 
2.77 31.1% 1 
3.00 32.1% 3 
3.47 23.3% 3 
5.09 37.5% 13 
5.17 26.8% 3 
5.27 41.4% 1 
5.70 13.7% 3 
7.96 55.8% 1 
9.83 3.3% 1 

16.97 33.1% 1 
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Figure 14 - Trend results for the "cold" chemistry production runs using chromium as the 
reducing agent 
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The results of TABLE – 7 and FIGURE - 14 indicate that the reduction and oxidation 

of sulfur was more efficient with lower masses of the sulfur carrier.  However, these 

experiments also made clear that precise production results were not obtainable.  A 

probable reason for this was the form of the chromium product.  There was an 

increased potential that the hydrogen sulfide gas produced was trapped in the 

viscous chromium product.  However, numerous experiments were conducted in an 

effort to maximize the recovery with the minimum amount of sulfur, serving the 

eventual goal of an increased specific activity for the inclusion into a RIMS device.  

Prior to the initial runs using 35S-labeled BaSO4, the most consistent production 

yields occurred when using a carrier concentration of 0.3 mM.   

 Following the cold chemistry runs, two different irradiations of KCl were 

performed in the fall of 2006.  Chemistry was performed on the material to provide a 

sulfur source to a client possessing a RIMS device for testing (irradiations #1 and #2 

from TABLE - 2), using the chromium reduction method laid out in Section 2.04.  

Two production runs were performed on targets containing 2.3 Ci of 35S using the 

oxidation and reduction chemistries.  No sulfur was collected and the reason for the 

failed experiments is not known. 

 Another set of experiments was conducted using chromium with the second 

set of irradiated KCl targets.  The target production mass of 32 mg of elemental 

sulfur was performed and successfully produced sulfur with mediocre results.   
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Table 8 - Results of first successful production run using chromium and radioactive sulfur 
 

Sulfur production experiment using 2.5 Ci of 35S and chromium as 
the reductant 

       

Experiment 
# % yield mass 

(mg) 
Activity of 

sample (Ci) 
SA 

(Ci/mg) 

1-1 0 0 0 0 

1-2 0 0 0 0 

2-1 29.7% 9.5 0.267 0.028 

2-1 12.5% 4 0.113 0.031 

 

 

Although the chemical yields of these experiments are poor, the concept of 

producing elemental sulfur from an irradiated potassium chloride target was 

demonstrated.  The failure of the first set of experiments wasn’t explored due to 

project time constraints.  In contrast to the literature, we speculate that a radiolysis 

product having an unknown and negative effect upon the reducing effects of the 

chromium was formed.46, 54   

 Following this experiment the use of chromium as a reducing agent was re-

evaluated and its use abandoned due to the failed experiment coupled with 

increased waste stream due to unusual hardening of the chromium product in the 

reaction flask.   
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2.07 - Results of experiments utilizing tin (II) as the reducing agent 

 The use of tin as a reducing agent began shortly after the inconsistent 

chromium experiments.  Multiple experiments were performed using the method 

described in Section 2.10.  The preliminary results appeared promising with 

chemical yields exceeding 55%; however this method was abandoned to incorporate 

Sn2P2O7 as a reactant in lieu of SnCl2.   

 Emboldened by the preliminary success of using tin as a reducing agent, 

extensive work was performed using the method described in Section 2.05 

 

Table 9 - Results from cold-run experiments utilizing tin as the reductant 
 

Successful "cold" results using tin as 
the reducing agent 

     
mM of 
sulfur 
carrier 

% 
chemical 

yield 

Number of 
samples 

     
1.73 50.8% 1 
1.82 37.4% 2 
1.87 54.1% 1 
1.89 45.8% 2 
1.98 58.5% 4 
1.99 67.6% 7 
2.00 70.8% 4 
2.01 69.7% 4 
2.02 57.5% 5 
2.03 67.4% 1 
2.04 47.5% 1 
2.05 33.1% 4 
2.06 41.7% 1 
2.07 48.2% 4 
2.08 59.3% 2 
2.09 43.9% 2 
2.10 47.1% 2 
2.11 43.5% 2 
2.14 50.6% 3 
2.27 70.7% 1 
2.36 79.5% 1 
4.19 34.9% 1 
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Figure 15 - Trend results for the "cold" chemistry production runs using chromium as the 
reducing agent 
 
 
The results of TABLE - 9 and FIGURE – 15 indicate that a target mass and/or a 

target mass plus carrier of 2.0 millimoles of sulfate presented the most reliable and 

best results.  The experiments were conducted in an effort to maximize the recovery 

with the minimum amount of carrier, serving the eventual goal of an increased 

specific activity for the inclusion into a RIMS device.   

 

2.08 - Sulfur-35 source production results utilizing tin (II) 

pyrophosphate reducing agent  

The production of curie amounts of elemental sulfur for testing RIMS devices 

was performed using the method outlined in Section 2.05.  The irradiation targets 4, 

5 and 6 were processed to provide high specific activity source material.  Analyses 
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of the chemical yields and the specific activities were performed to gauge the 

effectiveness of the method.   

 

Table 10 - Results from preliminary production experiments using irradiated targets 
 

Experiment 
# 

Mass 
of 

sample 
(g) 

Estimated 
35S activity of 

irradiated 
target (mCi) 

Measured 35S 
activity in 
elemental 

sulfur (mCi) 

% 
chemical 

yield  

SA 
mCi/mg 

            
4-1 36.4 8036 1237.5 15.4% 125 
5-1 22.4 2578 1371.4 53.2% 40.1 
6-1 2.9 1024 388 37.9% 15.9 
6-2 2.5 888 411.2 46.3% 13.8 
6-3 2.1 738 86.3 11.7% 11.5 
6-4 1.5 521 87.5 16.8% 8.1 
6-5 3.7 666 256.9 38.6% 10.4 

% chemical yield was determined gravimetrically  
All of the experiments were performed using 2 mM carrier 

 
 

The results from TABLE – 10 were obtained from production runs that were 

primarily used for the production of 35S and not a comprehensive analysis of the 

chemistries involved.  The results of the hot runs were promising and a large 

irradiation run of 75 g of KCl was performed (Irradiation #7).  The primary task of this 

irradiation was a comprehensive analysis of the chemical processes, beginning with 

the dissolution of the irradiated target through the determination of the specific 

activity of elemental sulfur.   

The analyses of the reaction yields with irradiation target #7 provided insight 

to the production chemistry. The analyses were performed by taking activity 

measurements at key points in the process.  These analyses identified the efficiency 

of various aspects of the chemical process, including but not limited to, the efficiency 

of the formation of hydrogen sulfide gas, the efficiency of the oxidative and reductive 

chemistries, as well as the amount of activity retained in key points of the production 
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method.  Identical analyses were performed on these samples as with the 

preliminary results; however, an audit of the total activity at various points in the 

chemical method was also performed.  This audit provided insight as to potential 

optimizations that can be performed due to the tracking of the activity throughout the 

method.   

 

2.09 - Analysis of the elemental 35S source production method 

utilizing radiotracer studies using tin (II) pyrophosphate reducing 

agent 

 A comprehensive analysis of the chemistry was undertaken to further 

optimize the chemical yield, kinetics, purity and specific activity of the complete 

method.  The 49 keV average beta emission of 35S was analyzed with a liquid 

scintillation detector at various points along the method including: the rinse solution 

of the barium sulfate solution, the reaction flask after the reaction was completed, 

the water trap, the secondary scrubber, the methanol solution and a specific activity 

measurement of the final product.  All potential avenues for the loss of activity were 

explored to fully understand the efficiency of every aspect of this chemistry.  All of 

the following analyses were performed on irradiation target #7. 

The efficiency of the BaSO4 precipitation was analyzed first.  Two 

measurements were obtained, the first being an aliquot of the irradiated target after 

dissolution as a baseline for the total activity available for the process.  A 200 μL 

aliquot was taken of the dissolved target solution and set aside for analysis.  Barium 
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chloride was then added to the solution and the BaSO4 was removed via filtration 

and rinsing.  A 200 μL aliquot of the rinse solution was taken and analyzed. 

