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SOLID STATE DIVISION SEMIANNUAL PROGRESS REPORT

SUMMARY

SOLID STATE REACTIONS

Radiation Effects in Gallium Antimonide. -
Fast-neutron irradiation produces interstitial s and
vacancies in the semiconducting, intermetallic

compound GaSb, and vacuum heat treatments

preferentially anneal the interstitials, leaving an
excess acceptor concentration. The net effective

electron concentration of n-type material is thereby

reduced, and reirradiation results in conversion

to p-type material. Continued reirradiation and
vacuum annealing, however, do not decrease the

net effective electron concentration below approxi-

mately 5 x 1017 cm- 3 . Low-temperature irradi-

ation increases the effectiveness of carrier trapping,

and studies during subsequent warming and cooling

indicate the presence of electron traps of low

thermal stability. Differential annealing can ex-

plain the experimental changes in carrier concen-

tration, but the saturation of acceptor-concentra-

tion increase in irradiated and annealed n-type

material is not understood and may be associated
with grain-boundary complexities in polycrystal-
line materials.

Effect of Reactor Radiation on Electrical Insu-
lation. - The effects of reactor irradiation on the

electrical properties of insulating-type materials
are those of accelerated aging plus the generation
of semiconductor-like properties in the insulator.

Of the materials studied, the insulation resistance

of polyethylene and Silastic 80 showed greater
stability and less sign of breakdown than other
material s. The measurements were with direct

current and at low voltage. No high-voltage or
a-c studies were made.

Slow-Neutron Irradiation of Indium Antimonide. -
The recoil energy of the energetic gamma ray

emitted by an indium or antimony atom upon slow-

neutron capture might be sufficient to make the

activated atom interstitial, but vacuum heat treat-

ment should return the interstitial atom to a normal

lattice position. Carrier-concentration changes

after irradiation indicate that one chemical donor
impurity atom is formed for each slow neutron

captured; and the activated atom, if displaced,
either returns to a normal lattice position or

contributes to the carrier concentration in an

analogous manner. Low-temperature irradiation

and conductivity annealing studies may be neces-
sary to determine any displacement of activated

atoms.

Magnetic Susceptibility of Indium Antimonide. -
The magnetic susceptibility of both n- and p-type
InSb has been measured from 65 to 650K. The

carrier contribution has been obtained by sub-

tracting the lattice component in both the intrinsic

and extrinsic ranges. These data indicate that

the energy gap at 00K is 0.262 ev and that the

electron effective mass is 0.028m . The hole

contribution to the susceptibility in the extrinsic

range for the p-type specimen was too small to

permit a determination of the effective mass of

holes.

Magnetic Susceptibility of Germanium. - A num-
ber of points of interest have been revealed re-

garding the magnetic behavior of germanium. The

first and most unexpected of these is the tempera-

ture dependence of the susceptibility of high-
purity specimens. That this is a common property
of semiconductors of the diamond-lattice type is

suggested by the similar behavior of silicon and
an indication of the same in InSb. It should be
pointed out, however, that diamond itself has a
temperature- independent susceptibility. In view

of its existence in the lower-melting members of

the group (both elements and compounds), a re-

evaluation of the results obtained on alpha tin
would be worthwhile in the light of such a
behavior.

The magnetic behavior of n-type germanium is

consistent with expectation based on results of
cyclotron resonance. The appropriate averages
of electron-mass ratios are in reasonable agree-
ment with those obtained by the Berkeley and

Lincoln Laboratory groups for the smaller values

of n. At the large n values the effective masses

increase markedly, which is probably due to a

degenerate donor band that overlaps the bottom

of the conduction band. Fitting the data to theory

in the range of transition from classical to Fermi-

Dirac statistics suggests that the energy surfaces
of the conduction band are represented by four

UNCLASSIFIED D I
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rather than eight ellipsoids of revolution in k

space.

In p-type germanium, agreement with cyclotron-

resonance experiments is not as convincing.

Generally, the values of h are smaller by at least
30% than the value predicted. The results of a

detailed analysis of the Hall-coefficient field

dependence in p-type germanium yields results

which also fail to yield quantitative agreement.

It is possible that the complex band shapes yield
different effective-mass ratios at temperatures

appreciably above the temperature of liquid helium

at which the cyclotron-resonance measurements

were made. A temperature-dependent effective

mass is to be expected because of the lowering

of band 3 by spin-orbit coupling. However, if the

energy lowering is approximately 0.3 ev, as is
indicated by optical-absorption data, such a tem-
perature dependence would be negligibly small.

A more careful study of the hole susceptibility,

particularly at lower temperature, is necessary
to clear up this matter.

Studies of fast-neutron-bombarded germanium re-

flect only the decrease of electron concentration

and reveal no spin paramagnetism which would
be expected if the electrons were trapped unpaired

in localized states. This behavior is interpreted

as an indication of localized fluctuations in the

density of fast-neutron-introduced lattice defects.

Magnetic Indications of Electronic Structure of
the Conduction Band in Germanium. - Magnetic-

susceptibility measurements indicate that in the

conduction band of germanium there are four

minima which are located at the edge of the

Brillouin zone in the [111] direction.

Magnetic Susceptibility of MTR-irradiated
Quartz. - The number of bombardment-introduced

paramagnetic centers in four MTR-irradiated natural-

quartz specimens has been determined by magnetic-

susceptibility techniques, but doubts as to the

extent of thermal annealing prohibits comparison

with previously obtained data.

Magnetic Susceptibility of TiD2 . - The relative
paramagnetic susceptibility of a sample of TiD, 9 8

has been measured as a function of temperature

at three fields. A peak is found at approximately

310 K; the susceptibility appeared to be inde-

pendent of the magnetic field above and below

this point.

Optical Spectra of Irradiated Silica. - Optical-
absorption measurements have been made on

Vitreosil and Corning high-purity 7940 silica that
were exposed to fast neutrons, high-energy elec-

trons (0.2 to 2 Mev), 250-kv x rays, and gamma
rays from a Co6 0 source. Since the Corning silica

did not give rise to visible and near-ultraviolet
coloration, it was used in some quantitative ex-
periments. Although with other radiation sources

the color centers form according to a first-order

process, coloration by fast neutrons appears to

be a complicated process. There is some differ-
ence in the maximum coloration, with fast-neutron
exposure producing about ten times as dense a

color-center concentration as the others. All

sources produced the same absorption bands at

2120 A, the most predominant, and at 2570 A.

Preliminary thermal-annealing experiments in-
dicate that even the fast-neutron-induced optical
absorption is removed before any appreciable
annealing of structural changes has occurred.

This behavior is similar to that of the alkali-
halide color centers with trapped electrons in

lattice vacancies.

The Vitreosil silica samples acted similarly to
the Corning silica, except that the changes were

not as noticeable because of absorption in the

visible and near-ultraviolet regions. These color
centers must be due to the presence of impurities

in theVitreosil. A spectrographic analysis showed

the presence of Fe (0. 1 to 1%), Mn (0.001 to 0.01%),
and Cu (0.0001 to 0.001%) and the apparent ab-
sence of Al ( 0.003%), B ( 0.02%), Cr ( 0.0004%),
Na ( 0.03%), and Ni ( 0.0005%). In Corning
silica, Fe ( 0.002%), Mn ( 0.003%), and Cu
( 0.0004%) were apparently absent within the

limits of detection.

The visible bands in Vitreosil silica are bleached
on continued irradiation. These bands could be

optically bleached to a very small extent with a
tungsten light and could be completely bleached

with a mercury ultraviolet lamp.

ENGINEERING PROPERTIES

Radiation Stability of Ceramics. - A study is
being made of the physical properties of a variety

of ceramic materials which have been exposed

to reactor radiation. The thermal conductivity has

been measured, and measurements are being made

of the elastic constants. Only pyrex was severely

weakened. For some materials the dimensional

2
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change was greater than the increase in lattice
parameter as measured by x-ray diffraction. The

change in thermal conductivity is greater for many
of these specimens than that which was reported
for a previous irradiation conducted at a higher
temperature.

RADIATION METALLURGY

HRP Radiation Metallurgy. - Pre- and post-
irradiation tests of a series of austenitic stainless

steels showed an increase in Rockwell B hardness
of about 20 points, a two- to threefold increase
in yield stress, an increase of 5 to 20% in tensile

strength, slight decreases in ductility, modified
yielding behavior, and that a strong dependence

of yield stress on strain rate was induced by
irradiation.

Pre- and postirradiation tests of normalized
ASTM A212 grade B and of coarse- and fine-grain
ASTM A106 steels after exposures up to 1020
fast neutrons/cm2 showed twofold increases in
yield stress, increases up to 30% in ultimate
tensile stress, marked decreases in ductility,
loss of a definite yield point, increases up to
100 F in the transition temperature, and lowering
of the ductile-fracture energy in the subsize Izod
impact test.

NUCLEAR MEASUREMENTS

A Flux-Depression Experiment in the MTR. - A
flux-depression experiment conducted in the MTR
with various materials showed that depression

is about the same for both a i/v absorber (boron)
and a resonance-type absorber (cadmium). Effec-

tive fluxes, as measured in different neutron-

absorbing materials, showed good agreement with
previous results by other experimenters and with
a semiempirical method developed by W. B. Lewis
at the MTR.

Correlation of MTR Neutron-Flux Spectra with
Radiation Damage. - Miniature fission chambers
which use Np 2 3 7 , U 2 38 , and other materials
have been successfully operated in fast-neutron

flux fields that are greater than 3 x 1011 neu-
trons -cm- 2 " sec~1 in the MTR. Threshold detec-
tors were used to measure crude neutron spectra in

hole HB-3 and revealed a maximum fast-neutron flux

not greater than 3.1 x 1013 neutrons.- cm- 2" sec- 1 .

Fast-Flux Measurement in the BNL Graphite
Reactor. - A cooperative project with Brookhaven

National Laboratory and the California Research

Corporation to obtain the neutron-flux character-
istics of the region nearest the center of the BNL
Graphite Reactor in hole E-25 was completed.
The average high-energy flux was 3.5 x 1012
neutrons/cm2, and the average thermal flux was
2.8 x 10 12 neutron s/cm. 2 .

Analysis of Reactor-Grade Beryllium Samples. -
A reactor-grade sample of beryllium was analyzed
by means of a gamma-ray scintillation spectrometer
and was found to contain 14.7 ppm of Sc46 .

SPECIAL PROJECTS

Resistivity Changes in Alpha Brass as a Func-
tion of Neutron Irradiation. - In-pile resistance
measurements of an annealed polycrystalline
alpha-brass wire (12.9 at. % zinc) revealed that
there was a rapid decrease of 0.035 pohm-cm for
a thermal flux of 2 x 1018 neutrons/cm2 . There
is a resistance minimum at this value and then
an apparent gradual increase in resistance from
this minimum, as irradiation proceeds.

Neutron-induced Resistivity Changes in a Brass
Single Crystal. - Neutron-induced resistivity de-
creases in a brass single crystal are in excellent
agreement with previous work on polycrystalline
brass. Furthermore, pre- and postirradiation meas-
urements at liquid-helium, liquid-nitrogen, and
room temperatures indicate that the changes oc-

curring are in residual resistivity.
Effect of Neutron Radiation on the Precipitation-

Hardening Reaction. - Neutron irradiation of a
specimen of the alloy Ni-Be at a temperature of
300 C resulted in the precipitation of 1.3 at. %
more beryllium than in a similar specimen un-
irradiated but held at 300C for the same period
of time. This is in good agreement with previous
work, although refinements have now been made

in technique and material. A study was also made
of the progress of the precipitation process as
a function of the heat-treating time at 450C.

Electron-Spin Resonances in Irradiated Corning
Silica Glass. - The variation in the intensity of
the r-agnetic component of the r-f field has been

determined along three axes of the resonant cavity.

A geometric correction factor to be applied to
specimens of different shapes has been calculated
from this measurement. The correction factor
for the silica-glass specimens has been found to

be 1.47. With this multiplicative factor, the num-
ber of electron-spin centers in the silica-glass
specimens can be compared with the number in

3
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a given weight of diphenylpicrylhydrazyl. In these
measurements the weight of the hydrazyl was

100 10 pg, giving 1.6 x 1017 unpaired electrons.

The shape of the resonance curve for irradiated

Corning silica glass indicates that two over-

lapping lines may be present. An approximate

resolution of the two lines was made on two speci-

mens with approximate irradiation doses of 1018

and 1.2 x 1019 fast neutrons/cm 2 . The ratio of

the areas of the resolved lines is 0.60 in both

specimens.

The concentration of centers for the two samples

analyzed by the resonance method was less by

a factor of 3.1 than that for comparable samples

analyzed by the magnetic-susceptibility method.

A comparison of the concentration of centers by

the two methods and the optical-absorption co-

efficient for irradiation doses ranging from

1.3 x 1017 to 4 x 1019 fast neutrons/cm2 indicate
that the relative rates of production of optical

absorbing centers and unpaired electrons are

approximately the same.

The shape of the resonance in Corning silica

glass and in Vitreosil is the same with the same

irradiation dose. The Lande' g factor has the

value of 2.0000 0.0010 for both materials.

Annealing Process in Neutron-irradiated LiF. -
The annealing kinetics of neutron-irradiated LiF
were derived from the data for uniformly irradiated

crystals. The annealing process is second order,

with an activation energy E = 1.5 0.2 ev and

a jump frequency v ~ 6 x 1011 e-E/kT.

