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ABSTRACT 

Techniques and equipment have been developed to 

permit measuring the electrical conductivity of a ceramic 

specimen at high temperature and in the radiation field 

of The University of Arizona's TRIGA reactor. The measure

ments were performed between ambient and 1800°K and at zero 

and 6 kw/liter of reactor power. The current through a 

polycrystalline alpha-alumina (Lucalox) sample was measured 

and the data were analyzed to yield the following 

conclusions: 

1. The in-core electrical conductivity measure

ments are in reasonable agreement with previous 

out-of-core determinations. 

2. Irradiation of the specimen at 6 kw/liter 

causes a large increase in electrical conductiv

ity at room temperature; however, as the specimen 

temperature is increased the relative effect of 

the radiation field decreases until at tempera

tures above 767°K it is insignificant in 

polycrystalline alpha-alumina. 

3. The increased electrical conductivity is caused 

by the reactor gamma emissions interacting with

in the specimen to cause an increased number of 

electronic charge carriers. 

ix 



4. There was no indication of polycrystalline alpha-

alumina becoming an intrinsic semiconductor in 

the temperature range 300-1600°K. 

5. Electronic conduction possibly accounted for 

conductivity below 1000°K above which extrinsic 

ionic conduction took place. The activation 

energies of the processes were determined to be 

0.47 ev and 1.9 ev respectively. 

The principal systematic errors imposed by the in-core test 

were in the determination of the specimen temperature and 

the current passing through the specimen. Because of these, 

less importance is assigned to the absolute values of 

electrical conductivity obtained than to the relative change 

with irradiation. 

x 



CHAPTER 1 

INTRODUCTION 

GENERAL 

In recent years man has expended considerable 

effort to initiate a probing of space. Even before the 

more ambitious manned space programs began to develop in 

this country and others, auxiliary power was necessary for 

the various scientific and communications equipment placed 

aboard the early space probes. These energy sources were 

batteries, solar cells, and radioisotope power generators. 

Recently, solar thermionic devices have been shown to 

serve this function. All of these are limited in the 

amount of energy which they can produce. Figure 1 shows 

the various systems and the electrical generating capabil

ity of each as suited for space missions of varying length. 

Inspection of this figure shows that any system of 

substantial generating capability for space missions of 

practical duration will depend for energy on a nuclear 

fission reaction. The electrical power requirements placed 

on a satellite system may be expected to increase with time 

as the satellite itself becomes more sophisticated and, in 

particular, problems of life support must be provided for 

as well. Thus, the prime on-board energy source for the 

more ambitious space missions of the future is, of necessity, 

1 



2 

10,000 - \ 

i Cryogenic 
1 000 -L A Hydrogen and 
j.,uuu -J\ oxygen 

Dt 

U 

% 

(2 

100 

10 

0.01 

Chemical 
Dynamic 

\ 

\ 
_ _  \  

Expansion 
Engines 

\ \ 
N \ 

4- SN \ 
\ 

V 

\\ 
\ 

Batteries \ 

\ Fuel 
\ Cells 
\ 
\ 
\ 
LJs L 

Nuclear Fission 

Nuclear Fission 
and Solar Mirrors 

I Solar~~ — 
'Cells and 
I Radioisotopes 

1 mln 5 min 1 hr 1 day1 weef monCh year10 years 
Duration, time 

Fig. 1 Capability of Various Space Auxiliary Power 
Systems According to Power Level and Mission 
Duration (\fter Atomics International, I960). 

L 



a nuclear reactor. The next choice i"s the conversion of the 

thermal energy of the fission reaction to useful electrical 

power that can be used at will aboard the space vehicle. 

Terrestrial electrical power is conventionally and 

routinely developed from a heat source by first transferring 

the thermal energy to a working fluid and then extracting a 

portion of that energy in a turbine or series of turbines 

which drive electrical generators. The remaining energy of 

the working fluid is then rejected to a nearby body of water 

or to the atmosphere. The entire plant operates at conven

tional temperatures using conventional materials, where the 

conventional aspect is determined principally by the overall 

economics of the particular plant and area. There are no 

unusual requirements on the choice of plant design except 

that it should be the most economical to build and operate 

over a given period of time in a given locale. This is not 

true in the environment of space. There the system weight 

is the one overriding selection criterion; it must be 

minimized. To do this, very expensive materials which 

operate at extremely high temperatures are chosen for system 

construction. 

The high temperature energy source is desirable to 

maintain a maximum Carnot efficiency. However, of even more 

importance is the higher temperature of waste heat rejection. 

The higher temperature of the radiators leads to a lighter 

system since radiator area will vary as 1/T^. Radiation is 



the only means of heat rejection available to the space 

system. In nuclear-powered electrical systems for space 

the radiator is expected to be the heaviest single component 

of the system. For nuclear power plants of the size of one 

megawatt, the mass of the radiator will constitute one-third 

to one-half of the total mass (Bernatowicz, 1962). The 

temperatures contemplated with the conceived working fluids 

and the structural capabilities of materials presently 

available cause serious difficulties when rotating turbo-

electric generator systems are considered. Particularly 

troublesome are the accompanying shafts which must be 

lubricated. To avoid the lubrication problem, to reduce 

vibration, and to reduce system complexity, interested 

agencies have turned to a re-evaluation of several static 

direct conversion devices for the generation of electrical 

power from a heat source without the need of the intermediate 

mechanical phase requiring the turbogenerator machinery. 

DIRECT CONVERSION SYSTEMS 

The first of these direct conversion systems based 

on the Seebeck effect has had considerable terrestrial ' 

application for small practical electrical power sources 

' (Joffe, 1958) as well as in countless temperature measuring 

devices. It is also being developed to meet low space 

electrical power -requirements (Schulman, 1963). A second 

direct conversion system is a fuel cell which could be 



regenerated continuously in space by the heat from the 

nuclear heat source. These have been discussed (Ciarlariello 

and Werner, 1961) but not in the light of space use because 

of attendant weight. The third direct conversion system 

uses photovoltaic cells to convert solar energy to electrical 

energy commercially for rural telephone lines as well as 

auxiliary power sources for satellites. However, photo

voltaic cells are comparatively better in small sizes and 

have been used in the low power range in the past (Doenhoff 

and Pretrio, 1959). The fourth direct conversion system is 

the thermionic energy conversion system. 

THERMIONIC DIODS 

The basic mechanism used to generate electricity in 

a thermionic conversion system is the thermionic emission 

of electrons from a hot surface, as first noticed by Edison, 

and sometimes called the "Edison effect". Figure 2 depicts 

the essential components of the thermionic diode or converter 

in which thermal energy causes electrons to be emitted from 

the "emitter" and collected on the cooler "collector". If 

an external path is provided for the electrons from the 

collector back to the emitter, a current will flow which can 

do useful work. Richardson in 1902 developed an expression 

for the electron current emitted from a heated element in 

terms of material properties and temperature of the element. 

*This expression was later modified to the Richardson-Dushman 
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equation when quantum mechanical considerations and Fermi-

Dirac statistics were considered. Thus, 

where j is the emission current density, 

A is a material-dependent constant, 

T is the absolute temperature of the emitting 

surface, 

is the work function of the material and 

k is the Boltzmann constant. 

These equations are developed in many standard advanced 

physics texts such as Born (1946). Thus, while thermionic 

energy conversion from high power systems is a relatively 

new field, the basic processes on which the power system 

is based are well founded and proven. However, it was only 

recently that several investigators realized and published 

almost simultaneously experimental results which indicated 

that efficient operation of the thermionic conversion system 

could be realized (Wilson, Webster and Beggs, 1958; 

Hemqvist, Kanefsky and Norman, 1958; Hatsapoulous and Keye, 

1958; Grover, et al, 1958). Since that time, research and 

development in the thermionic area have increased rapidly 

to the point where Rasor projected five to ten million 

dollars to be spent in the area in 1962. Most effort to date 

has gone into perfecting the efficiency of the thermionic 

diode and the cell itself, the cell materials to be used, 

(1-1) 
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the cell geometry, space charge neutralization, etc., and 

comparatively little effort has been expended on system 

integration considerations. In-core testing of individual 

thermionic diodes is underway at present by several groups 

but an operational nuclear-fission-heated power system is 

still in the future. However, parametric studies have been 

made of power systems vrtiich are based on thermionic conver

sion of heat to electricity for auxiliary power applications.' 

Before examining the thermionic diode system in 

detaili the possibility of a photoemissive converter should 

be mentioned within a direct conversion system. The mecha

nism for electrical current production is identical to that 

of a thermionic device except that the emission of electrons 

is caused by the photoelectric effect and the emitter 

temperatures nieed not be high (meaning a larger radiator 

surface for a space system). The space charge between the 

emitter and collector must be suppressed just .as in a 

thermionic device. 

It is not the purpose of this study or introduction 

to present the many problems and approaches being made to the 

problems related to the development of a practical thermionic 

diode itself whose efficiency and lifetime will meet theoret

ical expectations. Efforts and developments directed toward 

this end are continuously being reported in the open 

literature. Chief among the investigators are K. G. Hernqvist 



G. N. Hatsapoulos, and N. S. Rasor, both individually and 

with collaborators. 