 

Table 11 - Results of barium sulfate precipitation analysis 
 

Experiments 
Mass of 

KCl 
target (g) 

Activity of 
irradiated 
sample 
(mCi) 

Activity 
remaining 

in rinse 
solution 
(mCi) 

Efficiency of 
chemistry 

7-5 4.9825 178.0 0.3 99.85% 
7-9 4.9306 221.0 0.7 99.67% 

7-10 4.9169 176.3 0.5 99.71% 
7-11 4.9118 178.2 0.5 99.69% 
7-14 4.8673 879.8 0.9 99.90% 

          
    Mean  99.77±0.09% 

 

 

The results of this analysis, presented on TABLE – 11, allowed us to ignore any 

potential modification to this step of the chemistry.  The high yield of the precipitate 

formation and collection led to the analysis of the reduction chemistry of the reaction 

flask.   

 The efficiency of the reduction chemistry was determined by comparing the 

initial activity of the irradiated target with an aliquot of the products in the reaction 

flask after the experiment.  This aliquot was difficult to obtain due to an increased 

viscosity caused by the reduction of the reagents in the reaction flask. 
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Table 12 - Experimental results of activity retained in reaction flask 
 

Activity retained in reaction flask 

Experiment 
Mass of 
sample 

(g) 

Activity of 
sample 
(mCi) 

Activity 
remaining in 
reaction flask 

(mCi) 

% activity 
retained in flask 

          
7-1 5.8997 968.3 8.3 0.90% 

7-2b 5.0003 259.3 18.6 7.20% 
7-2c 5.0003 302.5 15.4 5.10% 
7-3 4.9752 688.3 31.5 4.60% 
7-4 4.9548 637.3 27.4 4.30% 
7-8 4.9455 613.3 18.9 3.10% 

7-12 4.8889 422.6 25.3 6.00% 
7-14 4.8673 879.8 29 3.30% 
7-15 4.8656 1088.2 31.5 2.90% 

          
      Mean 4.14%±1.22 

 

 

The results presented in TABLE – 12 show that up to 7.2% of the activity was 

retained in the reaction flask.  There are two possibilities as to why the sulfur would 

remain in the reaction flask after the reaction was finished.  Either the reduction 

chemistry was incomplete or the increased viscosity of the solution traps hydrogen 

sulfide gas within the liquid matrix in the reaction flask.  Efforts to minimize the loss 

of activity remaining in the reaction flask were accomplished by increasing the 

heating time.  The increased heating time would allow for the completion of the 

reduction of any remaining sulfate as well as physically allowing hydrogen sulfide 

gas to be flushed from the reagents.  Experiments were conducted that increased 

the heating time for 15 minutes following the decrease of opacity of the sample.   
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Table 13 - Activity retained in reaction flask post modification 
 

Experiment Mass of KCl 
target (g) 

Activity 
(mCi) 

Activity 
remaining in 
flask (mCi) 

% Activity in 
flask 

7-5 4.9825 178.2 3.4 1.93% 

7-6 4.9572 275.0 2.6 0.95% 

7-9 4.9306 221.0 1.0 0.45% 

7-10 4.9169 176.3 1.0 0.54% 

7-13 4.8813 326.0 2.2 0.67% 

       

     Mean 0.91±0.53% 

 

 

As is evident in TABLE – 13, the increased heating time reduced the activity 

retained in the reaction flask.  

Another analysis of activity was of the water trapped in the expansion bulb 

and the water trap.  There was a potential of limited solubility of the hydrogen sulfide 

gas in the water.  Since the gas does not percolate through the water there were no 

modifications to be made except the addition of an acid to the water trap which 

would minimize the solubility of the hydrogen sulfide in the water solution.   
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Table 14 - Activity retained in water trap 
 

Experiment Mass (g) 
Activity of 
sample 
(mCi) 

Activity 
remaining in 
water (mCi) 

% Activity 
in flask 

7-2b 5.0003 259.3 0.1 0.05% 

7-2c 5.0003 302.5 0.1 0.02% 

7-3 4.9752 688.3 0.2 0.03% 

7-4 4.9548 637.3 1.5 0.24% 

7-5 4.9825 178.0 0.4 0.25% 

7-6 4.9572 275.0 0.9 0.33% 

7-8 4.9455 613.3 0.4 0.07% 

7-9 4.9306 221.0 0.1 0.03% 

7-10 4.9169 176.3 0.1 0.06% 

7-11 4.9118 178.2 0.2 0.10% 

7-12 4.8889 422.6 0.4 0.10% 

7-13 4.8813 326.0 1.5 0.47% 

7-14 4.8673 879.8 0.8 0.09% 

7-15 4.8656 1088.2 1.5 0.14% 
       
     Mean 0.14±0.07% 

 

 

The results in Table – 14 show that only small amounts of activity were 

retained in the liquid collected in the expansion bulb and the water trap.  

Modifications to this aspect were deemed unnecessary.  

Activity in the secondary scrubber was also determined to quantify the 

efficiency of the acid – base reaction in the primary scrubber.  The alkaline solution 

in the secondary scrubber was 5 times stronger than in the primary scrubber and 

existed as protection against radioactive hydrogen sulfide gas leaving the system.   

 
 
 
 



 - 53 -

Table 15 - Analysis of activity in secondary scrubber 
 

Experiment 

Mass of 
KCl 

sample 
(g) 

Activity of 
irradiated 
sample 
(mCi) 

Activity 
remaining 
in water 
aliquots 
(mCi) 

% Activity  

7-2b 5.0003 259.3 0.3 0.11% 
7-2c 5.0003 302.5 0.1 0.03% 
7-3 4.9752 688.3 0.4 0.06% 
7-4 4.9548 637.3 0.5 0.09% 
7-5 4.9572 178.0 0.2 0.13% 
7-8 4.9455 613.3 1.3 0.21% 
7-9 4.9306 221.0 0.01 0.00% 

7-10 4.9169 176.3 0.03 0.02% 
7-11 4.9118 178.2 0.01 0.01% 
7-12 4.8889 422.6 1.1 0.26% 
7-14 4.8673 879.8 0.01 0.00% 
7-15 4.8656 1088.2 0.9 0.08% 

       
    Mean  0.08±0.05% 

 

 

As is presented in TABLE – 15, the amount of 35S retained in the secondary 

scrubber was insignificant and verified the efficiency of the acid – base reaction in 

the primary scrubber.  No modifications were deemed necessary to reduce the 

activity breaking through to the secondary scrubber.   

The comparison of filtering elemental sulfur with a cellulose filter versus 

solvent extraction followed by crystallization was performed.  Preliminary 

experiments used filtration as a method of isolating the elemental sulfur from the 

alkaline media.  Determination of the amount of activity retained on the cellulose 

filter was achieved by soaking the filter in toluene.  It was assumed that the toluene 

would dissolve the majority of any elemental sulfur.  An aliquot of the toluene 

leachate was taken for LSC measurements.   
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Table 16 - Analysis of activity on cellulose filter paper 
 

Experiment Mass (g) 
Activity in 
sample 
(mCi) 

Activity 
remaining 
in water 
(mCi) 

% Activity 
in flask 

7-2b 5.0003 259.3 0.1 0.05% 
7-2c 5.0003 302.5 0.1 0.02% 
7-3 4.9752 688.3 0.2 0.03% 
7-4 4.9548 637.3 1.5 0.24% 
7-5 4.9825 178.0 0.4 0.25% 
7-6 4.9572 275.0 0.9 0.33% 
7-8 4.9455 613.3 0.4 0.07% 
7-9 4.9306 221.0 0.1 0.03% 

7-10 4.9169 176.3 0.1 0.06% 
7-11 4.9118 178.2 0.2 0.10% 
7-12 4.8889 422.6 0.4 0.10% 
7-13 4.8813 326.0 1.5 0.47% 
7-14 4.8673 879.8 0.8 0.09% 
7-15 4.8656 1088.2 1.5 0.14% 

       
     Mean 0.14±0.07% 

 
 

A modification to this aspect of the method was necessary to reduce the highly 

variable loss of the 35S sample in the filtration collection step as presented in TABLE 

- 16.  The most obvious procedure to minimize loss of activity retained on the filter 

paper was to remove the filter paper from the method and use carbon disulfide (CS2) 

as a solvent for elemental sulfur.  Isolating the sulfur with solvent extraction involves 

adding a 5 mL aliquot of carbon disulfide to the primary scrubber.  The elemental 

sulfur was soluble in the organic solvent and was extracted and isolated in a glass 

20 mL liquid scintillation vial.  A steady nitrogen stream flowing over the top of the 

vial decreased the re-crystallization time of the elemental sulfur crystals minimizing 

radiolysis concerns.  Two major advantages afforded by the solvent extraction were 

a decreased drying time and the elimination of sulfur loss on a filter.   
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A final analysis was taken of the specific activity of the elemental sulfur.  A 

small portion of the elemental sulfur was obtained and dissolved in toluene and 

analyzed with the LSC.  Toluene was still used in this step because it is not as 

volatile as carbon disulfide and is able to dissolve milligram amounts of elemental 

sulfur.  The specific activity was determined by measuring the activity of a known 

mass of sulfur.  The chemical yield of the experiment was determined 

gravimetrically.   