Quenching-In of Lattice Defects in Au-Cd. -
The investigation of the effect of quench on Au-Cd

alloys is being continued. The added resistivity

due to the quenching was measured as a function

of the quenching temperature, and it was found

that the energy of formation of the auenched-in
defect is about 0.38 ev. The kinetics of the re-

laxation process whereby the quenched-in re-

sistivity isothermally anneals out was studied.

This process was found to have an activation

energy of about 0.6 ev. The results are being

interpreted in terms of the quenching-in of an

excess concentration of lattice vacancies.

Changes in Density of Au-Cd upon Quench. -
The change in density of Au-Cd upon quench has

been measured as a function of quench tempera-

ture, and the quenched-in change has been allowed

to anneal out at several temperatures. It was

found that the density decreases about 0.3% upon
quench from 450 C, and the change in density

follows an Arrhenius dependence on quench tem-

perature corresponding to an energy of formation

of 0.28 ev. The kinetics of the relaxation of

quenched-in change upon isothermal anneal is
similar to the results of measurements of quenched-
in resistivity. A calculation of the vacancy con-

centration corresponding to the change in density

upon quench from 450 C yields the value 0.8 at. %.

X-Ray Examination of Irradiated Ceramic Speci-
mens. - X-ray diffractometer patterns of irradiated

zircon disks show a change with increasing inte-
grated flux. The patterns are easily compared,

since the background produced by the samples

themselves is eliminated by using the shielded
x-ray diffractometer.

X-Ray Study of Several Irradiated Glasses. -
Devitrification is observed in a lead glass sub-

jected to irradiations of 1 x 1020 and 2 x 1020
neutrons/cm 2 . Thermal treatment of the same

glass at 300, 500, and 600 C for varying lengths
of time can also produce devitrification, but the

compounds formed are not identical with those

produced by radiation alone.

Although silica and pyrex glasses do not de-
vitrify upon irradiation, changes do occur in their

x-ray patterns with increasing radiation, which

indicates a lessening of the short-range order

present. The process is more rapid for silica

glass than for pyrex.
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SOLID STATE REACTIONS

RADIATION EFFECTS IN GALLIUM ANTIMONIDE

J. W. Cleland J. H. Crawford, Jr.

The effect of fast-neutron irradiation on the

electrical properties of the semiconducting inter-
metallic compound GaSb has been previously re-
ported. 1  It was shown that interstitials and va-
cancies are produced and that extended high-
temperature vacuum annealing increased the net
effective donor concentration of irradiated p-type

specimens and decreased the net effective donor
concentration of irradiated n-type specimens,
presumably as a result of differential annealing of
radiation-produced defects. Irradiation and vacuum
annealing, therefore, produce n-type samples with
a lower final carrier concentration.

The conductivity of a reirradiated n-type poly-
crystalline sample of GaSb is shown in Fig. 1.
The curve indicates that the conductivity passes
through a minimum at an exposure of approximately

1J. W. Cleland and J. H. Crawford, Jr., Solid State
Semiann. Prog. Rep. Feb. 28, 1955, ORNL-1852, p 20.
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Fig. 1. Gallium Antimonide Conductivity vs
nvt,.

10 x 1017 fast neutrons/cm2 . Hall-coefficient
measurements, after a total exposure of 16 x 1017
fast neutrons/cm2 , reveal that conversion to p-type
material has occurred. The slope of the log p vs
1/T curve, measured after conversion, indicates
a large ionization energy (>0.2 ev) for bombardment-
produced acceptors in the room-temperature range
but is much decreased at lower temperatures; this

indicates a wide range of acceptor energies.

Continued reirradiation and heat treatment, how-
ever, do not reduce the net effective concentration

of electrons in n-type GaSb below about 5 x 1017
cm-3, at least in the polycrystalline samples used
here. The original irradiation of the sample in
Fig. 1 was about 4 x 1017 fast neutrons/cm2 , and
the decrease in net effective electron concentra-

tion after heat treatment was about 6.2 x 1017 cm-3 .
The second irradiation of 16x 10177 fast neutrons/cm2

and subsequent heat treatment, however, further
reduced the net effective electron concentration

by only 1.5 x 1017 cm-3.

Low-temperature (--125C) irradiation of poly-
crystalline samples of n- and p-type GaSb results
in an increased rate of current-carrier removal,
which is presumably due to more efficient carrier
trapping at these temperatures. The behavior of
the resistivity as a function of temperature for
both types of specimens was obtained by warming
and then cooling the specimens in the reactor,
subsequent to low-temperature exposure, and is
shown in Fig. 2. Thermal cycling increases the
resistivity at approximately -125*C by a factor of
3 for the p-type sample and decreases the resis-
tivity by about the same factor for the n-type sam-
ple. Furthermore, the resistivity of the p-type
sample shows an interesting, almost discontinuous
change in the temperature range -60 to -40 C
during the initial warmup; this change is absent in
the cooling curve. The results indicate that a

large group of electron traps, which decrease the
electron concentration in n-type material and
enhance the hole concentration in p-type material
by minority-carrier trapping, is introduced by the

low-temperature irradiation. However, the results
indicate that, on warming, the defects which are
responsible for these traps are annealed at well
below room temperature. Similar indications of
defects of low thermal stability have been obtained
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Fig. 2. Worming and Cooling Resistivity Curves
of GaSb Samples After Exposure to 3.5 x 1017 fast
neutrons/cm 2 at -125*F.

on n- and p-type germanium after low-temperature
exposure. 2 ,3

It is not yet possible, on the basis of the ex-
perimental results presented here or previously,1

to formulate a satisfactory model of the defect

energy levels produced in GaSb by fast-neutron
irradiations. The complex annealing behavior of
irradiated specimens is not understood. If the
presence of interstitial atoms is responsible for
hole trapping, differential annealing with respect
to vacancies would increase the net acceptor con-
centration in p-type material and decrease the net
donor concentration in n-type material, as is ob-
served. Clustering of interstitials and migration to
dislocations or grain boundaries are possible

2J. W. Cleland, J. H. Crawford, Jr., and J. C. Pigg,
Phys. Rev. 98, 1742 (1955).

3 J. W. Cleland, J. H. Crawford, Jr., and J. C. Pigg,
Phys. Rev. 99, 1170 (1955).

processes; and such effects have been observed
in bombarded2, 3 and quenched4 germanium. The

reason for the saturation of the acceptor concentra-

tion obtained on annealing reirradiation n-type

specimens, however, is not understood and may
very well be associated with grain-boundary effects

in the polycrystalline specimens here employed.

EFFECT OF REACTOR RADIATION ON

ELECTRICAL INSULATION

J. C. Pigg C. C. Robinson5E

E

F-

N

Insulation in its broadest sense implies a method

of isolation of a system. In. electrical systems,
insulation may also serve as part of a component,
as in the case of a dielectric. However, for the
present purpose, insulation will be considered to
be a means of isolating an electrical system.

"Adequate insulation" may be defined as that
degree of isolation which holds spurious circuits
below the maximum value permitted by engineering
tolerances. The requirements for adequate in-

sulation vary radically as the nature of the circuit

and its environment are changed. For example, a

shorted stub may be an open circuit at some other
frequency or with direct current. Thus, a poly-
styrene rod which is an insulator for dc may be
used as an antenna element at microwave frequency.

The voltage, frequency, application, and environ-
ment of the circuit determine the nature of the
insulation requirements.

The presence of a radiation field introduces a
new and drastic element in the environmental con-
ditions and alters the performance of insulation
both in quality and nature. Of these two per-
formance characteristics, perhaps the change in
quality should be considered first, since it is a
natural extrapolation of normal experience with
such materials.

A certain amount of ionic conduction occurs in
all insulating materials. 6 In many materials such
as mica, asbestos, glass, and porcelain, although
the skeleton of the structure has homopolar bonds,
the metals are present in ionic form. These me-
tallic ions in a d-c field migrate toward the elec-
trodes and produce a slow disintegration of the
material. In ionic materials, crystal imperfections

4S. Mayburg, Phys. Rev. 95, 38 (1954).
5 C. C. Robinson, Wright Air Development Center.

6W. Jackson, ed., The Insulation of Electrical Equip-
ment, Chapman & Hall, London, 1954.
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give rise to vacant lattice sites which migrate
through the crystal and produce a current. In
organic solids, neutral molecules can dissociate
to form ions which, thereby, result in ionic con-
duction. These ions do not necessarily recombine
to reform the original molecule but may form new
molecules or take up water or oxygen from the air.
A slow change in the composition of the material
results.

The principal causes of insulation failure are
surface breakdown, external discharge, internal
discharge, moisture, heat, and aging. Surface
breakdown is brought on by contamination of the
surface or by deterioration due to arcing at high
voltages. The presence of the insulation may re-
duce the flashover voltage below that for an air
path. External discharges refer to those which
impinge on the insulation and are sustained by
currents flowing through the insulation. Internal
discharges are those which occur in voids inside
the insulation.

The deterioration in each of the first three cases
is caused by the chemical attack by the oxides of
nitrogen and by ozone. These effects are more
pronounced in organic insulations. Polymerized
hydrocarbons are more resistant than most other
organic insulations. The replacement of oxygen
by nitrogen, hydrogen by halogens, and carbon by
silicon results in an additional increase in re-
sistance to this type of breakdown.

The presence of moisture can increase the leak-
age current by conduction on moist surfaces;
moisture can penetrate the structure of the insula-
tion, and the large electric dipole moment of the
water molecule can change the dielectric properties
of the insulation; and it can, to some extent, dis-
solve parts of the insulation and thus break it up
into ions. The change in dielectric constant can
change the power factor and thereby change the
internal heating of the material.

Substances which have high electrical resistivity
have, in general, a high resistance to heat flow.
Heat generated within the insulation, due to d-c
leakage currents or to a-c power-factor losses, will
raise the temperature of the material until the loss
of heat by conduction equals the rate of introduc-
tion. The electrical conductivity of an insulator
increases with increase in temperature, and this
further increases the rate of generation of heat.
The increased rate of deterioration, as a result of
the process mentioned above, also increases with

temperature. Increase in temperature can cause
the material to become mechanically unstable.

Aging is a convenient general term that is applied
to any slow deterioration (the mechanism of which
has not been satisfactorily explained) or to an ag-
gregate of effects. Organic compounds can be
expected to undergo chemical changes which will
alter their electrical behavior. Surface contamina-
tion, absorption of water and other contaminants
from the atmosphere, and mechanical attacks on
the material are cumulative and, in time, reduce
the effectiveness of system isolation.

The change in the mechanical and electrical
properties of insulating-type materials has been
studied extensively at ORNL by Bopp and Sisman 7'8

and by others elsewhere. Much of this information
is the result of measurements before and after
irradiation. Slabs of material are usually used.
The data reported here are considered as having
been obtained under essentially dynamic conditions
because the measurements are made during ex-
posure. Specimen geometry is not idealized.

The presence of radiation may accelerate the
deterioration mechanisms and may introduce new
considerations. Since ionization is produced by
high-energy radiation in the material and surround-
ings, flashover and breakdown voltages are re-
duced, and leakage currents are increased. 9 The
material is internally heated by absorbing energy
from the radiation field. Chemical bonds are
broken by ionization due to Compton scattering by

gamma rays and are broken mechanically. by neutron
collision and recoil-particle ionization. Ozone
and other active ions are formed and may attack
the material. Compounds of nitrogen are formed
from both atmospheric nitrogen and nitrogen in the
material. The material may become more hygro-
scopic,1 0 which increases all the difficulties due
to absorbed moisture. New impurities are produced
by transmutation in the bulk of the material. With

regard to the structure of the insulator, the net
effect so for discussed is that of accelerated aging.

Inorganic materials such as glass, porcelain,
mica, and asbestos are ionized by gamma radiation

70. Sisman and C. D. Bopp, Physical Properties of
Irradiated Plastics, ORNL-928 (June 29, 1951).

8C. D. Bopp and 0. Sisman, Radiation Stability of

Plastics and Elastomers (Supplement to ORNL-928),
ORNL-1373 (Feb. 1, 1954).

9A. Rose, Phys. Rev. 97, 322 (1955).
10WADC No. WCRTY55-1 (Jan. 5, 1955).

7



SOLID STATE PROGRESS REPORT

and are heated by energy absorbed from the radia-

tion field. Both effects lead to increased con-

ductivity. In addition, disruption of the crystal

structure and the introduction of impurities by fast

and slow neutrons, respectively, result in perma-

nently lowered resistance.

Ionic materials experience the same effects with

an added consequence, namely, that a permanent
change is introduced by the increased density of
lattice defects. 11

Organic materials, although subject to the some
deterioration mechanisms operating in the inor-
ganic and ionic materials, are changed, primarily,
because of the ionization resulting from gamma
rays and high-energy neutrons in the reactor. The
effect of high-energy radiation on a polymer mole-
cule is to break bonds. Recombination may occur
at the site of the broken bond (with no net change),

or the ions may diffuse away before they can re-
combine. When the site of the broken bond is in
a side chain of a long-chain polymer, two such
molecules may join to form one large molecule
and thence form a network-type structure. This

mechanism is called "cross-linking." When the
broken bond occurs in the main chain, the molecule
is split, and the mechanism is called "chain
cleavage." 12 Both cross-linking and chain cleav-
age are often accompanied by the evolution of gas.
Slow neutrons may be captured and thereby produce
secondary radiation and small amounts of impuri-
ties. Fast neutrons are slowed down principally
by collision with hydrogen nuclei, and recoil
protons are produced which, being charged parti-
cles, cause excitation and ionization along the
path of the recoil ion. Usually the effects of
thermal-neutron irradiation on polymers are small,
compared with the effects of gamma-ray and fast-

neutron irradiation. However, the effect of thermal-
neutron irradiation may become appreciable when
atoms with high cross sections are present in the

polymer. In a previous paragraph a method was
suggested for improving the resistivity of a mole-
cule to decay under normal conditions: namely,
by changing the chemical element; but in some

cases these changes reduce the resistance to

deterioration by radiation. Halogens, for example,
produce acids which attack the material, and,
moreover, they increase bulk and surface con-

11R. L. Sproull and R. S. Casewell, ORNL-1359, p 40
(Secret).