THERMIONIC CONVERSION SYSTEMS 

In the study of entire systems, Bematowicz's 

(1962) analytical comparisons of possible thermionic conver

sion system designs with the Rankine cycle turbogenerator 

outlined those system configurations in which the thermionic 

system offered clear-cut advantages. Since the reactor 

shield is determined principally by the size of the reactor 

it will be roughly the same for a reactor powering a turbo

generator set as for a thermionic system unless an unusually 

large reactor is required. However, the radiator area will 

vary rapidly with radiator temperature and the point of 

comparison chosen was the radiator area required for each 

system. Efficiency is not directly compared since the high 

premium on high radiator temperature forces the cycle toward 

low efficiency. The additional fissionable fuel material 

built into a core because of low efficiency will be unnoticed 

compared to the decreased radiator mass. The systems con

sidered by Bematowicz are shown in Figure 3 and are described 

below with his comments: 

a. The diodes were mounted directly on the outer 

surface of the reactor with the emitter heated 

by conduction from the core, and the collectors 

cooled by radiation to space. This configuration ' 
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was completely static but when sized for 

appreciable surface diode cooling area a 

prohibitive reactor size and too great a 

mass of shielding was required. 

The diodes were mounted away from the reactor 

Direct heating or cooling of the electrodes 

eliminated liquid metals as coolants since 

an insulating working fluid was required 

because of series connection of the diodes; 

a gas coolant resulted in compromised diode 

performance, large heat transfer area, and 

necessitated difficult, gas-tight, electrical 

insulating seals. 

The diodes were mounted in-core directly on 

the fuel element with the emitter heated by 

conduction from the fuel element and the 

collector cooled by radiation to a wall that 

was cooled by a liquid metal. There was some 

system weight improvement possible for this 

thermionic system over the turbogenerator; 

however, the low power density required an 

overly large reactor. 

The diodes were mounted in-core directly on 

the fuel element, with the emitter heated by 

conduction from the nuclear fuel and the 

collector cooled by conduction through an 



electrical insulator to a wall cooled by a 

liquid metal. This configuration displayed 

potentially high radiator-area savings when 

compared to a turbogenerator system with a 

turbine inlet temperature equal to the radi

ator temperature. The anticipated savings 

were 507® with an emitter temperature of 

1700°K and 80% at 2300°K. 

This last configuration represents the most desirable 

system from a weight standpoint. This type of system 

with these operating temperatures is representative of 

virtually all the work underway in the current national 

space program. 

Figure 4 is taken from Bernatowicz and displays 

the strong sensitivity of radiator area on the insulator 

properties, k, where fO is the electrical resistivity, 

(ohm-cm), and k the thermal conductivity (watts/cm-°K). 

Alumina is a material which is often proposed as the 

electrical insulator between the collector and the coolant 

wall because of its high value of electrical resistivity 

and its ability to withstand high temperatures. Present 
3 

values for alumina show /O to be between 60 and 6 x 10 at 

1600°K for samples without a radiation field (Ryshkewitch, 

I960). The effect of intense irradiation from the reactor 
% 

core on the insulator properties was unknown'(Bernatowicz, 

1962). Because there is little information regarding the 
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effects of long exposure of insulators to a reactor environ

ment and no data on the dynamic effects of a radiation field 

on the electrical properties of the insulating material, 

this study was initiated. The area of investigation is 

limited to a study of the electrical conductivity of alumina 

at high temperatures and in a radiation field to determine 

what changes in can be expected. Changes in will 

ultimately affect the radiator area of a thermionic conver

sion system, assuming k constant. This last assumption is 

realistic since k is quite independent of temperature at high 

temperatures (Kingery, 1960). However, as Billington and 

Crawford (1961) show, the thermal conductivity of alumina is 

decreased by a factor of four following exposure in the 
20 2 Materials Test Reactor to 4 x 10 fast neutrons/cm . 



CHAPTER 2 

REVIEW OF LITERATURE 

The electrical conductivity of various oxide ceram-
r ' 

ics (in particular, aluminum oxide) has been repeatedly 

investigated over various temperature ranges in different 

environments since the turn of the century. It is not 

possible, however, to quote a single value for the electrical 

conductivity of alumina measured by the various investigators 

at a given temperature. The literature values reported by 

Pappis and Kingery (1961) for the electrical conductivity of 

alumina in the temperature range of thermionic devices vary 

over at least four orders of magnitude. This variance is 

caused principally by impurities either in the material as 

the result of manufacturing processes or entering the material . 

from the surroundings during tests. Podzsus (1933) noted 

that at temperatures exceeding 1500°C, conductivity depended 

upon the nature and pressure of the surrounding atmosphere. 

Arizumi and Tani (1950) reported that at high temperatures, 

as the impurities were driven out of the sample, the ionic 

current decreased. Again in Japan, Miyazawa and Okada (1951) 

found that continuous heating of alumina at 1465°C caused 

the resistivity of the specimen to increase. Pappis and 

Kingery (1961) measured the electrical conductivity of 

15 
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alumina from 750-1300°C with oxygen partial pressures from 

one to 10"10 atmospheresi They found that electrical conduc

tivity increased at both high and low oxygen pressures, 

indicating that alumina is a non-stoichiometric semiconductor, 

being a p-type semiconductor at high oxygen pressure and 

n-type at low. The electrical conductivity reported in their 

work varied with purity, oxygen pressure, and temper

ature range. Oreshkin and Bykov (1962) reported that the 

electrical conductivity of alumina decreased with time to a 

constant intrinsic value while the sample was held at an 

elevated temperature. This was attributed to the depletion 

of foreign charge carriers. Even though none of this work 

involved irradiation, the published results showed wide 

variance. 

First efforts to determine the effects of a radiation 

field on the insulating properties of alumina were made by 

Dau and Davis (1963). This work was in the temperature range 

of 15° to 500°C. They concluded that the effects of both 

radiation and temperature are important in designing insula

tors for in-core operation but that in the range where ionic 

conductivity is predominant the temperature effects will mask 

the radiation effects for specific powers currently being 

considered for engineering application. However, the measure

ments were made at temperatures below those necessary for 

thermionic devices. 



CHAPTER 3 

RESEARCH OBJECTIVES 

The primary objective of this research was to 

study the mechanism by which electrical currents are 

carried in polycrystalline alumina while under the influ

ence of high temperature and in a radiation field. This 

was accomplished by analyzing the effects of temperature 

and of the radiation field of The University of Arizona 

TRIGA reactor on the electrical conductivity of a specimen 

of this material. The secondary objective was to analyze 

marked changes in the electrical conductivity as a func

tion of increased temperature to determine the possibility 

of a change frpm extrinsic to intrinsic conductivity at 
r' " 

high temperatures and to determine the corresponding 

activation energies. 

17 



CHAPTER 4 

THEORETICAL CONSIDERATIONS 

ALUMINA 

Alumina is a member of a broad class of materials 

called ceramic oxides. Its chemical formula is A^O^ and 

it appears in a number of forms but only one of them, 

alpha-alumina, has a crystalline structure which has been 

definitely established. For simplicity, pure alpha-alumina 

may be viewed as oxygen atoms in hexagonal close packing 

inside of which the aluminum atoms are enclosed. Each 

aluminum atom is surrounded by six oxygen atoms. Above an 

aluminum atom is a regular triangle of dense oxygen atoms 

while below it is a second regular triangle of dense oxygen 

atoms rotated 180° from the upper triangle. The average 

distance between aluminum and oxygen atoms is 1.92& and 

between oxygen atoms is 2.495X. Six other forms of alumina 

have been identified, gamma, delta, eta, theta, kappa, chi, 

which are often lumped together and called gamma-alumina. 

Of these only eta-alumina is truly cubic, the chi form is 

approximately cubic, while the gamma, delta, theta, and 

kappa forms are not cubic, but probably tetragonal or ortho 

rhombic (Ryshkewitch, 1960). In summary, the particular 

crystalline form of alumina has not been established in 

detail for most of its phases, however, they are known to 

18 
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be crystalline. The electrical resistivity, /o , of alumina 

may be best approached by considering electrical conductivity, 

a", the inverse of resistivity. Since /° = 1/a" an increase of 

or is a decrease in . Thus, the thermionic system weight 

will be increased by an increase in the electrical conduc

tivity, <r , because a greater thickness of insulating material 

is required. By considering the mechanisms available for the 

transport of electrical charge in a ceramic, a qualitative 

appreciation of the possible changes in the conductivity of 

alumina under irradiation can be gained. 

ELECTRICAL CONDUCTIVITY 

If a ceramic material has an electrical potential 

applied on two opposite faces, an electric field will be 

established in the ceramic. In time, an equilibrium direct 

current will be established between the two faces. This 

current can be expressed in terms of the number of charged 

particles of any kind which are present and which can move, 

and their respective drift velocities in the presence of the 

electric field. Defining a current density j as the charge 

transported through a unit area per unit time, it can be 

expressed a a -(non-vector notation) 

j = n • ze • v, (4-1) 

where 

n is the number of charged particles per unit volume, 
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ze is the charge per unit particle since z 

is the number of electronic charges per 

moving charged particle and e the charge 

of an electron, and 

v is the drift velocity of the particles. 

The electrical conductivity in turn is expressed as the 

current density divided by the electric field strength E 

(4-2) 

or 

o"= . (4-3) 

Since the drift velocity is directly proportional to the 

electric field strength, the mobility ja is defined as the 

drift velocity per unit field. Thus, 

P = f » (4-4) 

and the conductivity for a particular carrier becomes 

cr - n>ze*p. . (4-5) 

Hence, when a change of electrical conductivity is accom

plished, either the number of carriers, the charge of the 

carrier, the mobility or a combination of these has changed. 

Each will be considered with the possible effect the radia

tion field in the TRIGA reactor will have on that particular 

factor. 