Another analysis related to this modification was in the investigation of the 

methanol rinse solution.  Prior to filtration, elemental hydrogen sulfide ions are 

oxidized by the reduction of elemental iodine.  While this step is done under nitrogen 

there is evidence that trace amounts of oxygen in the scrubber allow for higher 

oxidation states of sulfur that will be soluble in the scrubber solution. 
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Table 17 - Analysis of activity in methanol rinse solution  
 

Experiment 

Mass 
of KCl 
sample 

(g) 

Activity 
of 

irradiated 
sample 
(mCi) 

Activity 
remaining 

in 
methanol 

rinse 
solution 
(mCi) 

% Activity  

7-1 5.8997 968.3 38.8 4.00% 
7-2b 5.0003 259.3 57.3 22.10% 
7-2c 5.0003 302.5 38.9 12.85% 
7-3 4.9752 688.3 72.7 10.56% 
7-4 4.9548 637.3 109.7 17.22% 
7-5 4.9825 178.0 82.6 46.38% 
7-8 4.9455 613.3 41.32 6.74% 
7-9 4.9306 221.0 45.27 20.48% 

7-10 4.9169 176.3 60.81 34.49% 
7-12 4.8889 422.6 37.46 8.86% 
7-14 4.8673 879.8 181.7 20.65% 
7-15 4.8656 1088.2 88.2 8.10% 

        
   Mean  17.70±7.02% 

 

 

There is a significant variation in the amount of activity in the methanol 

solution.  The variation can be associated with the inconsistent atmosphere during 

oxidation in the glassware and the scrubber solution between experiments.  Any 

residual oxygen in the system will allow for higher oxidation states of sulfur, which 

will limit the chemical yield and specific activity of the elemental sulfur.  Great care 

must be taken to ensure an anoxic environment as any residual oxygen within this 

system will reduce the efficiency of the chemical process. 
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2.10 - Summary of comprehensive analysis and modification 

proposals to the production method 

The results of the comprehensive analyses provided a framework for 

optimization and modification of the production method. 

 

Table 18 - Comprehensive analysis of elemental sulfur production chemistry using 35S 
 

Experiment 

Mass of 
KCl 

sample 
(g) 

Activity 
of KCl + 

35S 
solution 
(mCi) 

Mass 
Recovered 

(mg) 

Theoretical 
mass of 
sulfur 
(mCi) 

% Chemical 
Yield 

(gravimetric) 

Activity 
recovered 

(total 
audit) 
(mCi) 

% Activity 
Tracked 

Specific 
activity 

(mCi/mg) 

           
7-1 5.8997 968.3 34.7 64.5 53.80% 822.3 84.90% 20.7 
7-2c 5.0003 302.5 36.7 66.5 55.20% 217.9 72.00% 4.0 
7-3 4.9752 688.3 39.6 68.1 58.10% 504.8 73.30% 10.1 
7-4 4.9548 637.3 37.5 66.4 56.50% 654.3 102.70% 12.4 
7-8 4.9455 613.3 50.1 65.1 76.90% 605.4 98.70% 10.1 
7-9 4.9306 221 40.5 64.6 62.70% 193.3 87.50% 3.4 

7-10 4.9169 176.3 33.9 59.3 57.10% 131.8 74.80% 1.5 
7-14 4.8673 879.8 35.4 64.6 54.80% 749.2 85.20% 13.9 
7-15 4.8656 1088.2 42.1 64.8 64.90% 897.2 82.50% 17.2 

                  
        Mean 60.0%±4.8   84.6%±7.0   

 

 

The variation to the specific activities in TABLE – 18 were associated with a large 

difference in the activities present in the KCl targets while keeping the amount of 

carrier constant at 2 mM.  Careful examination of the various analyses provided 

insight as to the best opportunities to optimize the current method of 35S production.  

Four major modifications were implemented.   

Modification #1 – Use of a borosilicate filter paper for transferring the barium sulfate 

to the reaction flask. 
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Modification #2 – Use of organic solvent extraction of the elemental sulfur from the 

alkaline scrubber using carbon disulfide. 

Modification #3 – Reduction of the temperature of the primary scrubber.  This 

modification increases the solubility of hydrogen sulfide gas in the alkaline media.  

Modification #4 – Increasing the heating time of the reaction flask after the sample 

becomes translucent.  This modification increases the likelihood that any H2S 

trapped in the viscous byproducts of the chemical reaction to be flushed from the 

system.   

 The purity of the elemental sulfur was determined by neutron activation 

analysis of sulfur produced in cold-runs described in SECTION – 2.05.  Standard 

comparative analysis was performed using short irradiations (7 second irradiation 

and 300 second counts) and MURR comparator standard CD-11 which contains 1 

μg of both silver and iodine.   

 

Table 19 - Iodine analysis in "cold" elemental sulfur sample 
 

Sample 
Sulfur 
mass 
(mg) 

443 keV 
gamma 

emission 
(cps) 

% Error 
Iodine 

concentration 
(ppm) 

1 5.0 5.31 2.5% 147 

2 6.9 36.2 1.0% 728 

3 6.6 175 0.4% 3678 

4 3.5 61.1 0.7% 2421 

5 6.7 67.5 0.7% 1397 

      
Cd-11  7.21   
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The concentration of iodine in five samples ranged from 147 to 3678 ppm.  There 

were no discernable peaks associated with any other isotopes except iodine.  The 

results of this analysis support the purity of the elemental sulfur produced as being a 

minimum of 99.7% pure. 

 

2.11 - Summary method of 35S production from neutron irradiated 

potassium chloride optical discs 

Potassium chloride discs are fabricated by placing 5 – 12 gram amounts of 

the salt in a 25 mm diameter press mold utilizing similar methods to create IR optical 

discs.  The potassium chloride is placed in the mold and 20000 PSI of pressure is 

applied to the press mold for 2 minutes to form the disc.  The discs are then 

wrapped in aluminum foil, using smaller pieces of aluminum foil as spacers, and 

placed in an aluminum irradiation can for irradiation.   

The irradiated KCl discs are unwrapped from the aluminum foil package in the 

glove box and placed individually into 50 mL falcon centrifuge tubes.  A solution 

containing 2 mM of K2SO4 dissolved in 25 mL of 0.05 M HCl is added to the tube 

and agitated until the disc dissolves.  Upon dissolution, 10 mL of 10% w/v BaCl2 is 

added forming a BaSO4 precipitate.  The solution is poured through a Wattman GF/F 

borosilicate filter.  After the filter is rinsed three times with DI water, the entire BaSO4 

mass could be transferred to the reaction flask along with the borosilicate filter.   

Referencing FIGURE – 13, transfer the borosilicate filter to the 100 mL dual-

necked round-bottom reaction flask (B) that already contains 50 mL of H3PO4 and 

3.5 grams Sn2P2O7.  Allow dry nitrogen gas (C) to permeate throughout the system 
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at a rate of ~100 mL/minute for a minimum of 15 minutes.  The primary scrubber (F) 

and secondary scrubber (G) contain 10 mL of 1M NaOH and 25 mL of 5M NaOH, 

respectively.  Place the primary scrubber in a dry-ice bath.  The primary scrubber 

acts as the primary collection vessel for the elemental sulfur while the secondary 

scrubber prevents hydrogen sulfide gas from escaping the sealed reaction system.  

The expansion bulb (D) and the water trap (E) function as water basins that 

minimize the dilution of the solution in the primary scrubber.   

After 15 minutes of purging with nitrogen gas, the heating mantle is set to its 

maximum setting.  During the heating, hydrogen sulfide gas is produced from the 

reduction of sulfate and carried though the system via the carrier gas where it is 

trapped in the primary scrubber.   