12V. P. Calkins, Nucleonics 12, No. 9, 9 (1954).

ductivity. The presence of chlorine, on account of

its large capture cross section, renders any polymer
containing it particularly vulnerable to damage by
slow neutrons.

In-pile tests were conducted on the change of
properties of various commercially available in-

sulations in order to evaluate the reliability of
their performance in a radiation field. 1 3  The
tests were conducted by installing the wires in
the ORNL Graphite Reactor just as they would be
when used as sample leads. Thus, the changes
noted were primarily in the inner 4 ft of a 22-ft
length of wire, which is in the region of highest
radiation intensity. Shielded wire was used. The
shield and central conductor were of the some
material. A sign convention was adopted in which
the central conductor was taken as the positive
terminal and the shield as the negative terminal.
In multiple, concentric configurations, for any
given measurement, the outermost conductor was
taken as negative. Resistance was measured with
a General Radio type 729-A megohmeter, which
applied 221/2 v to the sample. A polarization time
of 5 min was allowed for each reading. The meas-
urements were made when the reactor was operating
(dynamic) and when the reactor was not operating
(static).

The difference between static and dynamic
measurements can be seen from Fig. 3. The static
readings are an order of magnitude greater than the
dynamic readings. As the exposure increases,
the two curves approach each other and join at
about that time which corresponds to complete
insulation breakdown. This point can be defined

13J. C. Pigg and C. C. Robinson, ORNL-1762, p 76
(Secret).
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as the "breakdown point." Thus, not only the
accumulative effect but the immediate effect of
radiation intensity must also be considered when
irradiated insulation is evaluated. The flux in
hole C is about two times that in hole 50. It can
be seen, then, that the ratio of the dynamic re-
sistances is about 2, as would be expected. How-
ever, since the abscissa is integrated flux, the
reactor-down curves would be expected to be about
the same. 1 4 This is obviously not the case. The
flux or rate of introduction of damage as well as the
total exposure must be considered in evaluating
the insulation damage.

Due to other necessary functions in the operation
of the reactor, it was impossible to make the reactor-
down measurements after precisely the some decay
time; hence, there is some scatter in those points,
but the general trend is unmistakable.

The resistance which the insulation provides
depends to some extent on the bias applied to the
wire, and this is illustrated in Fig. 4. This non-
linear effect tends to decrease with increase in
total exposure until the insulation is essentially
ohmic prior to final breakdown. Sometimes the
curves cross prior to breakdown.

The similarity of the voltage-current character-
istics to those of a crystal rectifier can be seen
in Figs. 5 and 6. The voltage-current curves in
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Fig. 5 show the forward-back effect observed in
Fig. 4, but both curves in Fig. 5 are similar to
the reverse characteristic of a crystal rectifier.
The high-voltage section of the voltage-current

characteristic can be seen in Fig. 6. The break-

down voltage at 1400 v does not permanently impair
the insulation but rather is indicative of a re-

versible effect. The curve has a slope of 7.5
megohms, and the initial low-voltage behavior is
recovered when the applied voltage is reduced.

A voltage is observed on most insulated wires
that are exposed to a gamma flux. A plot of ob-
served voltage output vs gamma flux is shown for
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a polyvinyl chloride sample in Fig. 7. This sam-
ple was located in the reactor, and, thus, even at
zero reactor power it still was exposed to a con-
siderable gamma field. This is seen in the figure
as a finite voltage at zero flux. The photovoltage
is related to both the accumulated bombardment
and the ratio of forward-to-reverse resistance, as
shown in Figs. 8 and 9 for a silicone sample.

The nonohmic behavior of wire insulation will be
compared with that of a crystalline solid. The elec-
trons in an atom must occupy certain discrete
energy states. When atoms are brought together to
form a solid, these energy states form bands of
energy levels, some of which are filled with elec-
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trons, some of which are empty, and some of which
may be partially filled. If the highest energy band
containing electrons is partially filled, or if the
highest filled energy band overlaps the next band,
which is empty, the electrons in such a band may
be accelerated by an electric field; and the ma-
terial is a conductor. If the highest energy band
containing electrons is filled, and if the next
band is separated from it, the electrons cannot be
accelerated; and the material will not conduct
electricity. If the gap between the energy bands
is small enough, electrons may be thermally ex-
cited from the filled band to the empty band; and
conduction can occur. Such materials are called
semiconductors.

Excitation of electrons across the energy gap by
photons or the introduction of energy levels into
the gap can produce semiconductor-like behavior
in an insulator.

When a semiconductor and a conductor are placed
in contact, a potential barrier is produced between
them (contact potential difference). Such a barrier
produces rectification and photovoltages. An
equivalent circuit for such a situation is shown in
Fig. 10. The barrier is shown as a diode which
has a series resistance of RS. The diode and its
series resistance are in parallel with the insulation
resistance of the rest of the wire and with any
meter which may be applied for measurement. There
are two barriers, one at the central conductor and
one at the shield. As can be seen in Fig. 10,
these two barriers are in opposite directions. The
voltage-current characteristics would then be ex-
pected to be similar to the characteristic of the
reverse direction of a crystal rectifier, as is seen
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n = density of charge carriers in the material
at a distance from the barrier,

A = barrier thickness,

Vb = barrier height,

v = voltage across the barrier,

k = Boltzmann constant,

T = absolute temperature.

The currents across the two barriers must be
equal; therefore,

(2) 1 = 12'

and

alj 1 = a 2 j 2

where a is the area per unit length along the wire.
Let r be the respective radius, then

2rrrj = 2rrr2 j 2

and

Fig. 10. Equivalent Circuit and Bond Picture
of Lead-Wire Insulation.

in Fig. 5. Since the contact areas
the two barriers, the shield-insulator
a larger current in the reverse direc
the conductor-insulator barrier, as i
Fig. 5. When the applied voltage
ciently larger than the barrier height,

to the flow of current approaches I
can be seen in Fig. 6. In this high-'
both directions of bias yield the sar
equilibrium the total currents across
must equal zero.

If the phenomenon is considered to

process, the current density across
be written: 1 5

(1)1 = q (Vb + v)e - (Vb/kT(1

where

j = current density,

q = charge of the electron,

= mobility of charge carrier,

1 5 H. K. Henisch, Metal Rectifiers, C
Oxford, 1949.

are different at
barrier admits

tion than does
s also seen in
becomes suffi-
the resistance

R; this effect

Combining Eqs. 1 and 3 yields Eq. 4:

-qgv/kT
(4) (Vb + vi) (1 - e )

r2  -qv 2/kT
-(vg +v2) (1 - e ) .

voltage region, Since r2 > r1, the equation can hold only for

ne current. At V 2 < v 1 . The total voltage seen across the system
the boundaries will be v = vi - v 2 "

The bias direction of the high and low resist-

be a diffusion ances and the sign of the output voltage are de-

the barrier can termined by the sign of the charge carrier in the
insulator. If conduction is made possible by
electrons photoelectrically excited from the filled

-qv/kT to the empty band, the material will be n type. If
- e ) , conduction is due to the presence of ionized atoms

which can act as acceptors, the conduction will

be due to holes; and the material will be p type.
The change in voltage output for a Teflon sample
as a function of exposure is shown in Fig. 11.

The negative voltage indicates that the sample
is originally n type, conduction being due to photo-

electrons. As the exposure continues, an acceptor

larendon Press, concentration builds up until the output voltage is
positive, which indicates that the sample is p type.

11
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The ratio of the resistances for the two directions
of bias is shown in Fig. 12; R1 is taken with the
conductor biased positive.

It has been pointed out by Sproull that the ob-
served voltage might be explained on the basis of
a temperature differential between the two barriers.
The shield barrier is in thermal contact with the
reactor and, therefore, is at reactor ambient tem-
perature. The central conductor, however, is in-
sulated from the reactor, but, until equilibrium is
established, the temperature of the conductor will
increase because of energy absorbed from the
radiation field. Since the current densities across
the boundaries are exponentially dependent on
temperature, v 1 and v2 are functions of the tem-
perature at the respective barriers.

The breakdown radiation dosage for several
insulators is shown in Table 1. The change in
insulation resistance in the presence of a radia-
tion field is greater than that which results from
chemical deterioration, since the ionization pro-
vides mobile charges which are available for con-
duction. These charge carriers give properties to
the insulation that are similar to those of a semi-
conductor and result in the nonohmic resistance
effect as well as photovoltage effects which change
in sign and magnitude, depending on the sign of
the charge carrier. Voltages as high as 200 v have
been observed in commercially available wires.

, RATIO OF FORWARD-TO-REVERSE RESISTANCES

Fig. 12. Photovoltage Output vs Resistance
Ratio for W-14 Teflon Insulation.

The nonohmic and photovoltage effects can be
minimized by proper geometrical arrangement of the
insulation.

SLOW-NEUTRON IRRADIATION OF
INDIUM ANTIMONIDE

J. W. Cleland J. H. Crawford, Jr.

The effect of fast neutrons on the electrical
properties of InSb has been reported previously. 16

These results indicated that interstitials and
vacancies were produced and could be thermally
annealed. Transmutation by slow neutrons of
indium to tin and antimony to tellurium, however,
resulted in the introduction of chemical donor
impurity atoms that could not be annealed.

It has been suggested 1 6 that slow-neutron cap-
ture by the activated indium or antimony atom might
cause it to be displaced interstitially by the recoil
energy of the energetic gamma ray that is emitted.
Such an occurrence might produce chemical donor
impurity atoms in an interstitial position; however,
thermal annealing would be expected to return such
atoms to their normal lattice positions.

16J. W. Cleland and J. H. Crawford, Jr., ORNL-1762,
p 65 (Secret).
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PERIOD ENDING AUGUST 30 1955

TABLE 1. BREAKDOWN DOSAGES OF SEVERAL INSULATORS

Material Dosage 2 Comment
(neutrons/cm

Polyethylene 10
19  Still good on removal

Silastic 80 1019 Still good on removal

Sil-X 9 x1018 Breakdown

Teflon 5 x 1018 Breakdown

Silicon rubber 4 x 1018 Breakdown

Neoprene 3 x 1018 Breakdown

Formvar 2 x 1018 Mechanical failure

Polyvinyl chloride 1.9 x 1018 Breakdown

Glass cord covered with glass braid 1.9 x 10 18  Breakdown

Rubber 1.3 x 10 18  Breakdown

K el F 1018 Breakdown

Surprenant A-10 10 17  Breakdown

Surprenant B-2 5 x 1016 Breakdown

Several single-crystal samples 17 of high-purity
n- and p-type InSb have been irradiated in the

sloping biology tunnel that terminates underneath

the thermal column of the ORNL Graphite Reactor.
This position has been calculated to provide a
flux of approximately 2 x 109 thermal neutrons/cm 2,
with an In-Cd ratio of approximately 10,000.

Table 2 gives the results of some preliminary

experiments. These data show that, within the

uncertainty of the flux figures, approximately one

donor is added for each slow neutron incident on

the sample. The change in carrier concentration

upon irradiation is that expected if each chemical
donor impurity atom added occupies a normal

lattice position. Extended high-temperature,

vacuum heat treatment of the two n-type samples

results in a further change in carrier concentration

of only approximately 10%, and this change is in

the direction expected for the annealing of some

fast-neutron-produced interstitials and vacancies.

The large change in carrier concentration upon

vacuum annealing of the P-6 p-type sample is not

considered conclusive at present, since this sample

was not vacuum heat treated before exposure and

17H. J. Hrostowski of the Bell Telephone Laboratories
supplied these samples.

may therefore have already contained a certain
amount of disorder. Additional exposures and
anneals are in progress for the two p-type samples.

These experiments indicate that activated atoms,
if displaced, either return to normal lattice posi-

tions at reactor ambient exposure temperature or
that interstitial chemical donor impurity atoms
contribute to the carrier concentration in an

analogous manner to impurity atoms in normal
lattice positions and that their presence cannot be

determined by vacuum-anneal heat treatment.

Low-temperature in-pile irradiation might inter-

stitially freeze any activated atoms and thus permit
conductivity annealing studies of any return of

the atoms to normal lattice positions, but no low-

temperature irradiation facility with a predominantly
slow-neutron flux exists. Consideration will there-

fore be given to the design and construction of

such a facility.

MAGNETIC SUSCEPTIBILITY OF

INDIUM ANTIMONIDE

J. H. Crawford, Jr. D. K. Stevens

The magnetic susceptibility of both n- and p-type
specimens 18  of single-crystal InSb have been

18H. J. Hrostowski and M. Tanenbaum of the Bell
Telephone Laboratories supplied these specimens.
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measured by the Faraday method over the tempera-

ture range 70 to 650 K. The temperature de-
pendence of the diamagnetic susceptibility for
these specimens is shown in Fig. 13. In speci-

men N-1, the extrinsic electron concentration

n= 1.6 x 1016 cm- 3 ; in N-2, no0 4 x 1014 cm- 3 ;
and in P-1, the extrinsic hole concentration

p0 = 1.1 x 1016 cm-. Above 200 K all curves
show a rapidly rising diamagnetism which ap-

proaches a maximum value at 600 K. Although

the relative precision of points on a given curve
is better than 0.1%, the absolute precision is not
better than 0.3%. Hence, it was necessary to
adjust the curves to correspondence in the high-
temperature range.