IONIC CONDUCTION 

Ionic conduction and electronic conduction are 

possible in materials. The total conductivity is the sum 

of the various individual conductivities of each charge 

carrier. In an insulator such as alumina, it is necessary 

to postulate that the current is carried by positively or 

negatively charged ions, or both, since the number of 

electrons occupying quantum states in the conduction band 

is negligibly small (Azaroff, 1960). Ions are always 

present in crystalline materials auch as oxides, and are 

known to have a definite mobility as proven by self-

diffusion measurements. In a perfect crystal where the 

ions occupy lattice sites, the ions would be unable to 

leave their sites at low temperature; therefore, at low 

temperatures the current carriers must be either inter

stitial ions or vacant lattice sites. Characteristically, 

ionic crystals show low electrical conductivity at low 

temperatures and good conductivity by ions at high temper

atures (Kittel, 1956). At room temperature or low temper

atures the concentration of defects is determined by minor 

impurities in the material and the previous history of the 

specimen. Since the interstitial ion when moving from one 

position to another must pass through a position of high 

energy, only a certain fraction of the ions will have 

sufficient thermal energy at any given temperature to over

come the energy barrier, which can be thought to surround 
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a position, and move to an adjacent vacant or interstitial 

site. This fraction q at a given temperature is 

_ u 

n ^ e"CT , (4-6) 

where 

u is the energy required to overcome the 

surrounding energy barrier, i.e., the 

activation energy for ion mobility, 

k is the Boltzmann constant and 

T is the absolute temperature of the material. 

As the material is raised to higher temperatures, a 

temperature is reached at which defects can be formed in 

the crystal which contribute an additional number of current 

carriers. Thus, at high temperature ranges the fraction of 

ions, a, which can contribute to ionic conductivity is 

» (4-7) 

where w is the energy necessary to form a pair of defects. 

In general, ionic conduction in oxides is not expected to 

be appreciable at low temperatures because of the high energy 

required to form defects and the large activation energy 

required for their movement. Both of these energies are 

dependent upon the composition a"rid crystalline structure of 

the alumina. They will change only if the composition or the 

structure of the alumina is changed by the Irradiation and 



.23 

neither is expected to change as a first order effect. If 

either should change it would be detected by a permanent 

change in the electrical conductivity of the material after 

the irradiation ceased. 

In a ceramic material the two types of ions present, 

positive and negative, lead to essentially ionic and covalent 

bonding (Dom, 1961). Assuming a perfect ionic crystal, the 

positive ions will be surrounded by nearest neighbors of 

negative sign and vice versa. Fast neutrons passing through 

the crystal can remove ions from their normal lattice sites 

creating interstitials and vacancies both of which can be 

current carriers. This reaction would cause a time-dependent 

increase in electrical conductivity because the increased 

number of current carriers would vary directly with the total 

neutron dose received by the material assuming negligible 

annealing, and would vary directly with the neutron flux if 

annealing took place. 

Again, considering a perfect ionic crystal this 

time in a field of ionizing radiation, if a positive ion has 

a second electron removed from it, the energy required to 

move the ion from its lattice site will increase because of 

the increased attraction to its negative nearest neighbors. 

If it should be an interstitial, the energy necessary to move 

to a new site will rise as well. Conversely, a negative ion 

which loses an electron will become neutral and free to move; 

however, it now has zero charge and is no longer a current 

< 
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carrier. Hence, one effect of ionizing radiation is to 

reduce the ionic current by reducing the number of ions 

available as possible current carriers at a given temperature, 

The effect of irradiation on the mobility of the 

singly ionized ions is to increase it. Using the notation 

of Kittel (1956), ionic mobility is given by;the expression 

JL 
•ero) a2

e"kT  

M = P 
kT ' (4"8) 

where 

e is the electronic charge, 

p is the fraction of ions able to move because 

they are interstitials or near vacancies, 

is the atomic vibrational frequency, 

a is the lattice constant, 

E is the barrier height surrounding a position 

while 

k and T are as before. 

The expression (4-8) may be regrouped 

2 E 

ju = [Sgf-] [-Jc"i?r] . (4-8)' 

The second term is the probability per unit time that an 

ion will surmount the energy barrier and be free to move. 

The exponential term was previously considered as the 

fraction of ions which can contribute to ionic conductivity; 

E = u of (4-6). This fraction will change at a given 
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temperature only if E changes but no change is expected in 

E as discussed previously for u. The vibrational frequency 

will increase directly with the fast neutron flux but will 

probably be slight because of low cross section. . The first 

portion of (4-8)' may be thought of as the ability of a 

freed ion to move. In this portion e and k are constants 

and T is constant at a given temperature. The effect of 

neutron irradiation displacing ions from normal lattice 

positions will be to increase the fraction of ions that are 

interstitials or near vacancies. This effect on p will be 

total dose dependent if annealing is negligible and will be 

flux dependent or nearly so if annealing is rapid. Decreases 

in a caused by interstitials will be offset by an equal 

number of increases in a accompanying vacancies to a first 

approximation leaving a unchanged. Thermal neutrons will 

have insufficient energy to displace ions from a lattice site 

but can possibly increase the vibrational frequency. This 

would be flux dependent. Hence if significant, any change in 

ionic conductivity because of a change in ion mobility caused 

by neutron irradiation would be detected by a total dose or 

flux dependence. 

ELECTRONIC CONDUCTION 

The possible change from ionic to electronic conduc

tion in the alumina is of considerable importance because as 

Kingery (1960) points out, impurities or intrinsic 
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semiconducting properties at a particular oxygen pressure 

normally give rise to sufficient electronic conduction to 

mask the ionic contribution. The electron energy bands 

representative of metals, semiconductors, and insulators 

are shown in Figure 5. An insulator normally has a band 

gap so large that electrons are unable to go from the 

valence band to a conduction band and only ionic conductivity 

can take place. However, if the temperature of the insulator, 

in this study alumina, is raised high enough, electrons could 

cross the energy gap and cause the insulator to become an 

intrinsic semiconductor; the band gap for alumina is approx

imately 10 ev at room temperature (Kingery, 1960). When this 

occurs, the electrical charge carrier concentration is 

EjL 
nc<e ® , (4-9) 

where Eg is the value of the energy gap between the valence 

and the conduction bands. These charge carriers are electrons 

rather than ions as considered previously. Any semiconductor 

should become intrinsic at a sufficiently high temperature, 

unless melting occurs first; however, few measurements have 

been made with oxide semiconductors above 1000°G and those 

that have been made are usually not sufficient to establish 

that the conduction is intrinsic (Kingery, I960). The value 

of Eg will be unchanged by irradiation for the same reasons 

that u and g remain unchanged for the case of ionic 

conduction. 
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A second mechanism other than thermal agitation 

creating electronic carriers in the material is gamma ray 

interaction. Gamma photons lose energy in a material by 

three processes each of which liberates free electrons. 

The low energy photon is absorbed by the photoelectric 

process ejecting a bound electron from its parent atom. 

(This leaves the parent atom as a low-mobility doubly-ionized 

positive ion or neutral particle as considered before.) At 

slightly higher energies the Compton effect becomes dominant 

where the gamma photon is scattered by a loosely bound atomic 

electron which is set free from the parent. High energy 

gamma photons, i.e., E ^1.02 Mev, will cause pair production 

where the photon forms an electron and a positron. All of 

these will contribute to electronic conductivity. 

Any other ionizing radiation will contribute 

electronic charge carriers as well. However, the likelihood 

of other than gamma radiation reaching the specimen is slight. 

The range of fission fragments is too short to permit their 

interacting in the insulator, the alpha particles, as well, 

have too little range to reach the specimen, and, as shown in 

Appendix C, the specimen is effectively shielded from even the 

most energetic beta particles. Hence the main cause of any 

increase in electronic conduction at a given temperature 

would be the gamma flux of the reactor. 
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An increase in electronic charge carriers by any 

means will have a very marked and drastic effect on the 

overall conductivity of the specimen because of the vastly 

greater mobility of the electron. In an insulator the 

electron mobility is 1-50 (cm/sec)(volt/cm)"^ while the ion 

mobility in silicate glass is approximately 10"^ (cm/sec) 

(volt/cm)-*" (Kingery, I960). Hence, even a small concen

tration of electronic defects overrides the ionic conduction. 

IMPURITIES 

Since alumina can act as a semiconductor, the 

effect of impurities in providing additional energy levels 

that can act as "stepping stones" for the electrons to 

traverse when going from the valence band to the conduction 

band is a possibility. Semiconductor properties are extremely 

impurity sensitive to certain impurities, which is the basis 

for "doping" semiconductors on a production basis. Irradia

tion itself is not expected to contribute a significant 

number of impurities to the alumina for several reasons: 

1. Fission fragments cannot reach the specimen. 

2. No particles except neutrons will reach the 

specimen. 

a. The following fast neutron reactions are 

possible in the specimen with cross-section 

and half-life of production shown: 

(Gillespie and Hill, 1961) 
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I^Al2̂  (n,p)12M§2̂  0.07 barns, 9.45 min., 

â 27 (n,a)j^Na^ 0.11 barns, 15 hr., 

2^A12̂  (njdOj^Al2® 0.00053 barns, 2.27 min., 

g016 (n,p)yN^ 0.09 barns, 7.3 sec. 

b. The possible thermal neutron reactions in the 

alumina are: (Goldman and Stehn, 1961) 

0.23 bairns, 2.3 min., 

gO*"^ + Qn* —*- gO1"^ 0.0002 bams, stable. 

All of these reactions have a low cross-section and are not 

expected to affect conductivity materially. If the above 

reactions had an appreciable effect on the electrical 

conductivity it would be detected by a permanent increase in 

conductivity after removal from a radiation field. This 

would mark any irradiation-induced impurity effect since it 

would remain after reactor shut-down and would be dependent 

upon the total dose received by the specimen. Recoil nuclei 

from an emission of sufficient energy also can contribute to 

ionic conductivity by creating interstitials and vacancies. 