 The reaction flask will become transparent near the end of the reaction.  Once 

it becomes transparent, heat for an additional 15 minutes, before turning off the 

power to the heating mantle.  During this time prepare a solution of 3 g of elemental 

iodine in 30 mL of methanol and place it into a 10 mL syringe.  Remove the 

secondary scrubber from the system and add iodine/methanol solution slowly to the 

output stem of the primary scrubber, taking care not to introduce air (oxygen) into 

the impinger.  The solution immediately turns yellow upon addition, due to the 

oxidation of the sulfide, and becomes white, then yellow, and eventually brown if an 

excess of the methanol/iodine solution is added.  Add the iodine/methanol solution 

drop wise until elemental sulfur is evident as a precipitate in the solution, which will 

occur when the iodine is in a slight stoichiometric excess.  The best looking product 

is obtained by carefully adding the iodine/methanol solution over time until just 
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before the solution turns brown.  Elemental sulfur forms as a yellow precipitate and 

is collected at the base of the impinger by adding 5 mL of carbon disulfide.   

The elemental sulfur is soluble in the organic solvent and is extracted using a 

syringe and isolated in a glass 20 mL liquid scintillation vial.  A steady nitrogen 

stream flowing over the top of the vial decreases the re-crystallization time of the 

elemental sulfur crystals.  Sulfur crystals will become evident once the carbon 

disulfide evaporates.  It is imperative not to have trace amounts of water present in 

the carbon disulfide.  Since the sulfur crystals form upon the evaporation of the 

carbon disulfide any water present in the solvent negatively impacts crystal 

formation. 

  

Table 20 - Results of sulfur production yields after modification 
 

Experiment 

Mass of 
KCl 

sample 
(g) 

Activity of 
KCl + 35S 
solution 
(mCi) 

Mass 
Recovered 

(mg) 

Theoretical 
mass of 
sulfur (g)  

% Chemical 
Yield 

(gravimetric) 

Activity 
recovered 

(total 
audit) 
(mCi) 

% Activity 
Tracked 

Specific 
activity 

(mCi/mg) 

7-6 4.9572 275 48.1 63.4 75.80% 301.9 109.80% 3.6 
7-13 4.8813 326 44.4 62.7 70.80% 318.2 97.60% 4.3 

 

 

This method will produce an estimated 200 mCi of 35S per gram of irradiated 

potassium chloride and the chemical yield should exceed 70%.  

 In contrast to work accomplished in the literature (Otto 1960 and Kase 1970), 

the best specific activity of our work (125 mCi/mg) exceeded the target specific 

activity of their methods (100 mCi/mg and 80 mCi/mg, respectively).  Also, with 

further focus to Kase’s work, the modified chemistries presented in this dissertation 

were radiochemically robust, as evidenced by successfully processing targets with 
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35S activities ranging from 170 mCi to 8 Ci (in contrast, Kase did not process targets 

exceeding 10 mCi).   

 

2.12 - Power generation in a liquid semiconductor  

 The electron-hole generation of a liquid semiconductor is depicted in FIGURE 

– 16 following the path of one beta particle.  The energy of the emission creates 

EHPs in the liquid semiconductor media.   

 

 

 
Figure 16 - Mechanism for the operation of a liquid semiconductor device 

 
 
When two metals with dissimilar work functions are placed in close proximity and 

separated by a liquid semiconductor media, the metal with the higher work function 

will act as the Schottky contact and the metal with the lower work function will act as 

the ohmic contact.31  The beta emission of the included radionuclide will create 

Ohmic contact

- electron 
- hole

Load 

+ 

- 
Schottky contact

35S 
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EHPs throughout the liquid semiconductor media.  Promoted electrons will flow 

toward the ohmic contact and the holes will seem to flow toward the Schottky 

contact.  The current flow can produce work if the device is connected to a load.  

The performance of the liquid semiconductor device was measured using the 

current-voltage (IV) method.41  This method utilizes a Keithley 2601 electrometer to 

vary the applied voltage across the device while measuring the current.  This 

method is analogous to varying a resistive load across the terminals of the 

betavoltaic and measuring the resulting voltage drop.  By forcing an applied voltage 

and measuring the resulting current, the electrometer is setting a resistive load 

across the device which varies as the voltage varies. This measurement is 

equivalent to physically connecting a resistor across the terminals of the betavoltaic, 

measuring the resulting voltage drop, and repeating with different valued resistors. 

FIGURE - 17 shows a typical IV curve of a betavoltaic device with activity.  

 
 
Figure 17 - IV curve basics 
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For improved presentation of the data, the IV curve is inverted about the x-

axis.  The power curve can also be included on the plot providing the power output 

of the device.  The power is equal to the current multiplied by the voltage. 

The performance of a RIMS power generation device is determined by 

comparing the peak power production to the theoretical amount of power that can be 

harnessed by the decay energy of the radionuclide source.  The theoretical power 

was determined by converting the activity of a beta emitting radionuclide into current.  

This was calculated to be 5.92 nA/Ci.  The total energy emitted by a beta emitting 

radionuclide, of a known activity, was determined using Equation – 11. 

 

)(92.5)( keVBetanAWP average×=μ  

Equation 11 - Theoretical power from a beta emitting radionuclide of a known activity 

 
 
The maximum energy that can be produced by a device using 1Ci of 35S is 290 μW 

of power. This assumes a total conversion of the decay energy into electrical power.  

The efficiency can be determined by comparing the actual power output of the 

device to the theoretical amount associated with the type and activity of the 

radionuclide utilized. 

 

2.13 – Data, results, and discussion of the incorporation of 35S 

labeled elemental sulfur into liquid semiconductor device 

 Inclusion of elemental 35S, with a specific activity of approximately 25 mCi/mg, 

into a liquid semiconductor device was first performed in September of 2006.  Two 
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cells were fabricated incorporating 9.5 mg and 4.0 mg of elemental sulfur.  The 

sulfur was added to a liquid semiconductor media consisting of a mixture of ~500 mg 

of selenium chloride and cadmium selenide.  It is outside of the scope of this 

dissertation to analyze the liquid semiconductor media for its electronic properties or 

the optimization efforts to the engineering of the later generation devices.   

 The fabricated devices had contacts consisting of platinum and cadmium 

selenide.  The liquid semiconductor media was placed in between the contacts, and 

the cell was sealed and heated to 236°C.  FIGURES 16 and 17 are pictorial 

representations of all of the initial and subsequent devices for liquid semiconductor 

experiments.  

 

 

Figure 18 - Liquid semiconductor cell loaded with 242 mCi of 35S 
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The circular design was used to maximize the stability of the device while minimizing 

the distance between the contacts.  Once the sulfur was added to the liquid 

semiconductor media, the device was sealed, connected to a Keithley 2401 

electrometer and heated. 

 

                
 

Figure 19 - Loaded cell prepared for heating 

 

The device was heated and the temperature monitored by a thermocouple attached 

to both the platinum and cadmium selenide material.  The current produced by the 

device was measured while simultaneously varying the potential across the plates.   
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Second generation devices utilized a semiconductor media of ~ 300 mg 

aggregate of sulfur and phosphorus.  The operating temperatures of the cells 

depended upon the liquid semiconductor media (selenium - 260°C and phosphorus - 

136°C).  The contacts of the later generation devices were also changed to Zircaloy 

– 4 and graphite.  The amount of 35S incorporated into all of the devices is presented 

in Table - 21. 

 

Table 21 - Activity loaded into liquid semiconductor devices 
 

Activity loading for liquid semiconductor devices 

Device Activity loading 
(mCi) 

mass of sulfur 
(mg) Date loaded 

    

A-1 102 4 9/21/2006 

A-2 242 9.5 9/21/2006 

B-1 438 3.5 6/4/2007 

B-2 800 6.4 6/4/2007 

B-3*** 755 46.5 6/4/2007 

B-4 934 23.3 6/4/2007 

    

***Device B-3 was reloaded with additional activity on 8/28/07 

    

B-3 761* 60 8/28/2007 

    

Total activity of device B-3 increased to 1269 mCi 

 

 

Devices A-1 and A-2 represent first-generation devices and devices B-1 

through B-4 represent second-generation devices.  Optimizations performed on the 

second-generation devices were minor in scope and attempted to maximize the 

efficiency and stability of the devices.  It is outside of the scope of this dissertation to 
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analyze the modifications made to the engineering of the devices. Devices A-1, B-1 

and B-2 were unstable and decommissioned shortly after loading.   