It can be shown that the susceptibility of a semi-

conductor can be divided into three components: 1 9

19 G. Busch and E. Mooser, Helv. Phys. Acta 26, 611
(1953).

TABLE 2. DATA PERTAINING TO THERMAL-NEUTRON IRRADIATION OF SINGLE-CRYSTAL,

HIGH-PURITY, n- AND p-TYPE InSb

Carrier Change in Carrier Slow-Flux Time of Vacuum

Sample Type Concentration Concentration Exposure Anneal at 350 C

(cm- 3 ) (cm- 3 ) (neutrons/cm 2) (hr)

N-6 n

N-8

1.54

7.55
8.83

1.59

1.74
2.65

2.64

3.07

9.99

1.09

1.80

2.93

4.74

5.37

n

P-6 p

Now n

P-7 p

Now n

1014

1014

1014

1015
1015

1015
1015

1014
1014
1015
10 15

1015

1015

1015

6.01 x 1014

1.28 x 1014

7.10 x 1014

1.50 x 1014

9.10 x 1014

1.00 x 1013

0.00

6.92 x

8.6 x

7.20 x

1.13 x

1.81 x

6.30 x

0.00
1.14 x

7.20 x

2.64 x

2.10 x

3.06 x

1.05 x

4.20 x

2.22 x

2.70 x

8.22 x 1015

7.08 x 1015
7.80 x 1015

5.16 x 1015

3.06 x 1015
(Indefinite)

1.05 x 1015

1.47 x 1015

3.69 x 1015

3.96 x 1015

8.60 x 1015

5.20 x 1015

2.02 x 1015

2.31 x 1015

(Indefinite)

(Indefinite)

1.38 x 1015

1.56 x 1015

1014
1013
1014

1015
1015

1014

1015

1014

1015

1015

1015

1015

1014

1015

1014

0.00

3.40 x 1015
3.18 x 1015

2.90 x 1014
(Indefinite)

(Indefinite)

(Indefinite)
1.8 x 1014

6.42 x 1014

0.00

7.10 x 1014
0.00

1.08 x 1015

0.00

0.00

7.10 x 1014
0.00
8.04 x 1014

1.21 x 1015

1.95 x 1015
0.00

0.00
7.10 x 1014

0.00
2.23 x 1015

1.95 x 1015

2.90 x 1015

8.63 x 1014

5.86 x 1014

2.20 x 1015
0.00

0.00

2.90 x 1015

2.89 x 1015

0.00

8.63 x 1014

5.86 x 1014

2.20 x 1015
0.00

0

12

0

16

0

40

0

0

16

0

0

0

20

0
0

16

0

0

0

0

0

0

16

0
0

0
16

0

0

0
16
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Fig. 13. Diamagnetic Susceptibility vs Temper,
ature for InSb.

the diamagnetic lattice contribution XL, which is
only slightly temperature dependent; the para-

magnetic contribution of impurity atoms with un-

paired electrons, which is proportional to 1/T; and
the contribution of the charge carriers, Xc. Since
the impurity content of these specimens is too

small to make a significant contribution to the
susceptibility, the primary concern is with Xc' It
can be shown that in the range of classical be-
havior

/2
(1) X = p [n(3 - f2) + p(3 - fh)]

c3pkT

where (3 is the Bohr magneton, p is the density of

the crystal, n and p are the total electron and
hole concentrations, respectively, and e= m /m(M)

and fh = m 0/mM), where m 0 is the electron rest
mass and m (M) is the effective carrier mass averaged
approximately for motion in the magnetic field.
In the case of spherical energy surfaces in k space,

the effective mass is a scalar; and its value is

independent of the method of averaging. For
I nSb, magnetores i stance measurements 2 0 indicate

that the energy surfaces are essentially spherical.
Hence, m(M) should be approximately equal to the
"density-of-states mass" m(N) obtained from elec-
trical measurements. Thus, the superscript will be
omitted in the following notation.

In the case of appreciable carrier degeneracy,
Eq. 1 gives too large a value of X,. It should be
noted that since the first derivative of the Fermi
integral

aFo 1 1 /2 dx
F1/2 ('7 ~~

tr; 0 1 + ex-7

enters the more general equation for >c rather than
the integral itself, a given amount of degeneracy

will have a greater effect on Xc than on the carrier
concentration.

For purely classical intrinsic behavior, Eq. 1
reduces to

(2)

= CT1/2 memh 3/4-Eg/2
kT2(6- -f2)

0

where

2(3 2(27rm 0) 3 /
2 k 1

/2

C=3
3ph3

and

E =E0 + BT .g g

It is evident from Eq.2 that a plot of log (xc/T 1 / 2)
vs 1/T should yield a straight line of slope -E0/2k.
A plot has been made for specimen N-2 which
(with regard to the three specimens) best approxi-
mates intrinsic behavior over the widest tempera-

ture range. In order to obtain Xc, the value of

XL must be subtracted from observed values. For
this purpose it was assumed that XL is temperature

independent and is given by the low-temperature
value of y. The resulting log (-Ay/T1/ 2) vs 1/T
curve shown in Fig. 14 is linear in the low-
temperature range, with a slope corresponding to

20 G. L. Pearson and M. Tanenbaum, Phys. Rev. 90,
153 (1953); M. Tanenbaum, G. L. Pearson, and W. L.
Feldmann, Phys. Rev. 93, 912 (1954).
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3-,RECIPROCAL TEMPERATURE (OK)

Fig. 14. Carrier Susceptibility x T-12 vs Re-
ciprocal Temperature for Intrinsic InSb.

E 0 = 0.262 ev, which is in reasonable agreement
with the values obtained from electrical behav-
ior. 2 1 ,2 2 At higher temperatures, the curve bends
over and passes through a maximum, which is also
evident in Fig. 13. This behavior probably results
from two effects: (1) the onset of degenerate
behavior at elevated temperatures and (2) the tem-
perature dependence of XL of the type (decrease
in diamagnetism with increasing temperature) ob-
served2 3 in germanium. Because of the second
effect, the value of Eg, obtained from the slope of
the linear portion of the curve, may be somewhat
small. As a result of this unknown temperature

dependence of XL, it is not worthwhile to evaluate

21M. Tanenbaum and J. P. Maita, Phys. Rev. 91,
1009 (1953).

22R. G. Breckenridge et. al., Phys. Rev. 96, 571
(1954).

23D. K. Stevens and J. H. Crawford, Jr., Phys. Rev.
92, 1065 (1953).

(x10 )

4
-

UNCLASSIFIED
SSD-B-1 28

ORNL -L R-DlWG-5580

8 dA (class.)' 7.43x 17  
/ - ---

7 - no-1x10 ;nM=0.028m,

6/

INTRINSIC DEGENERATE EXTRINSIC

3 -

2

2----- -

CELARICAL

1 
RANGE

1/

C

0 4 6 8 10 12
T RECIPROCAL TEMPERATURE ( K(I)

14 (x10~3)

Fig. 15. -Axn, vs Reciprocal Temperature for
InSb.

------
--- - -- --- - - - 4

/
/

/
/

/

16

i

i i i

i

- - --

L

f and fj from the intercept of the extrapolated
linear portion.

In Fig. 13, N-1 shows a marked increase in-x
with decreasing temperature below 200 K. This

increase is associated with the contribution of

the extrinsic electrons. It should be noted that a

similar increase is absent in the case of P-i, even
though p0 is comparable to the no of N-1. This
indicates that m >> m2. The observed mobility
ratio 2 1 of 85 indicates that mh/m2 36; and,
hence, the contribution p0 is expected to be only
approximately 3% of that of n0 in N-1. Since the
temperature dependence and value of XL is un-
known and since only a negligible contribution
from p0 is expected, it is convenient to obtain Xc
in the extrinsic range of N-1 by subtracting the
values for the curve of P-1 from those of N-i. The

result, -A a = (YP-1 - XN-1), is plotted
against reciprocal temperature in Fig. 15. Three

regions of behavior are clearly indicated: (1) the
intrinsic range at high temperature in which the

difference in electron concentration in the two

specimens is markedly decreased by the intrinsic

.

.

(x13)E

r
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process, (2) a range of essentially classical, ex-
trinsic behavior of the carriers in both specimens,

and (3) the onset of degenerate behavior in N-1 at
low temperature. From Eq. 1 it is evident that in

the classical, extrinsic range the Ay vs 1/T curve

should be linear, with a slope of

dA\X _ 2n0
(3f)

d(1/T) 3pk

In Fig. 15 this slope is 7.43 x 10-, which corre-
sponds to m(M)= 0.028m0, a value which is some-
what smaller than the values 2 1' 2 2 obtained from

electrical measurements: me/m0 = 0.034 and
me/me = 0.04.

This correlation was repeated for specimens N-1
and N-2, and the results are shown in Fig. 16. The
classical, extrinsic slope leads to meM)= 0.032m0.
In this case, however, because of the high purity

of N-2, the intrinsic range extends to a much

lower temperature, with the result that appreciable

degeneracy may already exist in the range chosen

as classical, extrinsic behavior. Consequently,

-9)
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ORNL-LR-DWG-5 348
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Fig. 16. -Ay 1, 2 vs Reciprocal Temperature for
InSb.

the observed slope is probably too small, and

me is too large. Therefore, m(M) = 0.028m0 is
probably the best value.

Because of the larger value of mh, as compared
with me, it is not possible to see the contribution
of holes in P-1 in this temperature range. It is
estimated that a specimen containing holes in
excess of 10 1 7 cm-3 is necessary for this purpose.

Values of me obtained from these measurements
can be compared with those obtained from other

sources only if the energy surfaces in the con-
duction band are spheres in k space and if the
statistical weight of the conduction states (ex-
clusive of spin) is unity.

MAGNETIC SUSCEPTIBILITY OF GERMANIUM

D. K. Stevens
J. W. Cleland

J. H. Crawford, Jr.
H. C. Schweinler

The magnetic susceptibility of conduction elec-
trons in solids has been a subject of interest for
many years. The weak, temperature-independent
paramagnetism of the simple metals was first ex-
plained in terms of the paramagnetism of a de-
generate electron gas by Pauli. 2 4 Somewhat later,
Landau2 5 showed that, because of quantum effects,
free electrons should exhibit an orbital diamag-
netism whose magnitude is precisely one-third the
spin paramagnetism of the electrons. Stoner2 6 has
given a complete treatment of the combined effects
in the case of free electrons. Peierls 2 7 has shown
that because of interactions between the conduction
electrons and the periodic potential of the crystal,
Landau's result holds for a solid only when the
Bohr magneton is replaced by an effective Bohr
magneton, which takes account of the interactions
in terms of the appropriate effective mass of the
charge carriers. 2 8

By observing how the magnetic susceptibility of
metals depends on temperature, much can be
learned about the band structure of the metals. 2 9

24W. Pauli, Jr., Z. Physik 41, 81 (1927).
25 L. Landau, Z. Physik 64, 629 (1930).
26E. C. Stoner, Proc. Roy. Soc. (London), 152, 672

(1935).
2 7R. Peierls,' Z. Physik 80, 763 (1933); 81, 186

(1933).
28 H. Frohlich, Theorie der Metalle, p 144-156, Julius

Springer, Berlin, 1936.
C. J. Kriessman, Revs. Mod Phys. 25, 122 (1953);

C. J. Kriessman and H. B. Called, Phys. Rev. 94, 837
(1954).
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However, because the electron gas in a metal is
essentially completely degenerate, it is virtually
impossible to separate the contribution of the con-
duction electrons from the total susceptibility by

static magnetic susceptibility measurements. In
semiconductors, however, this limitation does not
apply. Here, statistics describing the behavior of
charge carriers range over the domain of classical
as well as Fermi-Dirac statistics, and the magnetic
behavior of a classical gas of quasi-free electrons

or holes is well understood.3 0 Consequently, for
many semiconductors of interest it is possible to
examine separately the susceptibility of the charge
carriers, a property which provides a significantly
new approach to the study of the electronic struc-
ture of semiconductors.

The importance of magnetic susceptibility in
electronic-structure investigations of semicon-
ductors was first recognized by Busch and Mooser.3 1
From a systematic study of the susceptibility of
gray or alpha tin, they were able to determine the
forbidden-energy. gap, the ionization energy of
various doping impurities, and the effective masses
of electrons and holes in this material. The effec-
tiveness of such an approach is brought out even
more forcefully when it is remembered that at the
time of their work alpha tin was available only in
the form of powder or pressed compacts. Conse-
quently, the more customary approach involving
measurements of electrical conductivity and Hall
constant was rendered ineffective because of the
interparticle resistance in the compacted speci-
mens. This limitation indicates the unique ad-
vantage of magnetic-susceptibility measurements,
wherein the carrier susceptibility is essentially
independent of transport or scattering processes.

Since the outstanding work of Busch and Mooser,
this method of study has been applied to two other
diamond-lattice semiconductors, InSb and ger-
manium. Analysis of the magnetic behavior of
InSb in both the intrinsic and extrinsic ranges3 2

yields a forbidden-energy gap of 0.262 ev, in
reasonable agreement with the value obtained from

30 See, for example, R. H. Fowler, StatisticalMechanics,
2d ed., chap XII, University Press, Cambridge, England,
1936.

3 1G. Busch and E. Mooser, Z. physik. Chem. 198, 23
(1951); Helv. Phys. Acta 26, 611 (1953).

3 2 D. K. Stevens and J. H. Crawford, Jr., Phys. Rev.

99, 487 (1955).

electrical measurements, 3 3 and an electron effec-
tive mass of approximately 0.028m0 .