This effect is not expected to be noticeable because of the 

low cross-sections and because the number of such interstitials 
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would be small compared to those created by knock-oris and 

displacement spikes. The effect of the interstitials on 

electrical conductivity would be total-dose dependent if 

there were no annealing occurring. 

Thus, in summary, the number of charge carriers, 

the charge of the carrier or the mobility can cause the 

electrical conductivity to change. Only second order 

changes are believed possible in the number, charge and 

mobility of ionic charge carriers while only the number of 

electronic charge carriers can change with irradiation. 



CHAPTER 5 

EXPERIMENTAL PROCEDURE 

GENERAL 

The general method of treatment was to place a 

cylindrical, polycrystalline alumina specimen between two 

cylindrical refractory metal electrodes. The outer 

electrode was surrounded by an electrical heating element. 

The entire assembly with appropriate thermocouple and 

electrical leads was then placed in the in-core vacuum 

system designed and built by Dau , a direct-current 

voltage was impressed across the alumina and the current 

passing through the specimen was measured at different 

temperatures, with and without the TRIGA reactor operat

ing. The data were then presented in graphical form as 

Arrhenius plots to aid in analyzing for changes in conduc

tivity as a function of temperature or radiation field and 

for the possible change of alumina to an intrinsic semi

conductor at high temperatures. 

MATERIAL AND EQUIPMENT . 

The vacuum system previously designed and built by 

Dau , Figure 6, was utilized to contain the specimen 

of this study within the TRIGA reactor core. Placing the 

32 
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specimen in a vacuum permitted the use of refractory metals 

and prevented ionization effects in the surrounding volume 

from interfering with the specimen current measurements. 

HEATER ELEMENT-SPECIMEN ASSEMBLY CONSTRUCTION 

First a heating element-specimen assembly was 

designed and tested which would attain the high temperatures 

desired and also fit within the radiant heat shields which 

were placed inside the specimen tube of the vacuum system. 

The radiant heat shields were necessary to reduce the heat 

losses to the water outside the aluminum specimen tube to an 

acceptable value. The final heating element design is shown 

in Figure 7 and photographs of a completed element ready for 

test are shown in Figures 8 and 9. 

To complement the measurements being performed with 

flame sprayed, polycrystalline alumina, a high-grade 

commercially prepared alpha-alumina was used for this higher 

temperature investigation. Lucalox is a fine-grain, high-

purity ceramic manufactured from aluminum oxide by the General 

Electric Company. Lucalox has the ability to withstand 

extremely high temperatures because of its metal-like 

structure. In Lucalox the crystals are bound to one another 

with neither pores nor glass matrix between them, whereas the 

use of conventional ceramics is often limited by the low melt

ing point of the glass matrix between the crystals (General 

Electric, 1963). The high temperature durability, high 
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strength, high resistivity, and formability of Lucalox make 

it a possible material for electrical insulation in therm

ionic devices, hence it was chosen for this study. This 

material is available from the manufacturer in a variety of 

shapes, including tube, rod, plates, etc. The heating 

element and electrodes were built around a specimen of 

0.187 inch ID, 0.250 inch 0D, tubing 0.80 inches long. 

The inner electrode of 0.187 inch OD tantalum was 

obtained from the Fansteel Corporation, as was the 0.312 inch 

OD molybdenum tube which was used as the outer electrode. 

These were, respectively, placed inside and outside of the 

Lucalox specimen. The difference in the linear coefficient 
-6  

of expansion, a, between the materials, tantalum 6.5 x 10 , 

Lucalox 6.5 x 10~^, and molybdenum 4.9 x 10"^/°C (Lyman, 1948 

and General Electric, 1963) causes the molybdenum outer 

electrode to act as a restraining hoop. As the tantalum and 

Lucalox expand more rapidly they press together causing a 

tighter fit between the materials. The initial fits at room 

temperature were close, requiring polishing of the tantalum 

with aluminum oxide abrasive before insertion. A sillimanite 

(A^S^O^) tube was placed at the lower end inside the molyb

denum tube to space the specimen. 

Once the tantalum inner electrode, Lucalox specimen, 

molybdenum outer electrode, and the sillimanite spacer had 

been mated they were disassembled, the specimen was measured, 

and all were then cleaned as follows: 
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1. Rinse in distilled water 

2. Rinse in carbon-tetrachloride 

3. Rinse in methyl alcohol 

4. Rinse in deionized water 

5. Four minutes ultrasonic clean in detergent 

6. Rinse in deionized water 

7. Four minute ultrasonic rinse in deionized water 

8. Three rinses in distilled water 

9. Two rinses in methanol 

10. Baked in air at approximately 100°C. 

Once this cleaning procedure had been completed, the part 

was not touched again by hand. 

The cleaned Lucalox, sillimanite, and molybdenum 

were then assembled and the assembly dipped in an electrical 

refractory cement, Sauereisen Electric Resistor Cement No. 78 

(paste), manufactured by Sauereisen Cements Company, 

Pittsburgh 15, Pennsylvania. Usually one dip was sufficient 

but if necessary twa dips were used to obtain a uniform 

insulation of at least 0.05 inch over the molybdenum outer 

electrode. This was followed by a 24-hour air bake at 

approximately 50°C. Flame-sprayed alumina was satisfactory 

for coating the molybdenum electrode, but the ease of fabri

cation using the paste made the latter method more desirable. 

After drying the assembly, General Electric 0.020 inch 

diameter molybdenum mandrel wire was wound in a helix over 

the insulation in sufficient quantity to give between 0.3 and 
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0.6 ohms resistance. The 0.3 ohm value would permit temper

atures to 1900°K while the higher value would only permit 

1600°K because of heater current power supply limitations. 

The Sauereisen 78 paste was then brushed between the wire 

windings and after several hours drying in air the entire 

assembly was again dipped. When two layers of windings were 

used, this process was repeated with each winding. After 

the entire element had been completed it was baked in air 

at approximately 50°C for 24 hours. The Sauereisen 78 sur

face was not touched by hand at any time. 

" HEATER ELEMENT-SPECIMEN ASSEMBLY CONNECTION 
AM> INSTALLATI6N 

Mechanical connections were used to connect the 

electrodes and heater element to the wire passing down the 

access tube from the surface junction box. Molybdenum or 

nichrome wires through ceramic insulators went from holes 

drilled in the upper end of each of the electrodes to coaxial 

signal leads. The molybdenum heater wires were connected 

through ceramic insulators directly to number 14 copper wire 

from the junction box power feed-throughs. The tantalum 

inner electrode was placed inside the specimen during assembly 

and connecting. 

The thermocouples were connected and attached at 

this time. A rhenium-tungsten thermocouple was placed at the 

very center of the test assembly inside an alumina insulator 

at position A of Figure 8, and a second on the Sauereisen 
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surface at B. A chromel-alumel thermocouple was attached 

to the outer side of the molybdenum foil heat shield. The 

thermocouples were connected to shielded leads from the 

junction box. All electrical leads were insulated by 

ceramic insulators for 10-12 inches above the heating element. 

When completely connected, the heating element 

containing the test specimen was placed inside the six-inch-

long molybdenum heat shield consisting of from five to seven 

layers of 0.001 inch molybdenum foil. The layers were 

separated by approximately 0.030 inches by the jagged edges 

of random perforations. This heat shield effectively pro

tected the aluminum specimen tube and reduced heat losses 

since representative temperatures were 400°C at the outer 

molybdenum foil surface when the center line temperature was 

1600°C. Hence the combination of the heat shield and the 

large water heat sink surrounding the low-melting-point 

aluminum, 660°C (Lyman, 1948), gave adequate protection to 

the specimen tube. Inserting the heater element-specimen 

assembly in a quartz tube surrounded by one thickness of 

0.001 inch molybdenum foil was a satisfactory heat shield for 

temperatures up to 1600°K. A curve showing the power required 

to reach a given centerline temperature is given in 

Appendix D. 

With the specimen tube in place the vacuum assembly 

was then inserted into the reactor. When element designs were 

being tested or the run was the first to a new high 
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temperature level, the assembly was merely placed in the 

water at the outer shield periphery. For irradiation runs 

it was positioned so that the sample was at the geometric 

center of the TRIGA reactor where both the fast and thermal 

12' 2 fluxes are approximately 2 x 10 neutrons/cm -sec. 

When the sample was in the test position in the 

reactor, the external electrical connections were made as 

shown in Figure 10. The signal leads were carried in 

shielded coaxial cable type RG-58 B/U to a shielded 45 volt 

NEDA 709 battery then again in shielded coaxial cable to a 

Keithley Model 410 Micro-Microammeter which read currents 

- 1 1  - 3  from 1.0 x 10 to 1.0 x 10 amperes. The average 

dielectric strength of Lucalox is 1700 volts/mil (General 

Electric, 1963) yielding a breakdown voltage of 5.3 x 10^ 

volts for the specimen. The thermocouples were connected 

through a shielded cable to the thermocouple selector switch 

and thence to an 3687 Leeds and Northrup Volt Potentiometer. 

(The appropriate tables of Hodgtnan (1960) and of the Brown 

Instrument Division were used to convert potentiometer read

ings of the thermocouple voltage to temperature.) The 

vacuum of the system was measured by a Type 501 Thermocouple 

Vacuum Gauge which was read using a Type 701 Vacuum Gauge 

Control both manufactured by NRG Equipment Corporation. 