To the best of our knowledge, Device A-2 was the first successful conversion 

of nuclear decay energy into power using a liquid semiconductor.  FIGURE – 20 

depicts the power curves associated with this device and TABLE – 22 tracks the 

power produced and efficiency over time. 
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Figure 20 - IV curve of liquid semiconductor device A-2 
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Table 22 - Power and efficiency tracking of liquid semiconductor device A-2 
 

Power and Efficiency Tracking for device A-2 

Date tested Activity 
(mCi) 

Theoretical 
power 

(nWatts) 

Power 
produced 
(nWatts) 

% 
efficiency 

     
1/18/2007 94 27300 1.7 0.006% 
2/1/2007 84 24400 37.7 0.155% 
2/6/2007 81 23400 31 0.132% 

2/26/2007 69 20000 32 0.160% 
2/28/2007 68 19700 15.1 0.077% 
3/13/2007 61 17700 0.3 0.002% 

     
Operating temperature ~ 236°C   
Contacts - CdSe/Pt    
Semiconductor media - S/Se/Cl   

 

 

It is important to note the first generation devices were always plagued with 

device instability.  Device failure occurred constantly due to shorting pathways 

between the ohmic and Schottky contacts.  The shorting most often occurred during 

heating due to the thermal expansion of the metals involved.  Occasionally the 

device would fail during an analysis.  The failure of the device required a complete 

cool down so that the cell could be breached and adjusted without the potential loss 

of sulfur at elevated temperatures.   

The second generation devices altered the clamping mechanisms, changed 

the contact material of the devices, and increased the activity in an effort to stabilize 

the cells.  FIGURE - 21 depicts the power curve of second generation device and 

TABLES – 23 and 24 show the activity and efficiency of two separate devices.   
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Second-Generation Device (B-3) 
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Figure 21 - IV curve for device B-3 
 
 
Table 23 - Power and efficiency tracking for device B-3 
 

Power and Efficiency Tracking for device B-3 

Date tested 
Activity 
(mCi) 

Theoretical 
power 

(nWatts) 

Power 
produced 
(nWatts)  

% 
efficiency 

       
6/6/2007 743 216000 181.0 0.084% 
6/8/2007 732 212000 160.0 0.075% 

6/22/2007 655 190000 96.0 0.051% 
6/22/2007 655 190000 121.0 0.064% 
7/26/2007 500 145000 38.6 0.027% 
8/28/2007 1269 368000 41.1 0.011% 
8/29/2007 1259 365000 42.9 0.012% 
9/20/2007 1057 307000 331.0 0.108% 
9/20/2007 1057 307000 382.0 0.125% 

10/23/2007 813 236000 252.0 0.107% 
10/23/2007 813 236000 269.0 0.114% 
12/7/2007 569 165000 158.0 0.096% 

       
Operating temperature ~ 136°C     
Contacts - Zircaloy4/Graphite     
Semiconductor media - S/P     
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Table 24 - Power and efficiency tracking for device B-4 
 

Power and Efficiency Tracking for device B-4 

Date tested Activity 
(mCi) 

Theoretical 
power 

(nWatts) 

Power 
produced 
(nWatts) 

% 
efficiency 

       
6/6/2007 920 267000 349.0 0.131% 
6/6/2007 920 267000 1090.0 0.409% 

6/29/2007 766 222000 423.0 0.190% 
7/7/2007 719 208000 130.0 0.062% 

8/28/2007 475 138000 12.0 0.009% 
2/25/2008 113 32700 262.0 0.801% 

       
Operating temperature ~ 136°C     
Contacts - Zircaloy4/Graphite     

Semiconductor media - S/P     

 

 

Device B-4 showed significant electronic instability over time; however, it also 

performed better than any other device fabricated.  The instability can be minimized 

by maintaining a parallel configuration of the metal plates.  Any irregularities or 

imperfections on the two metal surfaces will create a shorting pathway that can 

disable the device.  In August 2007, the efficiency of device B-4 dropped and the 

device was no longer tested regularly.  However, prior to the decommissioning of the 

cell, device B-4 was retested and the highest efficiency of 0.8% was recorded.   

Device B-3 was relatively stable and performed adequately.  The reliability of 

this cell prompted a reload of activity.  Although this device did not outperform 

device B-4’s efficiency, it was a more stable device.  Two separate analyses were 

performed following the reload.  Initially, the reload of device B-3 was attempted to 

provide long term data for one specific cell.  An alternative consideration was 
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whether the device would provide power after the cell was opened and new material 

inserted into the device.   

The efficiency of device B-3 did improve after the reloading; however, it was 

not an immediate effect.  There was speculation as to whether the device needed a 

period of time to “break in”.  It is important to note that both devices 3 and 4 

operated for at least 6 months before the experiments were concluded.  Funding for 

this project was terminated in lieu of this technology using an alpha emitter as the 

source material.   

The achievement of power production from a liquid semiconductor will open 

the door in the future for others to follow this type of project.  The most obvious 

advancement of this technology would be the incorporation of an alpha emitter into 

the device.  Alpha particles would impart a greater energy density with a decreased 

volume and lattice defects caused by this increased energy density would 

theoretically self-anneal and the device would operate without a reduced efficiency 

due to NIEL.  Other advancements could pursue other liquid semiconductor media, 

different Schottky and ohmic materials as well as engineering improvements upon 

the device construction and fabrication.   
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3 - Promethium-147 
 

 

The primary objective of this work is to fabricate a stable 147Pm source for 

incorporation into a solid-state semiconductor RIMS device.  The theoretical specific 

activity of 147Pm is 927 mCi/mg and the dose associated with the 121 keV gamma 

emission (Iγ = 0.00285%) of 1 curie of 147Pm at 10 cm is approximately 270 μR/h.  

Promethium-147 can be produced either by an indirect production method via the 

irradiation of an isotopically enriched 146Nd2O3 target (reaction Q-value of 5.292 MeV 

and thermal cross-section of 1.4 barns) or through fission.  

 Materials –Unless otherwise noted, all of the common chemicals are reagent 

grade or better.   

 

3.01 - Surrogate testing 

Ideal radionuclides for a solid-state semiconductor nuclear conversion device 

should have low beta energies (less than 100 keV average beta energy) and no 

significant gamma emission.  Unlike liquid semiconductor devices, NIEL induced 

lattice defects negatively impact the conversion efficiency of a solid state device over 

time and are not easily repaired.  The radionuclide should also be long-lived and 

easy to produce in a nuclear reactor.   

Promethium-147 exhibits nuclear properties beneficial for nuclear conversion 

technologies.  The combination of this radionuclide’s long half-life (2.62 years), soft 

beta energy (61.8 keV average beta energy), and the lack of a stable isotope 
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(theoretical specific activity of 927 mCi/mg) has made this an optimal radionuclide 

for nuclear conversion technologies since the 1960’s.34, 36   

Phosphorus-33 was identified as a surrogate to 147Pm due to similar nuclear 

properties of the two radionuclides.  It is a pure beta emitter with an average beta 

emission of 76 keV and a half-life of 25.4 days.  Phosphorus-33 is produced via the 

33S(n,p)33P nuclear reaction (thermal cross-section of 2 mb and a reaction Q-value of 

534 keV). It is routinely produced at MURR in curie quantities.   

 

Beta spectrum of Pm-147 and P-33
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Figure 22 - Beta spectrum of Pm-147 and P-3355 
 

 

A SiC solid-state semiconductor device was tested at MURR using 270 mCi 

of 33P.  The cell had a Voc of 2.04 V, an Isc of 0.565 μA, an FF of 0.50 and a power 

production of 0.58 μW.  The source efficiency was determined to be 12.4% and the 

intrinsic efficiency of the device was 4.5%.41  The device provided power for 4 half-
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lives of 33P (~100 days) and showed no evidence of degradation.  The lack of 

degradation was explained by our client, after the fact, that the semiconductor chip 

used for this experiment had been exposed to 85Kr for over one month.  This 

exposure would explain the lack of rapid degradation of the device.   

 

 

Figure 23 - Long term power production of SiC semiconductor chip using a 33P source 
 

 

The successful results of this surrogate test paved the way for solid-state 

semiconductor experiments using 147Pm as the source radionuclide.  Principally, a 

147Pm powered solid-state semiconductor RIMS device would have a life-time of 10 

years.   

3.02 - Promethium-147 production 

Promethium-147 can be produced via neutron irradiation indirectly by 

irradiating a neodymium target.  Neodymium-146 undergoes an (n,γ) reaction 
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forming 147Nd which has a half-life of 10.98 days that would subsequently decay into 

147Pm.  The separation of promethium from neodymium would require an extraction 

chromatographic resin that would separate the two trivalent lanthanides from each 

other. This method of production has two drawbacks.  First, the production rate is 

approximately 1.7 Ci of 147Pm per gram of 97% enriched 146Nd2O3 per 9 months of 

irradiation in a thermal flux of 1 x 1014 n s-1 cm-2.  This low production rate is directly 

related to the small thermal cross-section of 1.4 barns and by the long half-life of the 

product.  Second, competing nuclear reactions are also occurring simultaneously 

with the primary production method, reducing the amount of 147Pm produced via the 

147Pm(n,γ)148(g,m)Pm reaction.  The ground and metastable states of 148Pm, exist in 

transient equilibrium and are produced in significant amounts; approximately 340 

mCi per gram of 146Nd2O3 (97% enriched) during a 9 month irradiation (thermal and 

epithermal cross-sections of 182 barns and 2200 barns, respectively).   