The magnetic properties of germanium have been

investigated by several workers. The first meas-

urements of germanium specimens of known impurity
content were made in 1952 by McGuire3 4 over the
range 77 to 300 K. Although his results suffer to
some extent from poor sensitivity, they are in

qualitative agreement with the results reported
here. In a preliminary report3 5 of the present work,
it was shown that the carrier susceptibility Xc is
of sufficient magnitude in both n- and p-type ma-
terial to make a magnetic investigation worth-

while and, in addition, that an unexplained tem-
perature-dependent diamagnetism, which can only
be attributed to the lattice atoms, was present in
high-purity specimens. A subsequent analysis3 6

of the earlier results gives electron effective
masses which are consistent with those obtained
from cyclotron-resonance experiments. 3 7 '3 8 More-
over, in the case of n-type germanium, the data
indicate that the energy surfaces of the conduction
band are best represented by four ellipsoids, rather
than eight, which is the expected result if the
minima of the E vs k curves along the [111] direc-
tion lie at the boundary of the first Brillouin zone
rather than within it.3 9  Recently, Busch and
Helfer4 0 extended the range of measurement to high
temperatures and, besides observing the onset of
the intrinsic process, noticed a curious hysteresis
in the susceptibility when samples were cycled
through temperatures in excess of 650K. They
attribute this effect to the thermal introduction of
lattice imperfections. In a subsequent paper, van

33M. Tanenbaum and J. P. Maita, Phys. Rev. 91,
1009 (1953); R. G. Breckenridge et. al., Phys. Rev. 96,
571 (1954).

34 T. R. McGuire, unpublished data.
35 D. K. Stevens and J. H. Crawford, Jr., Phys. Rev.

92, 1065 (1953).
36J. H. Crawford, Jr., H. C. Schweiner, and D. K.

Stevens Phys. Rev. 99, 1330 (1955).
37G. Dresselhaus, A. F. Kip, and C. Kittel, Phys.

Rev. 92, 827 (1953); Phys. Rev. 95, 568 (1954); Phys.
Rev. 98, 368 (1955).

3 8B. Lax et. al., Phys. Rev. 93, 1418 (1954); R. N.
Dexter, H. J. Zeiger, and B. Lax, Phys. Rev. 95, 557
(1954); B. Lax, H. J. Zeiger, and R. N. Dexter, Physica
20, 818 (1954).

39C. Kittel, Physica 20, 829 (1954).
4 0 G. Busch and N. Helfer, Helv. Phys. Acta 27, 201

(1954).
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Itterbeek 4 1 reported susceptibility measurements
in the liquid-hydrogen range and observed the re-
combination of carriers with their parent donor
and acceptor centers.

In this paper the results of a study of the mag-
netic behavior of a wide variety of germanium

specimens are summarized. This investigation
was motivated by a long-standing study4 2 of the

effect of fast-neutron bombardment on the semi-
conductivity of germanium. It was hoped that a
study of the susceptibility of irradiated specimens
would be of value in understanding the nature of

the energy levels induced by bombardment. Con-

sequently, in addition to results on unirradiated
specimens, preliminary information obtained on
specimens exposed to fast neutrons is included.
The experimental results have been interpreted in

the light of recent ideas concerning the band
structure of germanium.

The total susceptibility of a semiconductor may
be represented as the sum of three components:

the contribution of lattice atoms XA, the contri-

bution of the impurity atoms y, and the carrier

susceptibility y . In the general case each of
these components has been treated in detail by

Busch and Mooser.3 1 Consequently, attention, in

regard to germanium, shall be confined to subjects
of immediate interest. The immediate task is to

obtain the carrier susceptibility, and this requires
that there be an accounting for the impurity and

lattice contributions.

The diamagnetism of an assembly of atoms is
usually expected to be rather small (<10-6 emu/g)

and essentially temperature independent.4 3 Theory

is applicable, however, only to spherical, closed-

shell atoms, the resultant diamagnetic suscepti-

bility of a solid being taken as the sum of the
atomic contributions. In diamond lattice struc-

tures, the covalent binding is produced by the sp3

hybridized orbitals of the valence electrons; and

because of the directional nature of such bonds,
the usual assumptions no longer hold. It is ex-
pected, however, that the contribution of the cores

can be obtained in good approximation by such an

41 A. van Itterbeek, L. de Greve, and W. Duchateau,
Apple. Sci. Research B4, 300 (1955).

42J. W. Cleland et. al., Phys. Rev. 83, 312 (1951);
J. W. Cleland, J. H. Crawford, Jr., and J. C. Pigg, Phys.
Rev. 98, 1742 (1955); J. W. Cleland, J. H. Crawford, Jr.,
and J. C. Pigg, Phys. Rev. 99, 1170 (1955).

43 See, for example, P. W. Selwood, Magnetochemistry,
chap II, Interscience, New York, 1943.

approach. The susceptibility of the Ge4 f ion was
computed from the Hartree functions4 4 and the cus-
tomary relation

Nze2 r2

6mc
2

where N is the number of ions per gram of ger-
manium, z1 is the number of electrons per ion,
and r2 is the average of the radii squared. The
value obtained for y. is 1.265 x 10-7 emu/g.
This value would be reduced somewhat if Hartree-
Fock functions were used, but, unfortunately, these
are not available. As shall be shown, this value
is greater than that observed for the total diamag-
netism for a pure specimen (the total diamagnetism

includes the effect of the valence electrons).
Moreover, the observed XA is appreciably tempera-
ture dependent. The reason for this curious be-
havior is not yet understood. Consequently, ex-
perimental data, exclusively, are relied on for the
value of XA.

The results obtained for the susceptibility of a
perfect electron gas, modified appropriately for
the periodic potential of the lattice, may be applied
directly to conduction electrons. 2 8 If the higher-

order terms involving the magnetic field are neg-

lected, the specific susceptibility for electrons is

P2-

(2) Y = 2 eCM(N) 3
/

2 T1/
2 (3 - f2) F1 '/ 2 (')C 3pk eee

where [3 is the Bohr magneton, p is the density of

germanium, a is the statistical weight or degeneracy

of states (exclusive of spin) in the conduction

band, C = [4rr(2m 0k) 3/ 2]/h3 , M(N) is the effective-
mass ratio for thedensity-of-states expression
(M = m*/m 0 ), and f2 is the appropriate value of

the square of the reciprocal mass-ratio tensor for

orbital motion of the electrons in the magnetic

field. The function F1'/ 2 (r1), where 7 =< /kT, is
the first derivative of the Fermi integral

(3) F 1 / 2 (7) = f x1/2(1 + ex7)- 1 dx.
0

The values of F 1/ 2 (77) and Fj'/ 2(0) may be ob-
tained (by means of the tabulated functions4 5 )

44W. Hartree, D. R. Hartree, and M. F. Manning, Phys.
Rev. 59, 306 (1941).

45 J. McDougall and E. C. Stoner, Phil. Trans. Roy.
Soc. A237, 67 (1939).
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from the electron concentration n and the relation

(4) n = oC[M N)] 3 /2 . 1/2( 7)
For sufficiently high temperatures or low-carrier

concentrations (77 < -3), classical statistics
apply. Under these conditions Eq. 2 becomes

(5) n(3 -- /2)
3pk e

from which it is evident that the slope of the X,
vs 1/T curve is proportional to (3 - f 2). Since n
is readily obtained from Hall-coefficient measure-
ments, /2 may be obtained from Eq. 5 in the classi-

cal range. Although the derivation is concerned

only with conduction electrons, analogous ex-

pressions apply to holes in the valence band.
Since the extrinsic range is the only one of interest
here, the carrier susceptibility in the intrinsic
range 4 6 will not be discussed.

The values of effective-mass ratios appropriate
to the density of states [M(N)] and orbital motion

[M(M) - (/2)-1/2] depend on the curvature of energy
surfaces in k space. Cyclotron resonance ex-
periments3 7 , 3 8 have firmly established that the

energy surfaces for the conduction band 'of ger-

manium can be represented by ellipsoids of revolu-
tion whose major axes lie along the [111] k direc-
tions. Hence, the energy surfaces are described
in terms of two mass parameters, Mr and M 1, which
are the transverse and longitudinal effective-mass
ratios, respectively. The values of the effective-
mass ratios may be obtained conveniently by a
transformation of coordinates. In the case of M(N)

a transformation of the momentum coordinates, with
respect to each minimum, into an isotropic coordi-
nate frame results in the introduction of the factor

we M12M1 into the expression for the classical
partition function, where we is equal to the number
of complete minima 3 9 and takes a value of 8 if the
minima lie within the first Brillouin zone, or a
value of 4 if they lie at the zone boundary. Hence,
M(N) = (M 

2 M1) 1 /3.

The method of averaging used for /, is somewhat
more complex. Here, a similar transformation of
momentum coordinates made in the expression for
energy in the presence of a magnetic field requires

a further transformation of the magnetic-field com-

4 6 For a treatment of the intrinsic range, see refs. 8,
9, 17, 31, 32, and 40.

ponents. When the details of the computation are
carried through, the appropriate combination of
principal-mass ratios turns out to be

- 2M +M

e 3M 2M1

Now by the use of the reported values for the
principal masses 37 ,38 (M, = 0.083 and M1 = 1.4),
M(N) = 0.216 and f2 = 54.1. If e = 4, as indi-

cated by an analysis of the temperature depend-
ence of the susceptibility3 6 of n-type germanium,
Eqs. 2 and 4 may be written

(2 a) xC = 4.26 x 10-9T12F1/2(7),

(4a) n= 2.12 x 1015T/2F1(7)

The calculations of KitteI 37 and Herman 47 in-
dicate that the valence band is composed of three
doubly degenerate nonspherical bands and is,
therefore, somewhat more complex than the con-
duction band. The maximum of these bands ap-
pears to fall at k = 0, two of them coinciding at
that point to form the valence band edge. Because
of spin-orbit interactions, the third band, which is
nearly spherical, lies below the other two by the
interaction energy AE. In order to evaluate the
effective-mass parameters of Eq. 2, it is necessary
to use the energy expressions for these bands
which, as a good approximation for germanium, are
given by Kittel3 7 in terms of three curvature
parameters. The value of MhN) is obtained directly
from the classical partition function, which can be
summed rigorously by use of the energy expres-
sions. Such a sum for the two upper bands leads
directly to the double integral

(6)

7r T,27r dQl

(M 2)3/2 =1/4TT2I

,20o[A B2 + C 2g(O,q,) 13/2
where the subscripts 1 and 2 and the upper and
lower signs in the integral refer to the light and
heavy bands, respectively; the curvature param-
eters are identical to those given by Kittel, 3 7

except for the factor (12 /2m 0 ), and

(7) g(,0))=sin 4 cos 2 csin 2 #+ sin2 G0cos 2G.

4 7F. Herman, Physica 20, 801 (1954).
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The lower band (band 3) gives

(8) (M 3)3/2 = A-3/24

Numerical integration of Eq. 6 by using the ap-

propriate values of the curvature parameters yields
M312 values of 0.0091, 0.199, and 0.0213 for
bands 1, 2, and 3, respectively. Hence,

(9) M(N) 3 / 2 = 0.208 + 0.02 13 e-AE/kT.
h

The orbital effective mass presents additional
difficulties, and a rigorous treatment requires an

approach for each band similar to that used for
electrons. However, it was observed in the in-
tegration of Eq. 6 that the corrections for lack of

sphericity were small even for the most nonspheri-
cal band (band 2). Consequently, an approximate
approach in which the error is probably not
greater than 5% is used. To a good approximation,

even in the magnetic field,

(10) (M )1/
2 _ =/4f

7Tf 27T

an approximation that is sufficiently good for this
purpose. Busch and Mooser 3 1 have examined this
case in detail, both for the low-concentration limit

in which the impurity atoms may be treated in-
dependently and for concentrations that are suf-

ficiently high so that the impurity wave-functions
overlap and form degenerate impurity bands. Be-
cause of their substitutional arrangement, an ap-
preciable contribution is expected only when they
are un-ionized. Besides the paramagnetic term

associated with the unpaired electron spin, these
authors show that for a large dielectric constant
the electron or hole orbit is of such a size that an
appreciable diamagnetic term may also exist in the
small concentration case. When the numerical
constants appropriate for germanium are used, the
low concentration limit gives

(12) XI= N (1.17 x 10- 25T- 1 - 3.4 x 10-28),

[A B 2 + C2 ]1/2 dQ.

Integration
and 3.605
Hence,

leads to M 1/ 2 values of 4.80, 1.74,
for bands 1, 2, and 3, respectively.

(11) 2 = 31.4 + 14.le-AE/kT.

h

Consequently, both M(hN) andft are temperature

dependent through the, Boltzmann factor containing

the spin-orbit splitting energy. Optical absorption
of holes in germanium suggests48 that AE ^ 0.3 ev.
If such is the case, the mass parameters are ex-
pected to be essentially temperature independent

in the temperature range used here, and M(N) 3 / 2 
=

0.208 and fj. = 31.4. A similar calculation in
which the slightly different curvature parameters

of Lax3 8 are used gives almost identical values.

In the specimens used here, only the usual

acceptor and donor doping impurities of the third
and fifth columns of the periodic system are of

interest. Since these impurity atoms presumably

fit substitutionally into the semiconductor lattice,

they may be treated as hydrogen-like systems as

4 8A. H. Kahn, Phys. Rev. 97, 1647 (1955).

where No is the concentration of un-ionized im-
purities of the type in question. In obtaining the
diamagnetic term, it is assumed that the effective
mass of the bound carrier is equal to the elec-
tronic mass and that germanium has a dielectric
constant of 16.1. In the case of impurity bands,
equations analogous to Eq. 2 are obtained which
contain the effective-mass ratios appropriate to
the impurity band. There is no way available at
present for evaluating these mass ratios.