Electrical power to the heating element was delivered by a 

model MR 532-15A Perkin D Power Supply which furnished up to 

15 amperes of direct current within a voltage range of 2-36 
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volts. The only other connection to the system was the 

vacuum connection. Vacuum hose connected the vacuum 

connection of the junction box to a copper re-entrant cold 
« 

trap, the lower portion of which was immersed in isopropyl-

alcohol containing frozen carbon dioxide. The temperature 

of the mixture was -75°G. This cold trap prevented the 

back flow of oil vapor from the pump from reaching the 

specirnen. In turn, the cold trap was connected by vacuum 

hose to a Welch Model 1402 Duo-Seal Mechanical Vacuum Pump. 

SPECIMEN'TEST PROCEDURE 

Once in the reactor the system was evacuated and 

outgassed to less than 150 microns of mercury pressure 

before minimum voltage was applied to the heating element. 

The rise in temperature caused additional outgassing from 

the test element assembly and surrounding area and for this 

reason the voltage was not increased further until the 

pressure had again fallen to the neighborhood of 150 microns. 

In this manner the temperature of the heating element and 

enclosed specimen was initially raised to the highest temper

ature planned to outgas all components as well as to free 

impurities from the specimen. 

The life history of the specimen with regard to 

temperature, radiation, and time is shown in Figure 11. After 

the initial heating the first cooling curve was taken. In 

this procedure the voltage was decreased in small increments 
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and after the temperature of the specimen had stabilized 

the current through the specimen was measured on the micro-

microammeter. Cooling curves were obtained each time the 

specimen was cooled from a high temperature. 

When the specimen was to be irradiated at a 

particular temperature the specimen was adjusted and allowed 

to stablize. The temperature and specimen readings were 

then recorded and the reactor power then raised to 100 kw. 

This reactor power provides a power density of 6 kw/liter 

at the center of the core. For these experiments a reactor 

power of five watts or less was considered zero reactor power. 

The temperature and the current through the specimen were 

recorded as soon as the 100 kw power level was reached and 

again after five minutes at the high power level. The 

reactor power was then reduced to zero and the next temper

ature established. When the desired number of runs was 

completed, the test assembly was left in the core to allow 

the radioactivity resulting from neutron capture to decay to 

an acceptable level before removal. After removal of the 

first assembly a second heater element-specimen assembly 

identical to the first, except for a reduced heater-winding 

resistance, was tested without irradiation. The current 

through the second assembly was measured up to 1861°K; 

however, since this was an initial heating, the current 

values were not used in later calculations. 



46 

CALCULATION OF ELECTRICAL CONDUCTIVITY 

Since the dimensions of the specimen had been 

previously measured, the electrical conductivity of the 

Lucalox was calculated using the expression 

I Yn r,,/r, 
cr = 2 1 , (5-1) 

2^LV 

where 

I is the current through the specimen 

r2 is the outer specimen radius, 

rl is the inner specimen radius, 

L is the specimen length and 

V is the voltage across the specimen. 

Substituting the values of specimen outer radius 0.125 inches, 

inner radius 0.094 inches, and length 0.80 inches the electri

cal conductivity for a 46 volt battery (measured value) 

becomes 

1 

(2.o)(3.l4KOo)(2.54)(46) 

* = 2.0 X loi (ohm-cm)-1, (5-2) 

and for the electrical resistivity 

3 
2fQ x 1Q (ohm.cn,) . (5.3) 

Expressions (5-2) and (5-3) were usec^ respectively, to 
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calculate the values of electrical conductivity and electrical 

resistivity tabulated in Appendix A. 

SYSTEM TESTS 

Several tests were performed on the vacuum system 

and electrical circuit before and after the installation of 

the heating element-specimen assemblies. Before installation 

a resistance of 8.2 x 10^ ohms was connected between the . 

coaxial signal leads at the bottom of the access tube to 

simulate a test specimen, a low-power heating element was 

installed between the power leads, the specimen tube was 

connected, the system placed in the core, and all connections 

made to simulate test operation including vacuum pump opera

tion. Various batteries were used and the current through 

the resistance was measured on the micro-microammeter with 

and without alternating or direct current to the heater and 

with various combinations of electrical equipment operating 

in the Reactor Laboratory and surrounding area. In all cases 

a steady current of the correct value was measured with the 

micro-microammeter through the simulated specimen. The 

current was adjusted through the 10 ampere range with no 

visible motion or oscillation of the micro-microammeter 

needle. From these measurements the micro-microammeter was 
O 

considered stable and accurate, at least through the 10 

ampere scale. After the installation and removal of the 

Lucalox specimens the coaxial signal lead3 were shorted, the 
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specimen tube connected and the vacuum assembly again placed 

in the core. All connections were again made to simulate 

test operation with a vacuum established but without a 

heater element. Again stable and correct readings were 
-8 

obtained through the 10 scale using various resistances in 

series with various batteries with and without the TRIGA 

radiation field. Thus the integrity and accuracy of the 

electrical circuit used to measure the signal current was 

demonstrated. 



CHAPTER 6 

RESULTS AND DISCUSSION 

RESULTS 

The results are presented in graphical form for 

ease of interpretation. The tabulated results are in 

Appendix A. 

ELECTRICAL CONDUCTIVITY WITHOUT IRRADIATION 

Figure 12 shows a semi-logarithmic plot of all the 

conductivity values obtained from the three times the first 

specimen was slowly cooled from a high temperature and the 

initial points above 1450°K of the second specimen. These 

results are in good agreement with previous work and also 

show good reproducibility between different runs. If but 

one thermally activated process were present, the curve could 

be expected to be a straight line; however, it is noticeably 

curved, suggesting that two or more processes are taking 

place. Best judgment indicated that those points with conduc

tivity values less than 2 x 10"*"® (ohm-cm)"*" form a region in 

which one effect is dominant. The second region is at conduc

tivities greater than 2 x 10"^ (ohm-cm)"*". Each region can be 

fitted to an exponential curve with those points between the 

above limits comprising a transition zone. Using separate 

49 
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portion of the graph, the points were fitted to an equation 

of the form ^ 

T <5" = ae 

using the method of least squares. The curve fitting tech

nique and the calculation of the standard deviations are 

shown in Appendix B. 

The results give for values of conductivity greater 

than 2 x 10~^ (ohm-cm)"^" 

22.000 
<Ty = 7.3e ^ (ohm-cm)"*", (6-1) 

with standard deviation of b + 1,700, and for conductivities 

less than 2 x 10"^® 

5.500 

= 6.3 x 10'^e (ohm-cm)"*", (6-2) 

with the standard deviation of b + 340, as best approximations 

to the separate portions of the curve. These curves are shown 

over the original data points in Figure 13 and the portion 

above 900°K is compared to other investigations in Figure 14. 

ELECTRICAL CONDUCTIVITY WITH IRRADIATION 

The electrical conductivity without irradiation was 

determined as a reference to which the electrical conductivity 

at a given temperature with the TRIGA operating at a power 

density of 6 kw/liter could be compared. The results of 
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irradiating the sample for five minutes at 6 kw/liter are 

shown in Figure 15 and compared to the results from the 

unirradiated case from Figure 12. The conductivity values 

for the irradiated cases are completely separate data runs 

from the unirradiated data runs shown in Figure 12. The 

separate runs are recorded in the temperature and radiation 

history of the specimen presented in Figure 11. It is seen 

that the affect of radiation is to increase conductivity by 

several orders of magnitude at low temperatures while at 

high temperatures, 1,000°K or greater, there is no notice

able affect. The irradiated points with 1/T greater than 

14 x 10~^°K~^" were used to obtain the expression 

2 . 2 0 0  

crR = 8.3 x 10"9 e ^ (ohm-cm)"^ (6-3) 

with a standard deviation in b of + 430. Simultaneous 

solution of this expression and expression (6-2) yield a 

point of intersection at 767°K, i.e., 1/T = 13.1 x 10 ^(°K)~^ 

Below this temperature irradiation of 6 kw/liter has 

measurable effect on the electrical conductivity of the 

specimen. This work done with polycrystalline alpha-alumina 

of 99.97. purity confirms the preliminary results reported by 

Dau and Davis (1963) with sintered polycrystalline alumina and 

is in good agreement with later work of Dau using 

pyrolytically deposited alumina. Dau in his later work 

reports the temperature below which irradiation noticeably 

decreases the resistivity as 720°K, l/T = 13.8 x 10"^(°K)"^. 
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DISCUSSION QF RADIATION EFFECT 

The mechanism by which the reactor radiations affect 

the electrical conductivity of polycrystalline alumina can be 

deduced by a process of elimination following the theoretical 

discussion. 

NEUTRON EFFECT 

Fast or thermal neutron induced impurites would 

appear as permanent changes in the conductivity. No perma

nent changes occurred as shown in Figure- 12 in which the low 

temperature electrical conductivity returns to a low value 

after irradiation since the lower portion of Figure 12 was 

determined at zero power but after irradiation of the mate

rial. Also there is no dependence on the total dose at the 

integrated flux of approximately 10^ nvt. Fast neutron-

induced reactions, i.e., knock-ons or displacement spikes of 

a transient nature do not affect the conductivity either as 

shown in Figure 16. One test was performed with the reactor 

at 6 kw/liter for 37 minutes before it was scrammed. After 

the scram, the reactor neutron power levels were continuously 

recorded using signals from a gamma-compensated ionization 

chamber in the reactor control system. During the same time 

the current through the specimen was measured at 30 second 

intervals to determine the relation between conductivity and 

neutron density. Figure 16 shows that neutron power falls 

off much more rapidly than the conductivity of the specimen. 
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Thus, fast or thermal neutrons are eliminated as a signif

icant cause of the change in electrical conductivity. 