Both states of Promethium-148 are gamma emitting radionuclides with 

148mPm having a gamma constant of 1.32 R/h at 1 meter and 1 Curie of activity and 

the gamma constant for 148Pm is 0.33 R/h at similar conditions.  A hot cell would be 

required to isolate the promethium from the neodymium target and the product 

would consist of both 147Pm and 148Pm, unless an extended period of time is allowed 

for decay.   
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Figure 24 - Production of 147Pm by neutron irradiation 

 

 

In 2006, 18.6 grams of 97% enriched 146Nd2O3 was irradiated for 4625 hours.  

Although 25 Ci of 147Pm was produced, 5 curies of 148Pm was also produced.  The 

estimated dose of this material at 10 cm is calculated to be 800 R/h at the EOI.  This 

dose would be reduced to 1.0 R/h after 400 days of decay.   
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Pm-147 and Pm-148 Production for the irradiation of a 18.6 
gram enriched Neodymium oxide target
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Figure 25 - Promethium production rates from neutron irradiation of neodymium target 
 

 

 As indicated in FIGURE - 25, the amount of time required to produce 

approximately 19 Ci of 147Pm that has a dose rate below 1 R/h at 10 cm is close to 

600 days from the start of irradiation.  Because this time frame was deemed 

impractical, another production method was pursued. 

The promethium used for RIMS testing was obtained through fission.  One 

hundred and fifty curies of 147Pm was obtained from a Russian source in 50.0 curie 

shipments.  The 235U fission yield of the A=147 isobar is 2.25% and the production 

rate of 147Pm is approximately 70 mCi per gram of LEU per week of irradiation.  The 

yield from LEU is calculated as MURR is exploring the use of LEU fission for 99Mo 

production. 
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Table 25 - Impurity information provided by Mayak for known contaminants in 147Pm sample 
 

Impurity   % per Ci of 
147Pm 

     
Ce-144   2.00 x 10-6 

Pm-146   5.00 x 10-3 

Eu-154   1.30 x 10-6 

 

 

Gamma spectroscopy and LSC measurements were performed to confirm the 

activity and the purity of the material.  LSC measurements determined the activity of 

one of the three 50.0 curie shipments to be 49.65 curies.  Gamma spectroscopic 

measurements, using an HPGe detector, complimented the LSC results and also 

determined a 146Pm contaminant of 540 μCi in the promethium sample.  

Promethium-147 is the only promethium isotope with a cumulative and an 

independent fission yield.  All other isotopes of promethium do not have a 

cumulative yield due to stable neodymium isotopes.  Promthium-146 has the highest 

independent fission yield at 4.5 x 10-10% for 235U fission which accounts for 146Pm 

being present in the sample from Russia. The only contaminant found in the 

promethium sample was 1.1 x 10-3% of 146Pm which is lower than the literature 

provided by Mayak.  Comparing the two isotopes of promethium, the purity of the 

sample was 99.999% pure 147Pm. 

 

3.03 - Monte Carlo N-Particle Transport Code (MCNP) calculations 

The energy deposited by a thin film promethium source into the silicon 

carbide substrate was calculated using MCNP5 transport code.56 The source 
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efficiency is dependant on the thickness of the radioisotope, the beta emission 

energy spectrum and the substrate geometry.  Using MCNP5, the source efficiency 

of the promethium source was determined at varying thicknesses of the 

radioisotope.  The dimensions of the promethium source assume a 1cm x 1cm foil of 

pure 147Pm of varying thicknesses.   

 

Table 26 - Data from MCNP5 calculations 
 

Activity 
(Ci)  

Thickness 
of 

promethium 
film (μm) 

Total 
power 

available 
(μW) 

Power 
deposited 
in 50 μm 

(μW) 

Source 
efficiency 

50 μm 

Power 
deposited 
in 400 μm 

(μW) 

Source 
efficiency 
400 μm 

1.6 2.4 589 370 62.8% 390 66.2% 
3.2 4.8 1178 530 45.0% 570 48.4% 
4.8 7.2 1767 620 35.1% 650 36.8% 
6.4 9.6 2357 650 27.6% 690 29.3% 
8.1 12.0 2946 670 22.7% 710 24.1% 
9.7 14.3 3535 680 19.2% 720 20.4% 

11.3 16.7 4123 680 16.5% 720 17.5% 
12.9 19.1 4712 680 14.4% 720 15.3% 
14.5 21.5 5301 680 12.8% 730 13.8% 
16.1 23.9 5890 680 11.5% 720 12.2% 
24.2 35.9 8839 680 7.7% 730 8.3% 
32.2 47.8 11784 680 5.8% 720 6.1% 
48.3 71.7 17675 690 3.9% 730 4.1% 
96.6 143.5 35349 680 1.9% 720 2.0% 
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Figure 26 - MCNP5 calculation of source efficiency compared to activity of source 
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Pm-147 Source Thickness vs. Total Available 
Power in 400 Micron SiC Substrate
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Figure 27 - MCNP5 calculation comparing Pm-147 source activity to total power available in a 
400 μm SiC semiconductor 
 

 

The extinction of the efficiency is indirectly related to the source thickness and self-

absorbance of the betas in the source material.  As the source gets thicker, fewer 

electrons are able to leave the source.  FIGURE – 27 shows predicted power 

(assuming a conversion efficiency of 100%) as a function of source thickness.  

Clearly, no advantage is gained by increasing the thickness of the material past 

approximately 10 μm.   These determinations led to an ideal source thickness of 9.6 

μm which for a 1 cm x 1 cm source gives an activity of 6.4 Ci of 147Pm.    

 

3.04 - Electroplating Promethium Metal 

 The electrodeposition of 50 millicuries of activity of promethium metal (~50μg) 

onto a substrate has been accomplished by Parker via the co-electrodeposition of 
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promethium and neodymium.57  However, this method was abandoned due to our 

need to plate curies of activity onto a substrate.  

 The electroplating of a lanthanide metal in an aqueous solution is hindered by 

the rapid oxidation of the metal in water.  This oxidation can be minimized if the 

material is immersed in an organic solvent and handled in an anoxic environment.  

Since there are no stable isotopes of promethium, neodymium and samarium were 

used as surrogates.  Surrogate testing of neodymium and samarium was 

accomplished by converting the lanthanide oxide into different salts including, 

acetates, chlorides, nitrates and formates.  Different organic solvents were also used 

as the electrolysis media, including 1-propanol, 2-propanol, acetonitrile, 

dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).  Electrodeposition of 

neodymium and samarium films using various combinations of organic solvents and 

lanthanide salts were attempted to determine the optimal parameters for electro-

deposition.   
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Table 27 - Electrolysis data of surrogate lanthanides 
Salt NdCl3 NdCl3 NdCl3 NdCl3 NdCl3 NdCl3 NdCl3 NdCl3 

mg 26.6 63 3.1 9.4 12.7 19.7 7.3 48.7 
           

Colloids/Solution Colloids Colloids Colloids Colloids Colloids Colloids Colloids Colloids 

Solvent 1-
propanol 

1-
propanol 

1-
propanol Acetonitrile Acetonitrile DMSO DMF DMSO 

Volume 20 ml 20 ml 20 ml 20 ml 20 ml 20 ml 20 ml 20 ml 
           
  200 V 350 V 450 V 500 V 300 V 37 V 220 V 20 V 
  10 mA 10 mA 1.5 mA 1 mA 0.5 mA 15 mA 10 mA 5 mA 

Distance 
between 

electrodes (mm) 
2 5 5 5 5 5 5 5 

           