In nearly all the specimens used here, the ioniza-

tion energies are so small that the impurities are
essentially completely ionized over the entire tem-
perature range (70 to 300 K). Therefore, the im-

purity contribution discussed above is not of im-

mediate interest. For the irradiated specimens,
however, an estimate of the contribution of the
trapped carriers is important. In order to do this,

a model of the defects induced by bombardment is

necessary; and the only one available at present,

which is to any extent justified, is that proposed
by James and Lark-Horovitz. 4 9 This model, which
has been tested experimentally, 4 2 requires that

49H. M. James and K. Lark-Horovitz, Z. physik. Chem.
198, 107 (1951).
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each interstitial and each vacancy be responsible
for two localized states in the forbidden band.

When these defects are present in equal concentra-

tion, there are two vacant states capable of trap-

ping conduction electrons in n-type germanium:
one which lies below the middle of the forbidden

band and is, therefore, capable of acting as an
acceptor in p-type germanium, and another much

more shallow one which has been experimentally
located at 0.2 ev below the conduction band. On
irradiating n-type germanium with a high initial
electron concentration n0, both levels are to some
extent occupied until the concentration of defect

pairs becomes equal to no. Further irradiation

favors population of the lower acceptor state until
all electrons are trapped therein; whereupon, con-
version to p-type occurs. Therefore, at the mini-

mum conductivity, essentially all the electrons are
trapped in a state that has been tentatively identi-
fied as one corresponding to a singly ionized
interstitial atom. If the defects are randomly dis-
tributed and their associated wave functions do
not overlap appreciably, a paramagnetic contribu-
tion equal to that for no free spins should result.
The diamagnetic contribution depends on the radial

extent of the wave functions of the trapped elec-

tron. Since the interstitial ion has a residual
charge, the electron orbit will be considerably
decreased over that estimated above for a hydro-

gen-like impurity, and the diamagnetic contribution
is expected to be quite small. Should the defect

functions overlap, a paramagnetic contribution of
much smaller magnitude and temperature depend-
ence would result. Such a condition may exist
even for relatively short irradiations if the defects

are highly localized in the region of the primary
(fast-neutron) collision.

In this picture the vacancy should be occupied
by two electrons at the conductivity minimum.

Here, the diamagnetic contribution might be ap-
preciable. Both the coulombic repulsion of the
electrons and their relatively loose binding (they

presumably fill two of the four half-filled orbitals
extending into the vacancy) would tend to produce

a large orbit. Unfortunately, it is not possible to
make a quantitative estimate of their contribution

on the basis of present knowledge.

The magnetic susceptibilities of single-crystal
cubes having edge lengths of approximately 5 mm
were measured by the Faraday technique. A bal-

ance similar to that of McGuire and Lane 50 was
used. In order to increase the balance sensitivity,
the phototube optical system was replaced by a
linear differential transformer, and the beam sus-

pension was fabricated from Elgiloy rather than
from Nichrome or phosphor bronze. The sample
cubes were suspended from the balance on 0.001-
in.-dia molybdenum wire into the fringing field of

an Arthur D. Little electromagnet, the field of

which could be controlled and reproduced to ap-

proximately 0.01%. The sample temperatures

taken were those of the walls of the copper sample
tube adjacent to the specimen; helium at a pres-

sure of 125 Hg was used as a heat-exchange
medium.

The absolute value of the room-temperature sus-

ceptibility of each sample was measured by using
oxygen at a known pressure and temperature as a

calibrating agent. The force exerted on a body of
volume v and volume susceptibility K suspended
in an inhomogeneous field H is given by

(13) F 0 2

where K 0 is the volume susceptibility of the sur-
rounding medium, and VH 2 is the gradient of the
squared field at the sample. The susceptibility
of an irregularly shaped body is given by the ex-
pression

( 14) K F

Fv F

where Fv is the force experienced by the body
when suspended in a vacuum, and F 0 is the force
experienced by the body when suspended in a
medium having.a susceptibility KO.

In this work, Fv was measured at four values of
the field, ranging from 12 to 20 kilo-oersteds.
Oxygen was then admitted to the system, the meas-

urements were repeated at the same field settings,
and K was calculated for each field value. A sys-
tematic trend of K with the field was considered
to be an indication of ferromagnetic contamination,
and the sample was cleaned again. Otherwise, the
calculated values were averaged to obtain the

50 T. R. McGuire and C. T. Lane, Rev. Sci. Instr. 20,
489 (1949); D. K. Stevens, Magnetic Susceptibility of
Annealed and Fast-Neutron Bombarded Germanium,
ORNL-1599 (Feb. 17, 1954).
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absolute value of the room-temperature suscepti-
bility of each sample. By the use of this tech-
nique, the absolute accuracy of this point is 0.6%.
The susceptibilities at other temperatures were
determined relative to this room-temperature point

with a precision of 0.1%.

Carrier concentrations were obtained from Hall-
coefficient and conductivity measurements ob-

tained on control specimens which were cut from

the original ingot adjacent to the susceptibility

cube. In several cases, when inhomogeneity in
the impurity distribution was suspected, Hall plates

were prepared from successive ingot slices cut

radial to the cube and perpendicular to the direc-
tion of growth. The average concentration ob-
tained for these plates was used.

One cube, together with its control specimen,

was given successive exposures to fast neutrons

in a fission chamber in the ORNL Graphite Reac-
tor. The irradiations were carried out at approxi-

mately 30C, and susceptibility and Hall-coeffici-
ent measurements were made after each exposure.

For high-purity germanium with extrinsic carrier

concentrations less than 1016 cm-3 Xc is below

the limit of detection in the temperature range em-

ployed. Consequently, values of y obtained on
high-purity specimens should yield XA for germani-
um directly. The temperature dependence of X for
two n-type specimens (n = 1 x 1013 cm- 3 and
1 x 1014 cm- 3) is shown in Fig. 17. Because the
absolute precision from one curve to the other is

only 0.6%, the curves were adjusted to corre-

spondence at 150K. As expected, the points for
both specimens fall essentially on the same line.

As mentioned above, the atomic diamagnetism is
expected tobe only slightly temperature dependent.

In contrast, the curve of Fig. 17 exhibits a very
appreciable temperature variation. Normally, a
relative increase of diamagnetism of the same
order as the cubical expansion coefficient might
be expected. For germanium, however, the depend-
ence is in the opposite direction, and the relative
change is an order of magnitude greater than the

expansion coefficient (d log X/dT = 2.3 x 10-4 at
300*K). Although the nature of the binding in the
diamond lattice is assumed to be responsible, the

reason for this curious behavior is not yet known.

In order to investigate this subject further, a speci-
men of high-purity silicon (n 1l014 cm- 3 ) and a
gem-quality diamond were examined. The silicon
specimen gave a X vs T curve which is quite simi-

lar to that of germanium; whereas for the diamond,
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Fig. 17. Diamagnetic Susceptibility of Two
High-Purity Germanium Specimens as a Function
of Temperature. For comparison, the curves are
adjusted to correspondence at 150 K.

X is temperature independent within experimental
error ( 0.1%) in this temperature range.

The diamagnetic susceptibility vs temperature
curves for a number of n-type germanium specimens
of known electron concentration are shown in
Fig. 18. Also shown for comparison is the curve
for a high-purity, zone-refined n-type specimen
(n <1014 cm- 3). In every case except the latter,
the contribution of the extrinsic electrons is

evident.

The values of X, are obtained for each specimen
by subtracting, point by point, the susceptibility of

the high-purity specimen. The resulting values
for three of the specimens are shown in Fig. 19 in
the form of X, vs 1/T curves. The curves are
essentially linear in the high-temperature range,
as predicted by Eq. 5. Toward lower temperatures

the curves begin to fall off, indicating a transition
from classical to Fermi-Dirac statistics. In Table
3 the data on n-type germanium is summarized.
The second column lists the high-temperature (low
1/T) linear slope. The third column lists for com-

parison the values of n obtained on Hall specimens
appropriately corrected for impurity scattering5 1

51V. A. Johnson and K. Lark-Horovitz, Phys. Rev.

82, 977 (1951).
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Fig. 18. Curves of Diamagnetic Susceptibility
vs Temperature for Four n-Type Germanium Speci-
mens. Curve 0 is for high-purity germanium, and
the numbers of the other curves correspond to
sample numbers of Table 3.

and carrier degeneracy. 5 2 After such corrections
the values of n were found to be independent of
temperature to approximately 5% over the entire
range, with the exception of sample 1. In the
fourth column the values of f2 are listed which
were obtained from the slope and values of n.

These values are accurate to about 15%.

It is interesting tonote that for the purer speci-
mens agreement of fe with the expected value of

52V. A. Johnson and F. M. Shipley, Phys. Rev. 90,
523 (1953).
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Fig. 19. Curves of Carrier Diamagnetism vs
Reciprocal Temperature for n-Type Germanium.
Curve numbers refer to sample numbers listed in
Table 3.

54 is quite reasonable, whereas with increasing
donor concentration the value of /2 decreases
markedly. Herring 5 3 has pointed out that the
presence of an impurity band, which is expected
to overlap the conduction band at high donor con-
centrations, would be expected to change the effec-
tive mass of the carriers when the overlap becomes
appreciable.

Except for sample 1 of Table 3, the - Xvs 1/T
curves of the n-type specimens depart from line-
arity toward the higher 1/T values and exhibit a
downward concavity. In the case of samples 2 and
3, this curvature can be accounted for quite ade-
quately on the basis of transition from classical to
Fermi-Dirac statistics, provided oe = 4 rather than

5 3 C. Herring, private communication.
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TABLE 3. DATA* PERTAINING TO MAGNETIC
SUSCEPTIBILITY MEASUREMENTS OF

n-TYPE GERMANIUM

Sample -[dXc2/d(/T)]i ** 2

No. classical (cm-3) e

1*** 4.85 x 10-8 3.1 x 1016 -43

2 1.46x10- 6  7.5x101 7  52.6

3 1.45x10~ 1.3x10 18  31.6

4 4.57 x 10-6 5.0 x 1018 26.4

5 5.59 x 10- 6  1.3 x 101 9  14.0

*The sample numbers correspond to the numbers on

the curves of Figs. 18 and 19.

**Values of n (electron concentration) were obtained

from the curves of Hall coefficients and conductivities,

each plotted as a function of temperature; corrections

for impurity scattering and, where necessary, carrier de-

generacy were made (refs. 51 and 52).
***The electron concentration of this specimen was

appreciably temperature dependent. Therefore, the ob-

served value of fe might be expected to be somewhat

smaller than its true value.

8. With the value of 4 for "je, Eq. 2 yields an ac-
ceptable fit to the data over the entire temperature
range. The results3 6 of this analysis are dis-
cussed in the next section of this report, and these

results are taken as evidence that the minima of
the E vs k surfaces lie on or within kT of the zone

boundary. Attempts to fit the more impure speci-
mens (Nos. 4 and 5 of Table 3) within the frame-
work of the cyclotron-resonance results were not
successful, nor could a suitable correlation be ob-
tained by using Eq. 2, the experimental values of
/e, and by treating M(N) as an adjustable param-
eter. The experimental curves fall off more rapidly

at low temperature than the calculated curves in a
manner which suggests that the effective mass de-

creases with increasing 1/T. In view of the postu-
lated effect of an overlapping donor band mentioned
above, this behavior is not surprising, since the
average effective mass for a mixture of conduction
states might well depend on the position of the

Fermi level.
It is, of course, possible that impurity-band over-

lap might also explain the curvature toward low
temperature (indicated by samples 2 and 3) which

has been attributed to carrier degeneracy. In fact,

Debye and Conwel 5 4 have examined the depend-
ence of donor ionization energy on donor concentra-
tion in n-type germanium and (within the limita-
tions of necessary assumptions) have shown that

the ionization energy becomes zero for net donor

concentrations in the neighborhood of 1.5 x 1017
cm-3. If the ionization energy can be taken as an
indication of band overlap, then a mixing of donor
and conduction states might also occur in samples

2 and 3. In this regard, Johnson and Shipley5 5

have made a careful analysis of the temperature
dependence of the Hall coefficient of a specimen
containing a net donor concentration of 2.16 x 1018
cm-3, and they find an ionization energy of -0.005
ev. Hence, the ionization energies of the speci-
mens in question are expected to lie less than
0.005 ev from the band edge. For the temperature
range in question, since effects of carrier degen-
eracy are not excessive, the donor states would be
expected to exert only a small influence on the
effective mass of conduction electrons for these

specimens. In further support of the choice of

&j = 4, Debye and Conwell find that an average
effective-mass ratio between 0.2 and 0.5 gives the

most consistent fit to all their data. The average
effective-mass ratio arising from the density-of-
states expression is M* = M(N)(w e)2/3. This gives

average mass ratios of 0.51 and 0.85 forwe values
of 4 and 8, respectively. In order to establish the
value of we conclusively, it is necessary to ex-
amine the behavior of Xc on a higher-purity sample
(n _'1017 cm- 3 ) in the range of lower temperatures.

Measurements similar to those on n-type material
have been carried out on several p-type germanium
samples. The temperature dependence of diamag-
netism is shown in Fig. 20, and the Xc vs 1/T
curves are shown in Fig. 21 for representative
specimens. The data are summarized in Table 4.
The values of f/, with one exception (sample 2),
are considerably smaller than the value 31.4 in-
dicated by cyclotron resonance. Again, as for n-
type material, this departure from expectation ap-
parently increases with increasing acceptor con-

centration. Since the deviation seems to set in at

a much lower carrier concentration than with n-type

5 4 P. P. Debye and E. M. Conwell, Phys. Rev. 93,
693 (1954).