IONIZING RADIATION EFFECT 

Since neither alpha particles nor beta particles 

are able to reach the specimen because of the shielding of 

the aluminum, Sauereisen and molybdenum - principally 

molybdenum for the beta, see Appendix G - the only ionizing 

radiation remaining that can affect the electrical conduc

tivity is the gamma. Using the Way-Wigner expression from 

Rockwell (1956), the gamma power of the reactor after shut 

down was calculated yielding the normalized gamma power curve 

of Figure 16. It is seen that the change in conductivity 

closely follows the change in the gamma field. The slightly 

lower values of the gamma field can be explained by uncer

tainty in the exact time of the current readings. The simul

taneous starting time of the fast trace from the gamma com

pensated ionization chamber and the stop watch was uncertain 

as well. Moreover, the specimen of this sample is surrounded 

by molybdenum and tantalum and high energy gamma interactions 

in these materials would yield beta particles which would 

conceivably travel to the specimen still leaving a relatively 

high energy gamma to do further damage in the alumina. Gamma 

build-up in the molybdenum and tantalum will cause an in

creased gamma flux to be seen by the specimen. Initially the 

Way-Wigner expression itself is only accurate probably with

in a factor of two (Glasstone, 1955). 
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From this close agreement between the decay of the 

gamma power within the core and the decline in the electrical 

conductivity of the Lucalox specimen, it is concluded that it 

is the gamma irradiation of the reactor which causes the 

increase in electrical conductivity by increasing the number 

of electronic charge carriers. However, at the power levels 

of current interest in thermionic design the temperature 

effect in polycrystalline alpha-alumina masks out the radia

tion effect well before temperatures of projected interest 

are attained, i.e., greater than 1200°K. 

BAND GAP CONSIDERATION 

. Returning to Figure 12, the conductivity values 

determined from slow cooling of the specimen, the possibility 

of intrinsic conductivity at high temperatures is considered 
4 

and activation energies are determined from the experimental 

data of this study. Considering that the exponential term of 

equation (6-1) corresponds to 

5g is solved for and yields 3.8 +0.3 ev as the value of the 

energy gap between valence and conduction bands. This value 

is a factor of three lower than published values of the 

alumina energy gap of ̂ 10 Mev which should be obtained for 

in the expression 
E 

n (4-9) 
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Eg if the alumina had become an intrinsic semiconductor.. 

Hence, with this great a difference in the measured and 

published values for Eg it is concluded that in the 

temperature range 300-1600°K polycrystalline alumina does 

not act as an intrinsic semiconductor. 

ACTIVATION ENERGY CONSIDERATION 

Returning to Figure 13 and equations (6-1) and 

(6-2), the equations are set equal to one another and 

solved for T yielding 1000°K or 1/T = 10.0 x 10"4 (°K)"1 

as the point of intersection. The activation energy has 

been previously determined for polycrystalline alumina by . . 

a number of investigators, Arizumi and Tani (1950), 2.8-2.9ev, 

Pappi3 and Kingery (1961) 2.4-2.5 ev (below 1873^). The 

exponential of equation (6-1) is assumed to be 

u 
"kT 

in expression (4-6) and solved for u. Thus the value of the 

activation energy is obtained for the process occurring at 

temperatures above 1000°K. This yields u = 1.9+0.1 ev for 

Lucalox which is somewhat lower but in fair agreement with 

the previous determinations for alumina. This value supports 

the conclusion that the electrical conductivity expressed by 

equation (6-1) accounts for the current carried by inter

stitial ions and ion vacancies already present in the specimen, 

and is extrinsic ionic conduction. 
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The activation energy corresponding to equation 

(6-2) of 0.47 ev is for a second extrinsic conduction 

mechanism occurring at specimen temperatures below 1000°K. 

The conductivity of normal alumina is known to be sensitive 

to impurities, past history and environment. Since it is 

possible for the specimen to be 0.17. impure, this anomalous 

behavior below 1000°I< is not unexpected. According to 

Ryshkewitch (1960), there is a small excess of aluminum in 

alumina and the formula of alumina should be expressed 

A*"2^2 99 indicating a "metal excess semiconductor". 

Hartmann (1936) determined the activation energy for "free" 

electrons, or an excess semiconductor, in alumina between 

573°K and 1073°K to be between 0.25 and 0.38 ev. The 

closeness between the 0.47 +0.04 ev activation energy 

computed from these measurements for the second mechanism 

of this work .and Hartmann1s value indicates that the second 

process is mainly electronic if the specimen was not perfect'-

ly stoichiometric. Also, in a strong reducing atmosphere, 

the alumina lattice would become deficient in oxygen causing 

an increase in electrical conductivity. Since the re-entrant 

cold trap will not completely stop the backflow of oil vapors 

from the vacuum pump, the possibility of a reducing agent 

reaching the specimen and causing metal-excess n-type conduc

tion remains, thereby accounting for a second extrinsic 

conduction process. 
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ERROR ANALYSIS 

The words "precision" and "accuracy" have quite 

different meanings when used in a discussion of measure-

ments. A precise measurement is a measurement which is 

free of accidental errors; however, it may contain a 

systematic error. An accurate measurement is one free of 

ail errors, i.e., mistakes, systematic errors, and acciden

tal errors. Precision can be improved by using care with 

measuring while accuracy can be improved by using more 

refined equipment and methods (Scarborough, 1950). Through

out this work care was taken that all measurements were 

precise; however, any in-core test increases the possibility 

of systematic error in a number of ways, including compact

ness, reactor environment, and remoteness, all of which 

decrease overall accuracy. 

TEMPERATURE MEASUREMENT 

The compact heating element-specimen assembly 

dictated by the 1.6 inch diameter TRIGA reactor "Glory Hole" 

limited the number of thermocouples used. . The bead of the 

thermocouple used to measure the Lucalox temperature was 

thicker than the specimen. Thus, the position at which the 

temperature was measured is uncertain. The temperature 

recorded for the specimen is the average temperature reading 

of the thermocouples at positions A and B of Figure 8. At 

temperatures below 1000°K the thermocouples rarely differed 
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by more than 20°K and below 700°K often coincided. However, 

above 1000°K the difference became greater, becoming as much 

as 70°K at the highest temperatures. During power runs the 

gamma heating caused a very noticeable and rapid rise of the 

interior thermocouple temperature. This was equivalent to 

an 8-watt increase in electrical heating or 0.16 w/g of heat

ing element-specimen assembly. This caused a change in 

temperature distribution as well. The size of the 

assembly prohibited more than one thermocouple at any one 

point and precluded a measurement inside or on the Lucalox 

surface. Thus, it was decided best to use two thermocouples 

placed as close as possible to the specimen on opposite 

specimen sides. The average temperature of the two thermo

couples was then taken as the specimen temperature. This 

arrangement also provided a check of one thermocouple on the 

other. The temperature of the specimen is considered to be 

within 10°K of the measured temperature below 1000°K and 

within 25°K at the highest levels. 

ALTERNATE ELECTRICAL PATHS 

Another potential penalty imposed by compactness 

was the alternate electrical paths between the electrodes 

other than through the specimen. One possibility is from 

the end of the tantalum electrode through the sillimanite 

to the molybdenum electrode. Considering the expression 

R = P I » (6-4) 
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where 

R is the resistance of the path, 

is the resistivity of the material, 

T is the path length and 

A is the area of the specimen, 

the resistance through this path is considerably greater 

than through the Lucalox for the following reasons: 

1. Sillimanite is a high resistivity.material 

comparable to alumina from the measurements 

of Henry (1924) and King (1926) quoted by 

Norton (1949). 

2. The path through the sillimanite is at least 

as long as that through the specimen. 

3. The contact area is extremely small approach

ing point contact since the tantalum tube was 

rounded on the lower end for ease of inser

tion and the sillimanite had a broken edge 

against which the tantalum butted. 

A second path is possible through the sillimanite insulator 

placed at the upper end between the tantalum tube and the 

signal lead wire connected to the molybdenum electrode. The 

same reasoning prevails even more than before since this was 

a point contact in a relatively cool location between a 

2o-mil wire and the insulator. Thus while two additional 

paths for current flow are recognized, they would cause only 
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second-order effects when compared to the current flow 

through the specimen. Space considerations also precluded 

the use of guarded electrodes. 

CONTACT AREA 

The possibility of incomplete contact between the 
» 

electrodes and the Lucalox specimen introduces another 

chance for systematic error. A high spot on a contact sur

face or a particle of foreign material between the surfaces 

would cause the contact area to be less than the total 

surface area used to obtain expression (5-3). This can be 

thought of as a reduction of specimen length. Since 

electrical conductivity is inversely proportional to the 

contact length in expression (5-1), the true electrical 

conductivity would be greater than that calculated by 

expression (5-3). There was a close fit between the 

electrodes and the specimens of all heating element-specimen 

assemblies at room temperature. One assembly that was heated 

but not irradiated displayed an even closer fit after use. 

Also, care was taken that foreign material was not introduced 

to any part of the assembly during construction. Thus the 

possibility for incomplete contact was minimized and the 

actual contact area is believed to be at least one-half of 

the total contact area at all times. Systematic error 

introduced by this uncertainty in contact area would be un

affected by the radiation field. However, as the temperature 
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changed it too would change with expansion and contraction 

of the various materials changing the area of contact. 

Even if the contact area doubled only a factor of two 

change in electrical conductivity would result. Since the 

measured values encompass nine orders of magnitude, the 

overall effect of this uncertainty would be insignificant. 