Time of 
experiment 

(min) 
30 75 90 120 180 30 25 150 

Temperature of 
experiment 25°C 60°C 60°C 25°C 25°C  100°C 100°C 25°C 

mg of deposited 
metal 0 9.9 0.5 5.1 0.3 13.5 2.2 7 

Salt Nd(Ac)3 Nd(Ac)3 Nd(Ac)3 Nd(Ac)3 Nd(Ac)3 

mg 40 50 52.9 27 72.4 
        

Colloids/Solution Solution Solution Solution Solution Solution 

Solvent 1-propanol 1-propanol 1-propanol 2-propanol 
50% 2-

propanol + 
50% Glycerol 

Volume 20 ml 20 ml 20 ml 35 ml 35 ml 
        
  200 V 32 V 180 V 400 V 500 V 
  100 mA 20 mA 70 mA 2 mA 0.4 mA 

Distance 
between 

electrodes (mm) 
5 5 5 50 5 

        
Time of 

experiment 
(min) 

300 60 65 120 120 

Temperature of 
experiment 25°C 25°C 25°C 25°C 25°C 

mg of deposited 
metal 0 0 0 0.1 0 
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Salt Nd(NO3)3 Nd(NO3)3 SmCl3 SmCl3 Sm(Ac)3 Sm(Ac)3 Nd(HCOO)3 

mg 65 29.8 18.3 14.4 231.5 45 172 
          

Colloids/Solution Colloids Colloids Colloids Colloids Solution Solution Colloids 

Solvent 

30% 1-
propanol / 

70% 
Acetonitrile 

DMSO Acetonitrile DMSO DMSO DMSO DMSO 

Volume 20 20 ml 20 ml 20 ml 45 ml 22 ml 45 ml 
          
  150 V 75 V 400 V 40 V 45 V 75 V 500 V 
  45 mA 10 mA 1 mA 10 mA 5 mA 5 mA 0.5 mA 

Distance 
between 

electrodes (mm) 
5 5 5 5 5 5 5 

          

Time of 
experiment 

(min) 
60 50 120 75 30 150 230 

Temperature of 
experiment 25°C 25°C 25°C 25°C 25°C 25°C 25°C 

mg of deposited 
metal 3 5.7 1 12.7 10 11 0.5 

Salt Nd(Ac)3 Nd(Ac)3 Nd(Ac)3 Nd(Ac)3 Nd(Ac)3 Nd(Ac)3 Nd(Ac)3 

mg 28.5 52 110.3 23.8 309 4.6 24.5 
          

Colloids/Solution Solution Solution Solution Solution Solution Solution Solution 

Solvent DMSO DMSO DMSO DMF DMSO DMSO DMSO 

Volume 20 ml 20 ml 45 ml 45 ml 20 ml 45 ml 22 ml 
          
  500 V 50 V 450 V 500 V 15 V 500 V 80 V 
  3 mA 50 mA 5 mA 0.7 mA 1.2 mA 4.2 mA 10 mA 

Distance 
between 

electrodes (mm) 
5 5 50 50 5 50 5 

          

Time of 
experiment 

(min) 
18 65 30 270 30 30 130 

Temperature of 
experiment 25°C 25°C 25°C 25°C 25°C 25°C 25°C 

mg of deposited 
metal 3.2 20 5.7 1.8 5.6 3.2 13 
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Consistent metal film deposition occurred when coupling the lanthanide acetate in 

DMSO with a separation of the electrodes of approximately 5 mm and a total 

electrolysis time of 120 minutes.  Stable surfaces were deposited when the 

electrolysis was performed in an anoxic environment and low voltage. 

 

 

Figure 28 - Successful surrogate electro-deposition of lanthanide metal 
 
 

Since electro-deposition has never been attempted with promethium, the exact 

conditions of the cell would have to be modified during the electrolysis; however, the 

conditions of the first run with promethium were designed similarly to the neodymium 

acetate experiments in DMSO.   
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3.05 - Promethium chemistry 

 A method of preparing promethium acetate from promethium oxide is to first 

convert the oxide to promethium chloride.  The production of promethium chloride is 

accomplished by adding 125 mg of promethium oxide to 25 ml of concentrated 

hydrochloric acid in a 200 ml beaker.  The solution was stirred continuously forming 

a pink solution of promethium chloride.  The solution was then heated to dryness 

and the procedure of adding concentrated hydrochloric acid and heating to dryness 

was repeated two more times.   

 

 

Figure 29 - 125 mg (50 curies) of 147Pm2O3 
 

 

Twenty-five milliliters of glacial acetic acid were then added to the 

promethium chloride crystals. The solution was stirred continuously and the volume 

was reduced by heating.  The promethium acetate was heated to dryness and the 



 - 87 -

process was repeated twice more by adding additional aliquots of glacial acetic acid 

as an attempt to increase the purity of the promethium acetate.  After the 

promethium acetate crystals were dry, they were transferred to a 25 ml volumetric 

flask.  The flask was filled with DMSO creating a solution with a specific activity of 

2.0 Ci/ml.   

 

 

Figure 30 - Promethium chloride 
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Figure 31 - Promethium acetate 
 
 

3.06 - Electro-deposition of promethium metal on a platinum foil 

 Approximately 5 ml of the DMSO solution containing 10 curies of 147Pm was 

added to the electrolysis cell which already contained 15 ml of “cold” DMSO.  Two 

platinum foils were configured in parallel arrangement with a 5-7 mm separation.  A 

potential of 70 volts was applied to the system for 120 minutes.  Unlike the 

neodymium acetate surrogate experiments, which showed an observable film 

immediately, promethium metal did not plate onto the platinum cathode in any 

substantial amount.  LSC and gravimetric measurements determined that a thin film 

of promethium metal of approximately 0.3 – 0.5 mg was deposited onto the 

substrate (~ 400 mCi).   
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Figure 32 - Electrolysis cell 

  

Three separate experiments were conducted attempting to electroplate a thin 

film promethium metal surface and all met with similar results.  The reason for the 

failure was not determined.  However, it was theorized that radiolysis of the DMSO 

solution hindered the electrodeposition of the promethium metal.  Either the 

radiolysis product formed a stable promethium compound in the DMSO or the 

radiolysis product created a medium that reacted with the plated promethium metal 

immediately upon deposition.  Due to a self-imposed project timeline, the 

electrodeposition of a thin film promethium source onto a platinum cathode was 

suspended indefinitely.  Although a thin film surface provided the best potential 
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source efficiency, an alternative stable form factor of a promethium source 

containing curies of activity was developed. 

 

3.07 - Promethium-147/silica sources 

 A stable form factor of 147Pm was fabricated by mixing promethium oxide with 

low density silicon dioxide.  MCNP5 calculations determined that a 300 μm thick 

silicon oxide wafer containing 50% by weight 147Pm2O3 would have a source 

efficiency of 25%.  This compares to a predicted source efficiency of 48% for a 4.8 

μm thick promethium film of the same activity.  A hand pressed die was fabricated 

that formed a 1 cm2 wafer of varying thickness dependant upon the mass of the 

silica and the lanthanide oxide.  Surrogate testing with neodymium oxide mixed with 

equal amounts of silicon dioxide created a stable “glass” wafer that could be 

manipulated and would not degrade in an ambient environment as long as the mass 

of the silicon dioxide in the wafer exceeded 10 mg and accounted for a minimum of 

50% of the total mass.  The silicon dioxide/promethium oxide ratio was critical to the 

stability of the source, and incorrect proportions of the mixture would result in a 

wafer of decreased stability.  The low density nature of the silicon dioxide also 

reduced the self-absorbance of the beta particles from the source material.   

The current inventory of promethium in our laboratory existed in either acetate 

or chloride form and had to be converted into promethium oxide form.  This process 

was performed by heating the mixed samples in concentrated nitric acid.  The 

material would be converted to the nitrate after multiple additions and reduction of 

concentrated nitric acid and then into the oxide by aggressively heating and drying 
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the material.  The specific activity of this material was approximately 0.5 Ci/mg.  Ten 

147Pm/SiO2 sources were fabricated ranging in activity from 1.1 – 6.3 Ci.   

 

Table 28 - Promethium-147 and silicon dioxide source information  
 

Pm2O3 mass 
(mg) 

SiO2 mass 
(mg) 

Total mass 
(mg) 

Activity by 
LSC (Ci) 

Activity by 
mass (Ci) 

       
2.3 14.3 16.6 1.1 1.1 
2.4 14.8 17.2 1.2 1.2 
6.5 10.9 17.4 3.8 3.8 
6.6 11.4 18.0 3.9 3.8 
7.8 12.3 20.1 4.5 4.5 
8.9 12.9 21.8 5.1 5.2 
9.0 10.2 19.2 5.2 5.2 
9.3 10.4 19.7 5.4 5.4 

10.6 11.3 21.9 6.2 6.2 
10.7 10.6 21.3 6.3 6.2 

 
 
   

 

 

Figure 33 - Promethium-147 / silica source  
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Figure 34 - Single promethium-147 / silica source 
 

 

3.08 - Solid-state RIMS power generation using 147Pm/silica source 

in a tungsten carbide package 

 The sources fabricated in TABLE-28 were inserted into SiC RIMS devices.  