55 V. A. Johnson and F. M. Shipley, Adiabatic Hall
Effect in Semiconductors, report of the Purdue Research
Foundation to the Signal Corps, August 1952 (un-
published).
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Fig. 20. Curves of Diamagnetic Susceptibility
vs Temperature for Three p-Type Specimens and
One High-Purity n-Type Specimen (Curve 0) of
Germanium. Numbers of the other curves corre-
spond to sample numbers of Table 4.

material, it is possible that the critical acceptor
concentration required for the formation of an over-
lapping impurity band is smaller than for donors.
However, even for 8 x 1016 acceptors 3er cubic
centimeter (sample 1 of Table 4), the 4, is only
about 20; and for such a small acceptor concentra-
tion, an overlapping band does not appear likely.
Consequently, it is concluded that the discrepancy
between observed and expected fh values is real.
The reason for the lack of agreement is unknown.
It is possible that the energy-surface curvatures in
the valence band are sufficiently complex that the
cyclotron-resonance results obtained at 4 K are no
longer applicable in this temperature range. In
this connection, it is noteworthy that a detailed
analysis 5 6 of the field dependence of the Hall

5 6R. K. Willardson, T. C. Harman, and A. C. Beer,
Phys. Rev. 96, 1512 (1954).
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Fig. 21. Curves of Carrier Diamagnetism vs
Reciprocal Temperature for p-Type Germanium.
Numbers refer to sample numbers listed in Table 4.

TABLE 4. DATA* PERTAINING TO MAGNETIC

SUSCEPTIBILITY MEASUREMENTS OF

p-TYPE GERMANIUM

Sample -[dXc/d(1/T)]
1  p*i*, p -3No. (cm )

1 5.2 x 10-8 7.8 x 1016 20

2 1.7 x 10-7 1.9 x 1017 26

3 2.8 x 10-7 4.4 x 1017 18

4 3.2 x 10-7 5.1 x 1017 20

5 2.9 x 107 5.4 x 1017 18

6 2.0 x 10-6 5.3 x 1018 12

*The sample numbers correspond to those given on the
curves of Figs. 20 and 21. Columns 2, 3, and 4 list the

classical slopes of the X vs 1/T curves, the hole con-
centrations, and the values of f/h, respectively.

**Although impurity-scattering and carrier-degeneracy
corrections were made in obtaining these values, the
magnetic-field dependence of Hall coefficient, which is
known to be appreciable in p-type germanium (ref. 54),
was not accounted for explicitly. The error involved,
however, should not be large.
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coefficient for p-type germanium(although in agree-
ment with the general features of the valence band
as revealed by cyclotron resonance) also fails to
give a quantitative correlation. The results of

this analysis indicate that the fraction of holes in
band 1 is only 0.02 of the total; whereas the ratio
of effective masses indicates a value of 0.045. A
smaller-than-expected population of band 1 would
also explain the deviation reported here.

Attempts to fit the Xc vs 1/T curves of Fig. 21
(samples 1, 2, and 3 of Table 4) with Eq. 2 by use
of experimentally determined carrier masses reveal
that toward high 1/T values there is a significant
concave-downward curvature which is too great to
be explained by either transition to Fermi-Dirac
statistics, by higher-order terms in H in the sus-
ceptibility equation, or by a combination of these.
Since analysis of Hall-coefficient and resistivity
data for these specimens indicates that the hole
concentrations are essentially constant over the
temperature range in question, it appears that
/ decreases to some extent with decreasing tem-

perature. Although the contribution of / of the

third valence band is temperature dependent
through a Boltzmann factor containing the spin-
orbit splitting energy, it was indicated above that
this is not expected to introduce appreciable tem-
perature dependence in this temperature range,

since a large value has been indicated for AE.
However, it is interesting to note that an examina-

tion of hole mobility5 7 also indicates a variance
between theory and experiment, which could be

explained if the effective mass were temperature
dependent.

The effect of fast-neutron bombardment on the

magnetic susceptibility was investigated on one
n-type germanium specimen (sample 2 of Table 3).
The susceptibility was measured as a function of
temperature after each successive exposure, and

representative results are shown in Fig. 22. The

combined carrier and impurity (defect) susceptibili-
ties were obtained by subtracting the values of a
pure specimen at each temperature, and this value,

designated as AX, is plotted against 1/T in Fig.
23. The data are summarized in Table 5. Column
1 lists the integrated fast-neutron flux; column 2
lists the linear slope; the electron concentrations

obtained from an analysis of the Hall coefficient

57 H. Ehrenreich and A. W. Overhauser, Bull. Am.
Phys. Soc. 30, No. 2, 10 (1955).
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Fig. 22. Curves of Diamagnetic Susceptibility
vs Temperature for a Fast-Neutron-Bombarded n-
Type Germanium Specimen (Sample 2 in Table 3).
Curve of a pure specimen is shown for comparison.

and resistivity are given in column 3; and in col-
umn 4 the values of /2 obtained from the slopes
are given. The reciprocal mass ratio is in good
agreement with the expected value of 54, and the

scatter gives a good indication of experimental
error. Also shown in Table 5 are the values of n

calculated from the slopes, on the assumption that

f2 = 54. The variation of n with exposure is com-

pared with the conductivity o- in Fig. 24. Values

of n obtained by the two methods (columns 3 and
5) show a variation with exposure which is quite
similar to that of o-.

Examination of the Ax vs 1/T curves obtained
after long exposure (not shown in Fig. 23) reveals

that, although the curves are quite linear at low
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Fig. 23. Curves of Carrier Plus Defect Sus-
ceptibility vs Temperature for a Fast-Neutron-
Bombarded Germanium Sample After the Indicated
Exposures.

temperature, there is a marked upward concavity at
high temperatures (low 1/T). This behavior may
or may not be real. Although it is possible that
exposure has decreased the temperature depend-

ence of XA in the high-temperature region, thus
introducing an apparent curvature into the Ay vs

1/T curves, this behavior may also be explained
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Fig. 24. Curves of Electron Concentration and
Conductivity vs Integrated Fast-Neutron Flux for
the Fast-Neutron-Bombarded Specimen.

TABLE 5. DATA PERTAINING TO MAGNETIC SUSCEPTIBILITY MEASUREMENTS OF
FAST-NEUTRON-IRRADIATED n-TYPE GERMANIUM 0

Exposure -[dAX/d(1/T)]c . n 2 nM
(neutrons/cm2)classic al (cm- 3) fe (cm -3)

0.72 x 1017 1.13 x 10-6 5.17 x 1017 59.0 5.68 x 1017

1.27 x 1017 5.33 x 10-7 2.72 x 1017 53.0 2.68 x 1017

1.61 x 1017 2.28 x 107 1.33 x 1017 47.0 1.15 x 1017

1.84 x 1017 1.57 x 10-7 0.85 x 1017 50.4 0.79 x 1017

2.07 x 1017 1.25 x 10-7 0.81 x 1017 42.5 0.63 x 1017

2.30 x 1017 8.0 x 10-8 0.45 x 1017 48.5 0.40 x 1017

3.00 x 1017 1.1 x 10-8 0.06 x 1017

aSample 2 in Table 3.
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PERIOD ENDING AUGUST 30, 1955

as being caused by a variation of the sample sus-
pension length with temperature. The thermal ex-
pansion of molybdenum, although small, is suffici-
ent between room and dry-ice temperatures to move
the specimen into a lower region of H(dH/dz),

provided the position at room temperature were at
the maximum field-square gradient. More careful
measurements are necessary before this effect can
be interpreted. In any event, since molybdenum is
a high-temperature metal, its expansion coefficient
is quite small below 200 K, and the temperature
dependence of AX in this range (70 to 200*K)
should be valid.

It is interesting to note that there is no indica-
tion of the temperature-dependent paramagnetism
which would be expected to result from unpaired
electrons. In Fig. 25 the X vs T curves for a pure
specimen (curve 0) are compared with the two
longest exposures (curves 1 and 2) for which es-
sentially all electrons have been trapped. For
clarity, curve 0 has been displaced downward by
0.7% in order to avoid congestion. Also shown
(curve 0' dashed) is the expected y vs T curve
relative to curve 0 for a specimen containing 7.5 x
1017 unpaired spins per cubic centimeter. It is
clearly evident that such a paramagnetic term is

U,
N-

I

0
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Fig. 25. Curves of Diamagnetic Susceptibility
vs Temperature for the Fast-Neutron-Bombarded
Specimen After Irradiation into the Intrinsic
Region. See text for explanation of curves.

not present in the irradiated specimens. This is
taken as evidence that the levels responsible for
removing electrons are so dense that they have
broadened into degenerate bands. At a concentra-
tion of 7.5 x 1017, this does not appear too likely,
especially in view of considerations concerning
the singly ionized interstitial atom, as discussed
above. Consequently, it is tentatively concluded
that the defects are not randomly distributed, but
rather are to a large extent localized in the region
of the primary collision of the fast neutron. The
latter situation would produce localized regions of
high-defect-level density which could be described
effectively in terms of degenerate impurity bands.
In order to establish this point to any degree of
certainty, it is necessary to examine lower con-
centrations of trapped electrons. This can be
done quite effectively by extending the range of
measurement to liquid-helium temperatures. Appa-
ratus is being constructed for this purpose.

Miss L. Roth of Purdue University and C. S.
Fuller of the Bell Telephone Laboratories fur-
nished the single crystals of germanium and silicon
used in these studies.

MAGNETIC INDICATIONS OF ELECTRONIC
STRUCTURE OF THE CONDUCTION

BAND IN GERMANIUM

J. H. Crawford, Jr. H. C. Schweinler
D. K. Stevens

Cyclotron-resonance experiments 58,59 have firmly
established that in the conduction band of germa-
nium the energy surfaces are best represented by
ellipsoids in k space with axes lying along the
[111] directions. Moreover, since the minima of
E vs k surfaces do not lie at k = (000), this con-
figuration leads to spatial degeneracy of states:
eightfold if the minima lie within the Brillouin
zone, or fourfold if they lie at the zone boundaries.
The magnetic susceptibility of charge carriers in
semiconductors 6 0 ,61 yields information comple-
mentary to the results of cyclotron resonance.

58 B. Lax, H. J. Zeiger, and R. N. Dexter, Physica
20, 818 (1954).

59 G. Dresselhaus, A. F. Kip, and C. Kittel, Phys.
Rev. 98, 368 (1955).

6 0 G. Busch and E. Mooser, Helv. Phys. Acta 26, 611
(1953).

6 1D. K. Stevens and J. H. Crawford, Jr., Phys. Rev.

92, 1065 (1953).
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Moreover, such data provide a means of deciding
whether four or eight ellipsoids best describe the
states in the conduction band of germanium. In
addition to a comparison of the electron masses

yielded by the two methods, tentative evidence for

fourfold spatial degeneracy will be presented.
In the classical range of electron concentration,

the susceptibility of extrinsic electrons in n-type

germanium is given to first order by

(1)
P2 -

Xc = n 3 pkT (3 j2)l

where n is the electron concentration, p the Bohr

magneton, p the density, and /2 the square of the
reciprocal mass-ratio tensor averaged appropriately
for orbital motion in the magnetic field. For ellip-

soidal surfaces it can be shown that

2 2M,+Mi

3M2M '

where Mt and M 1are the transverse and longitudinal
mass ratios (M, = mi/m0) with values of 0.083 and
1.4, respectively. 5 8 These values yield /2 = 54.
In Table 6 are listed the values of /2 determined
on several specimens from the temperature depend-

ence of X, in the classical range. Values of n
were obtained from Hall-coefficient measure-
ments. 62 The reliability of these /2 values is ap-

6 2The usual relation, r= 3rr/8ne, was used in ob-
taining electron concentrations. The Hall coefficient
measurements were by J. W. Cleland.

TABLE 6. ELECTRON CONCENTRATIONS AND

VALUES OF f2 OBTAINED FROM THE HIGH-

TEMPERATURE SLOPES OF THE vs 1/T
CURVES FOR FIVE n-TYPE GERMANIUM

SPECIMENS

n 72Sample No. (cm-3)

1* 3 x 1016 0"-50
2 7.3 x 1017 48

3 9.0Ox 1017 44

4 3.6 x 1018  36

5 9.0 x 1018 19

*The electron concentration of this specimen was
appreciably temperature dependent.

proximately 10%. Although agreement with the
expected value of /2 is quite good at the lowest
electron concentration, a significant decrease

occurs with increasing n. Although this behavior

is not yet completely understood, Herring6 3 has

predicted that a change in mass ratio might result

if an impurity band is present which overlaps the
conduction band at high donor concentration.

At high electron concentrations or low tempera-
ture, transition from classical to Fermi-Dirac

statistics occurs. Under these conditions Eq. 1
becomes

S2_

() c (3 pk) CT/2(MN)3/2(3 2 ) F1/2(71),

where C = [4n(2mok)3/ 2 ]/h3 , co is the number of
ellipsoids, and MN is the density-of-states mass
given by (M2M1 ) 1/3. The first derivative of the
Fermi integral is F'/ 2(r ), which can be obtained
from the McDougall-Stoner tabulation,6 4 provided

q or F1/ 2 (7) is known. The value of F1 /2( 1) is.
obtained from n and the relation

(3) n = CW,(MNT) 3
/

2 F1/ 2(77).

Hence, if Xcvs 1/T curves are fitted in the transi-

tion range, it should be possible to determine

whether e is 4 or 8. The densities of states re-

sulting from these possibilities differ by a factor
of 2, the larger value tending to shift the transition
toward a lower temperature for a given electron
concentration.