RADIATION ENVIRONMENT 

The radiation environment desirable for testing 

the specimen can cause errors in other portions of the 

exposed system. Fortunately, the radiation does not 

appreciably affect the performance of the thermocouples. 

Kelly (I960) and Trauger (I960) presented results of in-pile 

tests on chromel-alurnel and rhenium-tungsten thermocouples. 

20 Total neutron irradiation of 10 nvt were reported as 

necessary to cause thermocouple output changes of several 

hundred microvolts while the total irradiation of this study 

was approximately 10*"^ nvt. This is well below the level 

necessary to cause a detectable change in thermocouple 

performance. 

The current caused by the ionization occurring in 

the region surrounding the signal leads was one of the 

original reasons for the construction of the in-core vacuum 

system by Dau. To test the signal current cuased by ion

ization within the specimen tube, two insulated signal 

leads which were unconnected but open to the surrounding 
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atmosphere, were placed In the specimen tube. The system 

was then placed in the core and evacuated to 150 microns 

of mercury pressure. At full power of the TRIGA, 6 kw/liter, 

the current through the leads in series with a 45 volt 

-9 battery was 1.2 x 10 amperes. This current is an order 

of magnitude below currents measured through the specimen 

during any irradiation test. In addition, the system 

pressure was normally an order of magnitude lower during 

heating element-specimen assembly tests. It is concluded 

that any effect of the experimental assembly acting as an 

ionization chamber did not noticeably affect the measurements. 

CURRENT MEASUREMENT 

The test device was of necessity some 30 feet 

removed from the current measuring instruments of the signal 

cirucit, requiring unusually long electrical leads. The 

Keithley model 410 Micro-Microammeter is a line operated 

vacuum tube electrometer designed and constructed especially 

for measuring small currents. It has good accuracy and 

calibration stability. The model 410 has damping to improve 

the operation when long input cables are used as in this 

experiment (Keithley Instruments). The long signal leads 

used in this experiment were believed to have picked up stray 

signals at various times. Since the signal circuit was known 

to be accurate from previous system tests, during the periods 

of time when the ammeter became unstable measurements ceased 

and the particular test was suspended until instrument 
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stability returned. The shut-down times varied from a few 

minutes to a few hours. A common ground was provided for 

all shielding and electrical equipment to the copper water 

pipe system which gave some improvement. The fact that the 

situation seldom occurred late in the evenings or on week

ends supports a hypothesis that stray currents were being 

picked up from other equipment operating in the Reactor 

Laboratory area. By avoiding operation during periods of 

instability, the error was eliminated from the data. 

In summary, the in-core test imposed limitations 

which could lead to systematic errors. In this investi

gation, the principal errors introduced were uncertainty 

in the temperature of the specimen and the difficulties of 

measuring minute currents remotely through long lead wires. 

Consequently, less importance should be assigned to the 

absolute value obtained for the electrical conductivity than 

to the relative change in the absolute values with 

irradiation. 



CHAPTER 7 

CONCLUSIONS 

The preceding results and discussion including 

error analysis lead to the- following conclusions: 

1. The electrical conductivity of a polycrystalline 

alumina specimen, as a function of temperature, 

has been determined with in-core measuring 

equipment yielding results which are in reason

able agreement with previous investigations. 

2. The irradiation of polycrystalline alpha-alumina 

in a reactor at 6 kw/liter causes a large increase 

in its electrical conductivity at room temperature; 

however, as the specimen temperature is increased 

the relative effect of the radiation field 

decreases until at temperatures above 767°K it is 

insignificant. 

3. The increased electrical conductivity when under 

irradiation is caused by the gamma radiation 

interacting within the specimen to cause an increased 

number of electronic carriers. 

4. At the desired temperature range, i.e., T ̂  1200°k, 

of electrical insulators between an in-core therm

ionic diode collector and the liquid metal coolant 

69 
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wall the effect of irradiation within a nuclear 

reactor operating at a power density of 6 kw/liter 

will not further degrade the insulating properties 

of polycrystalline alpha-alumina. 

5. 'There was no indication"of polycrystalline alpha-

alumina becoming an intrinsic semiconductor in 

the temperature range 30O-16OO°K. 

6. An electronic conduction mechanism possibly 
f « 

accounted for conductivity below 1000 K above which 

extrinsic ionic conduction took place. The acti

vation energy of the processes were determined as 

0.47 ev and 1.9 ev respectively. 
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' TABLE 1 

SUMMARY OF DATA OBTAINED FROM FIRST COOLING OF FIRST SPECIMEN FROM 1601°K 

T (°K) ^ C°K)"1 SPECIMEN 
CURRENT (amp) (ohm-cm) 

O" 
(ohm-cm)~ 

1601 6.25 1.8 (-2)* 1.1 (5) 9.0 (-6) 

1566 6.37 1.0 (-2) 2.0 (5) 5.0 (-6) 

1522 6.53 7.1 (-3) 2.8 (5) 3.6 (-6) 

1485 6.71 4.6 (-3} 4.3 (5). 2.3 (-6) 

1453 6.90 3.1 (-3) 6.4 (5) 1.6 (-6) 

1401 7.14 1.7 (-3) 1.2 (6) 8.5 (-7) 

1361 7.35 1.1 (-3) 1.8 (6) 5.5 (-7) 

1311 7.63 6.2 (-4) 3.2 (6) 3.1 (-7) 

1269 7.87 4.2 C -4) 4.7 (6) 2.1 (-7) 

1213 8.26 3.1 (-4) 6.5 (6) 1.6 (-7) 

1163 8.62 2.2 (-4) 9.1 (6) 1.1 (-7) 

1114: 9.01 1.2 (-4) 1.7 (7) 6.0 (-8) 

1091 9.17 1.0 (-4) 2.0 (7) 5.0 (-8 ) 

1020 9.80 5.0 (-5) 4.0 (7) 2.5 (-8) 



TABLE 1 (continued) 

T (O . 104 /O^n-1 SPECIMEN 
l V k; -f- K K.; CURRENT (amp) 

983 10.2 3.2 (-5) 

913 11.0 2.0 (-5) 

791 12.6 4.8 (-6) 

697 14.3 1.0 (-6) 

633 15.8 3.4 (-7) 

513 19.5 2.0 (-8) 

* 1.8 (-2) indicates 1.8 x 10~^. 

/° 

(ohm-cm) (ohm-cm)"*" 

6.2 (7) 

1 . 0  ( 8 )  

4.2 (8) 

2.0 (9) 

5.9 (9) 

1.0 (11)  

1 . 6  ( - 8 )  

1 . 0  ( - 8 )  

2.4 (-9) 

5.0 (-10) 

1.7 (-10) 

1 . 0  ( - 1 1 )  

•^i 



TABLE 2 

SUMMARY, OF DATA OBTAINED FROM SECOND COOLING OF FIRST SPECIMEN FROM 1273° K 

T (°K) |t
—*
 

i 
0
 

i 
^
 

1 1 

1 i 

SPECIMEN 
CURRENT (amp) 

v . 
(ohm-cm) 

£7-
(ohm-cm) ̂  

1273 7.87 5.6 -4) 3.6 (6) 2.8 (-7) 

1219 8.20 2.3 -4) 8.7 (6) 1.2 (-7) 

1166 8.55 1.2 -4) 1.7 (7) 6.0 (-8) 

1103 9.09 5.0 -5) 4.0 (7) 2.5 (-8) 

1044 9.62 2.9 -5) 6.9 (7) 1.4 (-8) 

976 10.2 1.5 -5) 1.3 (8) 7.5 (-9) 

896 11.2 6.5 -6) 3.1 (8) 3.2 (-9) 

826 12.1 2.7 -6) 7.4 (8) 1.4 (-9) 

750. 13.3 1.2 -6) 1.7 (9) 6.0 (-10) 

'705 14.2 5.5 - 7 >  3.6 (9) 2.8 (-10) 

642 15.6 1.8 -7) 1.1 (10) 9.0 (-U) 

595 16.3 7.0 -8) 2.9 (10) 3.5 (-11) 

538 18.6 3.0 -8) 6.7 (10) 1.5 (-11) 



TABLE 2 (continued) 

T (°K) (°K)"1 SPECIMEN 
CURRENT (amp) 

431 23.2 2.7 (-9) 

400 25.0 9.5 (-10) 

368 27.2 3.0 (-10) 

347 28.8 1.7 (-10) 

/° 

(ohm-cm) 

(T 

(ohm-cm)"^" 

7.4 (11) 

2.1 (12) 

6.7 (12) 

1.2 (13) 

1.4 (-12) 

4.8 (-13) 

1.5 (-13) 

8.5 (-14) 



TABLE 3 

SUMMARY OF DATA OBTAINED FROM THIRD COOLING OF FIRST SPECIMEN FROM I491°K 

T iSl /°k \~1 SPECIMEN /° 
K K CURRENT (amp) (ohm-cm) (ohm-cm)"1 

1491 6.71 4.1 (-3) 4.9 (5) 2.0 (-6) 

1494 6.71 4.2 (-3) 4.8 (5) 2.1 (-6) 

1450 6.90 3.8 (-3) 5.3 (5) 1.9 (-6) 

1405 7.14 1.5 (-3) 1 . 3  (6) 7.5 (-7) 

1366 7.30 9.5 (-4) 2.1 (6) 4.3 (-7) 

103S 9.62 5.3 (-5) 3.3 (7) 2.6 (-8) 

960 10.4 1.5 (-5) 1.3 (8) 7.5 (-9) 

882 11.3 5.0 (-6) 4.0 (8) 2.5 (-9) 

812 12.3 1.6 (-6) 1.2 (9) 8.0 (-10) 