The devices were constructed of tungsten carbide and each device was capable of 

sandwiching a source between two SiC semiconductor chips.  After the source 

material was installed and sealed into the RIMS device, radiation dose 

measurements were taken.  The contact dose field around a device loaded with 6.29 

Ci of promethium was 20 mRem/h.  The dose field dropped to 0.23 mRem/h at 6 

inches and was indistinguishable from background at 1 foot.  The devices were 
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connected to a Keithley 2601 electrometer and impedance matching experiments 

were conducted.   

 

 

Figure 35 - Promethium source inserted into a RIMS device  

  

Power production from the tungsten carbide RIMS device was plagued with 

shorting issues.  All of the devices tested showed different degrees of instability.  

Most of the devices failed to work, however, three of the devices did provide power 

for approximately 12 hours before the failing.   
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Table 29 - Power production data from 4π SiC RIMS devices 
 

Parameters Device 
1 

Device 
2 

Device 
3 

      
Activity (Ci) 5.2 5.1 4.5 

      
Power produced 

(μW) 0.84 0.34 1.6 

Theoretical 
power available 

(μW) 
1909 1872 1652 

Conversion 
efficiency* 0.18% 0.07% 0.39% 

* Assuming a 25% source efficiency 

 
 

3.09 - Solid-state RIMS power generation using 147Pm/silica source 

without tungsten carbide package 

The poor stability of the devices brought into question the stability of the SiC 

chips when incorporated inside the tungsten carbide casing.  It was theorized that 

shorting pathways occurred within the device, negatively impacting the efficiency 

and power output.  It was theorized that testing the chips individually, bypassing the 

tungsten carbide housing, would yield better results.  Two experiments were 

conducted that removed the housing of the device and allowed the testing of the 

individual chips.   

The first experiment sandwiched a 5.4 Ci promethium source between a pair 

of SiC chips connected in parallel (4π).  The second experiment tested a single SiC 

chip coupled with a 1.2 Ci promethium source (2π).   
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Table 30 - Power production data from "bare" SiC experiments 
 

Parameters Device 4      
(4π source) 

Device 5  
(2π source) 

    
Activity (Ci) 5.4 1.2 

    
Power produced (μW) 2.15 3.68 

Theoretical power available (μW) 496 55 
Source efficiency 25% 12.5% 

Conversion efficiency 0.43% 6.68% 

 
 

 
 

Figure 36 - Solid-state SiC RIMS experiment using a 1.2 Ci promethium/SiO2 source in a 2π 

configuration 

 
The results from TABLE – 30 indicate that the individual chips have the capability of 

providing power with a conversion efficiency of at least 6.5%.  However, when these 

chips are manipulated, either by fabricating a sandwiched design or by encasing the 

device in a protective housing, the potential of a reduced efficiency is increased.  
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The experiments did demonstrate that the instability of the sources in the first 

measurements was due to a mechanical design flaw in the tungsten carbide 

package and not with the promethium source material and/or the SiC converters.   

An extended study was conducted with Device #5.  The purpose of this study 

was to determine the degradation effects due to NIEL as well as proposed lifetime of 

the cell.  The power was tracked over the course of 260 days and compared to the 

expected loss of power attributed to 147Pm decay. 
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Figure 37 - Power curve of device with 1.2 Ci of 147Pm 
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Long term test with SiC chip and 1.2Ci 147Pm source in 2 
Pi configuration
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Figure 38 - Long term test of device with 1.2 Ci of 147Pm 
 

 

The device showed a reduction of power beyond the expected loss due to decay, 

roughly 20% in the first 25 days and 40% after 250 days.  It is theorized that the 

reduction of power, aside from decay, can be attributed to lattice dislocations 

associated with NIEL.  Regression analysis performed at the 95% confidence level 

determined the half-life of this device to be 284 days.  Similar rapid initial 

degradation follow by slow degradation was also observed when the SiC cells were 

exposed to 85Kr sources.   
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Table 31 - Regression analysis of long term experiment using 1.2 Ci 147Pm in 2π configuration 
 

Regression analysis 
     

Regression Statistics   
Multiple R 0.9978   
R Square 0.9956   
Adjusted R 
Square 0.9951   
Standard Error 0.0119   
Observations 10   
     
     

  Coefficients 
Standard 

Error 
Intercept 1.10274 0.00606 
X Variable 1 -0.00159 0.00004 

 
 

A solid-state semiconductor chip coupled with a beta emitting radionuclide 

has proven to be a reliable miniaturized power source.  The only obstacle that has 

yet to be overcome is developing a sturdy and stable casing for the development of 

an enclosed device.  Although nuclear energy can be converted to electrical power 

using a SiC semiconductor chip, the packaged technology is far from implementation 

into current MEMS technologies.   
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4 – Future Studies  

 

Sulfur-35 

Modifications to the production method could be incorporated in an effort to 

increase the chemical yield.  A change to the glassware setup would be to fabricate 

a reaction flask that would allow for the addition of nitrogen gas to bubble through 

the reactants during the reaction.  This would minimize the potential for H2S to be 

trapped in the reaction flask and could reduce the reaction time.   

A thorough investigation of the final oxidation step would be valuable.  The 

principle loss of 35S occurs in the primary scrubber during the final oxidation step.  A 

simple, yet expensive, modification could be pursued to minimize this loss.  The 

entire glassware assembly could be transported to an anoxic glove box that would 

maintain an atmospheric composition containing < 10 ppm O2.  This would minimize 

the possibility of any trace oxygen from oxidizing the sulfur that currently occurs in 

the primary scrubber with the hydrogen sulfide ions.  The oxidation of the sulfur must 

occur either during the addition of the oxidizing solution or by being present in the 

system in trace concentrations.   

This work has also demonstrated power production using a beta emitting 

radionuclide coupled with liquid semiconductor technology.  The amount of power 

produced would be increased by using 210Po as the radionuclide source (5.3 MeV 

alpha emission and a 138 day half-life) in lieu of 35S.  The incorporation of polonium 

is possible due to the chemical compatibility of chalcogens with liquid semiconductor 

media.  Production of 210Po can be accomplished by an indirect production method 
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via the 209Bi(n,γ)210Bi reaction.  Bismuth-210 will undergo beta decay converting it 

into 210Po which then can be separated in high specific activity.  Preliminary work 

has been accomplished separating the bismuth from the polonium using solvent 

extraction with tributyl phosphate and dibutyl ether (TBP/DBE).  The purpose of 

using an alpha emitter would be to take advantage of the increased amount of 

energy deposited in a small volume of the device coupled with the self-annealing 

properties of the liquid semiconductor technology.   

Other work that would be valuable to investigate would be incorporating 

carrier free 35S into a liquid semiconductor device.  The specific activity of this 

material would approach 42.8 Ci/mg which would have the potential of producing 

124 μW/mg of power (assuming a device efficiency of 1.0%).  Chemistries used to 

separate the sulfur from the potassium chloride target would have to be modified 

due to the potential of increased radiolysis effects due to the increased activity of the 

targets.  A model for this method would be the production of 33P at MURR.   

The process at MURR creates 33P by the reaction 33S(n,p)33P and separates 

the 33P from 33S using a heated evacuated chamber and a cold finger.  The 33S 

evaporates at a much lower temperature than the 33P and will collect on the cold 

finger.  It would be valuable to pursue creating a method separating 35S from an 

irradiated KCl target using a similar method.   

 

Promethium-147 

It would be valuable to revisit the electrodeposition of promethium.  A simple 

modification to implement would be to dissolve the promethium acetate into the 
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DMSO just prior to the electrodeposition experiment.  This modification should 

minimize the radiolysis effects that plagued the earlier experiments.   

Future work involving solid-state semiconductor technology should also be 

pursued.  The success of the bare semiconductor chips should initially lead to the 

investigation of the packaging of the device.  The engineering of this device could be 

modified to minimize shorting pathways which would increase the conversion 

efficiency of the device.  During this optimization, the exploration of a stacked design 

involving multiple sources and semiconductor wafers could be performed.  The 

stacked design could potentially increase the power produced from the device 

without significantly increasing the volume of the device.   
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