728 13.7 7.2 (-7) 2.3 (9) 3.6 (-10) 

671 14.9 3.5 (-7) 5.7 (9) 1.8 (-10) 

632 15.3 9 9 «— • — (-7) 9.1 (9) 1.1 (-10) 

438 22.8 1.0 (-8) 2.0 (11) 5.0 (-12) 



TABLE 4 

DATA OBTAINED IMMEDIATELY BEFORE AND DURING IRRADIATION 

AT 6 KW/LITER FOR 15 EXPERIMENTAL RUNS 

mTM . REACTOR POWER T,o^ loSo-^-l SPECIMEN P 
RUN kw/liter U CURRENT (amp) (ohm-cm) (ohm-cm) 

1 0 474 21.1 1.2 (-3) 1.7 (11) 6.0 (-12) 

6 512 19.5 1.5 (-7) 1.3 (10) 7.5 (-11) 

2 0 544 18.4 3.3 (-7) 6.1 (9) 1.6 1 J—
4 
o
 

V
/
 

6 665 15.0 1.0 (-6) 2.0 (9) 5.0 (-10) 

3 0 665 15.0 1.0 (-6) 2.0 (9) 5.0 (-10) 

6 682 14.7 9.6 (-7) 2.1 (9) 4.8 (-10) 

4 0 762 13.1 2.8 (-6) 7.1 (8) 1.4 (-9) 

~ 6 779 12.3 ' 4.2 (-6) 4.3 (S) 2.1 (-9) 

5 0 414 24.2 6.8 (-9) 2.9 (U) 3.4-(-12) 

6 450 22.2 1.1 (-7) 1.8 (10) 5.5 (-11) 

6 0 474 21.1 3.3 (-8) 5.3 (10) 1.9 (-11) 

6 510 19.6 1.6 (-7) 1.2 (10) 8.0 (-11) 



TABLE 

RUN 

4 (continued) 

REACTOR POWER 
kw/liter 

T(°K) ^(°K)-

7 0 342 29.2 

6 370 27.0 

8 0 642 15.6 

6 668 15.0 

9 0 870 . 11.5 

•6 880 11.4 

10 0 298 33.6 

6 322 31.1 

11 0 314 31.8 

6 342 29.2 

12 0 1086 9.21 

6 1085 9.22 

SPECIMEN /° i 
CURRENT (amp) (ohm-cm) (ohm-cm) 

3.4 ( -10) 

5.2 ( -8) 

5.3 ( -7 ) 

1.1 ( -6) 

1.3 ( -5) 

1.4 ( -5) 

1.0 ( -10) 

3.5 ( -8) 

4.2 ( -10) 

3.9 ( -8) 

4.6 ( -5) 

5.0 ( -5) 

5.9 (12) 

3.3 (10) 

3.8 (9) 

1.8 (9) 

1.5 (8) 

1.4 (8) 

2.0 (13) 

5.7 (10) 

4.8 (12) 

5.1 (10) 

4.3 (7) 

4.0 (7) 

1. 7 ( -13) 

9 • 6 ( -11) 

2. 6 ( -10) 

5. 5 ( -10) 

6. 5 ( -9) 

7. 0 ( -9) 

5. 0 ( -14) 

1. 8 ( -11) 

2. 1 ( -13) 

2. 0 ( -11) 

2. 3 ( -8) 

2. 5 ( -8) 



TABLE 4 (continued) 

, 4 
nrni REACTOR POWER T/0,,v 10 
RUN kw/liter TC ̂  ~T~C K; 

13 0 1276 7.84 

6 1267 7.89 

14 0 1496 6.68 

6 1498 6.68 

15 ;0 1618 6.18 

6 1618 6.18 

SPECIMEN /° 
CURRENT (amp) (ohm-cm) (ohm-cm) 

5.5 (-4) 

5.3 (-4) 

4.1 (-3) 

4.3 (-3) 

6.9 (-3) 

7.1 (-3) 

3.6 (6) 

3.8 (6) 

4.9 (5) 

4.7 (5) 

2.9 (5) 

2.8 (5) 

2.8 (-7) 

2.6 (-7) 

2 . 0  ( - 6 )  

2 . 2  ( - 6 )  

3.4 (-6) 

3.6 (-6) 



TABLE 5 

SUMMARY OF DATA OBTAINED FROM SECOND SPECIMEN AFTER ONE HOUR HOLD AT 1450°K 

T ( K) ("k)"1 
SPECIMEN 

CURRENT (amp) (ohm-cm) (ohm-cm) -I 

1580 

1651 

1744 

1861 

6.33 

6 . 0 6  

5.73 

5.37 

3.0 (-3) 

4.3 (-3) 

1 . 6  ( - 2 )  

1.2 ( - 2 )  

6.7 (5) 

4.7 (5) 

1.2 (5) 

1.7 (5) 

1.5 (-6) 

2 . 2  ( - 6 )  

8 . 0  ( - 6 )  

6.0 (-5) 
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TABLE 6 

TIME DEPENDENCE OF NEUTRON POWER 

AND SPECIMEN CURRENT AFTER REACTOR SCRAM 

t, TIME 
AFTER SCRAM 
(min) 

i, SPECIMEN 
CURRENT 

(amp x 10"y) •0.5 

NEUTRON 
POWER 
(watt) 

ru 

n 0.5 

0.5 

1 . 0  
1.5 
2.0 

2.5 

17 

14 

12 

11 
9.6 

1.00 
0.32 

0.70 

0.65 

0.56 

780 

380 

200 

100 
59 

1.00 
0.49 

0.26 

0.13 

0.076 

3.0 

3.5 

4.0 

4.5 

5.0 

9.0 

8.3 

7.9 

7.5 

7.2 

0.53 

0.49 

0.46 

0.44 
0.42 

35 

25 

16 

12 

8 . 0  

0.045 

0.032 

0.020 

0.015 

0.010 

5.5 

6.0 

6.5 

7.0 

7.5 

7.0 

6 . 6  

6.4 

6.2 

5.9 

0.41 

0.39 

0.38 

0.36 

0.35 

6.2 

5.0 

4.5 

4.0 

O.OO80 

0.0064 

0.0058 

0.0051 

8 . 0  
8.5 

9.0 

9.5 

10.0 

5.7 

5.5 

5.3 

5.2 

5.0 

0.34 

0.32 

0.31 

0.31 

0.29 



APPENDIX 3 

STATISTICAL ANALYSIS 

The data of Tables 1, 2, 3 and 4 were fitted to 

a curve of the form 

using the method of least squares as outlined by Stanton 

(I960) to estimate the true equation of the line 

n ij = /n a + y . 

Given a pair of values (x^, y^), (x2» * * * x̂n» 

the true value of y^, is a + bx^, of y2, a + bx2, and of 

y , a + bx . The sum of the squared differences between • 
n n 
the n observed values and the true values is 

n 

S(a,b) = Y. (yi - a - bx. )2 
i=l 1 • 

where S(a,b) is a function of a and b. The minimum of 

S(a,b) will occur when 

d_s _ is _ n 
d a " } b  '  

The required estimates of a and b will be the solution of 

82 



the two linear equations found by 

83 

c) s _ 0 s 

c )  a  3 b '  

n n 

- 2 (y< - a - bx. ) = 2xa (y< - a - bx< ) , 
i=l 1 1 1 i=l 

where x^ and y^ are not variables but are observed values, 

The results are simplified to yield 

^ y^ = na + b 'y xt 
i=l i=l 

and 
n n tL 2 

Z = a L xi + b L xi • 
i=l i=l i=l 

These equations were solved simultaneously with / fn  a 

replacing a, <T replacing y and 1/T replacing x to yield 

the estimates which are given by expressions (6-1), (6-2), 

and (6-3). 
t) b 

The standard deviation of -?— was found from the 
d T 

formula of Davis (1956), with substitutions as above, 

ZjCyj)2 - (Zjyj)2 - ZiVi - Iixiliyi 
ft L N 

^b = 

Zi<xi>2 - (L^)2 

N 

(N-2) - dixi>' 



APPENDIX C 

BETA SHIELDING BY MOLYBDENUM OUTER ELECTRODE 

AND SURROUNDING HEATING ELEMENT 

Presuming the average maximum energy of the beta 

particles from fission products is approximately 1.2 Mev 

and the absolute maximum probably does not ̂ exceed 3 Mev 

(Gladstone, 1955), the maximum range of the most 

energetic beta particle can be calculated from the 

formula given by Glasstone 

R is the maximum range of the beta particle 

in the material, 

is the density of the material and 

E is the maximum energy of the beta particle 

in Mev. 

hence the maximum ran^e of the 3 mev beta particle is 

calculated to be 

R x 10.2 = (0.5k )(3) - 0.15 , 
R = 0.145 cm. 

84 

where 

The density of molybdenum is 10.2 e/cm (Lyman, 1948) 
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Since the thickness of the molybdenum tube surrounding 

the specimen is 0.06 inch or 0.157 cm, the beta 

particles will be stopped. This ignores attentuation 

in the surrounding electrical refractory cement, radiant 

heat shield and specimen tube.. The refractory cement, 

3 assuming a 4 g/cm density comparable to alumina, can 

attenuate the beta pa«rticles severely itself since its . 

thickness is 0.16 inches and the maximum range is .0.15 
2(3 

inches. The 2.87 Mev beta from A1 formed by thermal 

27 neutron bombardment of the A1 of the specimen tube is 

also effectively shielded. 



APPENDIX D 

POWER REQUIREMENTS NECESSARY TO HEAT THE SPECIMEN TO 

A GIVEN TEMPERATURE USING VARIOUS SHIELD DESIGNS 

86 
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