The xc vs 1/T curve for sample 2 (Table 6) is
shown in Fig. 26. In this specimen, n is essen-
tially constant over the whole temperature range.
The points are experimental, and the curves are

calculated from Eq. 3 for both values of co. In
order to make the comparison, the smaller value of
/2, indicated in Table 6, made it necessary to

choose n = 6.4 x 1017 cm- 3 , as indicated by
/2 = 54, rather than the value obtained from the

Hall coefficient (7.3 x 1017 cm- 3 ). This modifica-
tion should have little effect on the analysis. It is

clearly evident from Fig. 26 that fourfold degen-

eracy gives the better fit to the data. There is
reason to believe that the bending down of the

63C. Herring, private communication.

64J. McDougall and E. C. Stoner, Phil. Trans. Roy.
Soc. A237, 67 (1939).
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Fig. 26. Carrier Susceptibility vs Reciprocal
Temperature for n-Type Germanium.

experimental curve toward the highest 1/T values
arises from higher-order corrections in the mag-
netic-susceptibility equation.

Miss L. Roth of Purdue University and C. S.
Fuller of Bell Telephone Laboratories provided
the specimens used in these studies.

MAGNETIC SUSCEPTIBILITY OF

MTR-IRRADIATED QUARTZ

D. K. Stevens

The number of bombardment-introduced paramag-
netic centers has been measured in four MTR-
irradiated specimens by the use of previously de-
scribed techniques. 6 5 The specimens, cubes cut
from X-cut bars of natural quartz, were irradiated
in hole HB-3 of the MTR by J. B. Trice. Although
this facility is water-jacketed, air cooling is used
to remove the heat generated by gamma-ray absorp-
tion. The results of these measurements are shown
in Table 7. Since optical studies indicate that
considerable annealing can take place at these
temperatures, 6 6 these data are not comparable with
those previously listed.6 5

65D. K. Stevens, H. C. Schweinler, and M. C. Wittels,
ORNL-1762, p 86 (Secret).

66C. M. Nelson, private communication.

TABLE 7. PARAMAGNETIC CENTERS
INTRODUCED BY BOMBARDMENT AT

DIFFERENT TEMPERATURES

Introduced Sample
Exposure Integrated Centers Temperatures**
Position Flux* ( -m3) (C)

R-11 3.1 x 1018 1.3 x 1019 212

R-12 2 x 1018 6.7 x 1018 338

R-21 6 x 1017 4.6 x 1018 182

R-14 4.4 x 1017 4.1 x 1018 160

*Integrated flux of all neutrons with energies above
thermal.

**Temperatures listed were obtained with a No. 30
Chromel-Alumel couple attached to fused-quartz dummy
samples located in these positions.

After correcting for suspension-length changes
with temperature, the specific susceptibility of an
unirradiated cube was found to have a value of
-4.136 x 10-7 cgs ( 0.6% abs) and to be tempera-
ture independent, 0.1%, in the range measured,
70 to 300*K.

MAGNETIC SUSCEPTIBILITY OF TID2

D. K. Stevens

At the request of M. K. Wilkinson and C. G. Shull
of the Physics Division, the temperature depend-
ence of the magnetic susceptibility of powdered
TiD 1.98 was determined at three values of the
field in the temperature range 200 to 370*K. The
sample, 0.304 g, was sealed in an evacuated pyrex
bulb weighing 0.196 g. After a temperature run
was made at 20 kilo-oersteds, the sample suspen-
sion length was shortened (thereby reducing the
effective value of the field gradient as well as the
field), and a second temperature run was made to
obtain the two low-field curves; two settings of
the magnet control were used. No attempt was
made to determine the absolute magnitude of the
susceptibility, since only the shape of the tem-

perature curve was desired. The results obtained
at 20 kilo-oersteds are shown in Fig. 27, where
the ordinate is the relative force exerted on the

sample by the field; this force is proportional to
the paramagnetic susceptibility of the sample if
the contribution of the pyrex is neglected. The
proportionality of the forces exerted at low fields
(5.5 and 7.5 kilo-oersteds) to the forces at the
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high field was independent of temperature and
consistent with the ratio of the square of the
fields, within the accuracy with which the effec-
tive values of the field could be measured. Low-
field measurements were made at four temperatures:
200, 244, 292, and 329*K.

OPTICAL SPECTRA OF IRRADIATED SILICA

C. M. Nelson

During this period, data have been collected on
the optical spectra of irradiated silica. Most of
the irradiations have been on high-purity Corning
7940 silica, since preliminary work had indicated
that this material did not color under irradiation.
Ordinary silica is very sensitive to radiation be-
cause the impurities present give rise to visible
coloration. The role of impurities in producing
color centers is not understood at present, but it
is hoped that additional information obtained from
these experiments will aid in understanding this
phenomenon.

In an effort to detect possible differences in
effects arising from the nature of the radiation,
specimens of Vitreosil and Corning 7940 silica
have been exposed to fast neutrons, high-energy
electrons (0.2 to 2 Mev), 250-kv x rays, and gamma
rays from a Co 6 0 source. The form of the absorp-
tion band in Coming 7940, obtained after a fast-
neutron exposure of 5 x 1017 neutrons/cm 2, is
shown in curve I of Fig. 28, from which it is evi-
dent that the absorption is composed of at least
two overlapping bands. It was found that the pre-
dominant shorter-wavelength band was bleached
much more rapidly with ultraviolet light. Curve 1I
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Fig. 28. Optical Density vs Wavelength for
Fast-Neutron-Bombarded Corning Silica Glass.

was obtained after prolongedexposure to a mercury-
vapor lamp in which mot of the emission was con-
centrated in the 2538-A line. The difference be-
tween curves I and II, indicated by the dashed
line, was used as a basis for resolving the com-
posite band into two approximately symmetrical
bands, one centered at 2120 A and the other at
2570 A. The origin of these two absorption bands
is not yet understood, since some evidence indi-
cates that the amount of coloration produced is
not the same for each sample.
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The efficiencies of the various radiations in pro-
ducing the ultraviolet absorption in Corning 7940

vary widely. The absorption coefficients at 2150
A are plotted as a function of exposure in Fig. 29

for both x rays (curve I) and gamma rays (curve II).
It was observed that the 250-kv x radiation was
apparently four times as effective as the Co6 0

gamma rays. High-energy electrons from a Van de
Graaff machine are also effective in producing the
ultraviolet bands with a saturation absorption
coefficient for 2-Mev electrons of approximately
10 cm-1.

Of all the types of radiation used, fast neutrons
are the most efficient in developing the ultraviolet
bands. The growth of absorption at 2150 A during
fast-neutron bombardment is shown in curve I of
Fig. 30. Also shown in this figure (curve II) is
the concentration of paramagnetic centers as de-
termined by magnetic-susceptibility measurements
on simultaneously irradiated cubes by methods
previously descri bed. 6 7 '6 8  On the assumption
that the values of the oscillator strength of the
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absorbers in the 2120 and 2570 A bands are com-
parable and that absorption in the two bands is
associated with the bombardment-introduced para-
magnetic centers, approximate values of the oscil-
lator strength of these absorbers can be calculated
by use of Smakula's formula. If the half-width and
height of the derived 2120 A band are used in each
case, oscillator strengths of 0.06, 0.09, and 0.08
are obtained for integrated fast fluxes of 4 x 1018,
6 x 1018, and 1 x 1017, respectively. The con-
tribution of the absorbers at 2570 A are neglected
in obtaining these values, but inclusion of their
contribution is not expected to raise these oscil-
lator-strength values by more than a factor of 2, in
view of the relative shapes of the derived absorp-
tion curves. The oscillator strength of major tran-
sitions usually has a value close to, but some-
what less than, unity.

67 D. K. Stevens, H. C. Schweinler, and M. C. Wittels,
ORNL-1762, p 86 (Secret).

6 8
The specific susceptibility of an unirradiated cube

was temperature independent ( 0.1%) and had a value of

-4.19 x 10~7 cgs ( 0.5% abs).
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An analysis of the growth of absorption at 2150 A
with the different types of radiation indicates that
the color centers form under a first-order process.
Since fast-neutron irradiation produces at least
ten times more coloration than that produced by
any other means, it might be expected to proceed
by means of a complicated process. The growth of

color centers by fast-neutron activation could not
be analyzed by any simple scheme, for example, a
sum of a first-order variable and a term represent-
ing the production of the vacancies of species
capable of being colored. Additional experiments
are in progress to secure better data which will be
used to decide the reliability of this conclusion.
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ENGINEERING PROPERTIES

0. Sisman

RADIATION STABILITY OF CERAMICS

C. D. Bopp 0. Sisman
R. L. Towns

The ceramics listed in Table 8 were exposed

for 480 Mwd in the MTR in positions L-49 and
L-58. The flux above approximately 0.6 Mev was
measured by the C13 5(n,a)P3 2 threshold detector.1
The flux value obtained was of the same order as
that reported previously for neighboring positions.2

If it is assumed that the spectrum is similar to
that near the end of hole HB-2 in the LITR, 3 the
total integrated flux above 100 ev can be calcu-
lated. Values are given in Table 8, and they are
less than the values found for a previous irradi-
ation of similar materials. 4 The flux was greater
in the present case, but the exposure was of
shorter duration. The temperature was lower than
that of the earlier irradiation, since the specimens
were in direct contact with the cooling water in
the present case. The specimens were in the
form of wafers 20 mils thick x 3/ in, in diameter.
About four specimens were stacked together and
placed in an envelope made of 10-mil aluminum
sheet. Cooling water entered through small holes

in the envelope.

The surfaces of the irradiated specimens were
much cleaner than in the case of the previous
irradiation. Only very thin surface coatings were

present on any of the materials. This is attributed
both to the lower temperature and to the solvent

action of the water. The BaTiO 3 was crumbled;
some of the MgO and the pyrex specimens were

1J. B. Trice, ORNL-1359, p 14 (Secret).
2E. Fast, Integrated Bath Flux Distribution in Several

MTR Experimental Facilities, IDO-16200 (Nov. 29, 1954).

3J. B. Trice, ORNL-1359, p 10 (Secret).
4C. D. Bopp, 0. Sisman, and R. L. Towns, ORNL-

1762, p 90 (Secret).

broken; the other specimens were intact. Since
the preirradiation strength was low for both the
BaTiO 3 and the MgO, it is not certain that they
were weakened by the irradiation. The preirradi-
ation strength of the pyrex was high; so it is
known to have been severely weakened. A
likely explanation for the high sensitivity of this
material is the high cross section of boron for
thermal neutrons. The elastic constants are in
the process of being measured, and it is planned
to measure the strength later. The decrease in
weight observed for many of the materials may be
caused either by chipping or by the solvent action
of the water. For many of the materials the
dimensional change varies so much for different
specimens that no trend can be established. More
uniform results should be obtained from density
measurements which are planned. The dimensional
change for zircon is greater than the change in
the lattice parameter (measured with x rays), as
has been observed before. 5

The thermal conductivity was measured by the
method previously described. 6 For many of the

materials, the change in thermal conductivity is
greater than the change observed in materials
from the previous irradiation (though the present
integrated flux is lower). This may be the result
of retention of a larger part of the radiation damage
at the lower temperature of irradiation. Further
information on this subject will be obtained from
an annealing study which is planned. Identical
thermal-conductivity values measured at periods
of two and six months after removal from the
reactor indicate that there is little annealing at
room temperature.

5H. D. Holland and D. Gottfried, Acta Cryst. 8, 291
(1955).

60. Sisman, C. D. Bopp, and R. L. Towns, Solid State
Semiann. Prog. Rep. Feb. 28, 1955, ORNL-1852, p 33.
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TABLE 8. MATERIALS EXPOSED IN THE MTR

Epithermal Neutrons Weight Thickness Thermal Conductivity

Material Above 100 ev Change Change (calsec- - m-1- C- 1 x 104)

(neutrons/cm2 x 10-9) (%) (%) Preirradiation Postirradiation

A12 03, single crystal 6 <-0.02 >300 >300

Al2 03' sintered 3 -0.8 >300 >300

BeO 7 -0.03 -1 >300 >300

MgO 3 100 60

TiO2 192 5 < 0.02 +0.4 200 100

Brazillian quartz 5 -0.01 +4

Spinel, single crystal 7 -0.04 170 90

Forsterite 243 6 -1 180 36

Cordierite 202 6 -0.6 23 12

Steatite 228 7 -0.1 +2 60 19

Lava 4 -1 +1

Porcelain 576 6 -0.04 >300 40

Mica 4 <+0.02 +3.5 19 12

ZrO2 550 (cubic) 6 -1 26 21

Zircon 475 5 -1 +3 110 15

Zircon Tam 3 -0.2 +2 260 30

Zircon, sintered 3 140 12

Silica glass 7 +0.03 35 35

Plate glass 3 -0.5 30 30

Pyrex 3 Chipped

BaTiO 3  3 Crumbled

SiC 6

30% Cr, 70% A12 0 3 3 +0.01 +0.3
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RADIATION METALLURGY

J. C. Wilson

HRP RADIATION METALLURGY

R. G. Berggren J. C. Wilson

The results of hardness and tension tests on a
series of austenitic stainless steels are shown in
Table 9. The irradiations increased the hardnesses
about 20 points on the Rockwell B scale, raised
the yield stresses by a factor of 2 or 3, and
increased the ultimate tensile strengths from
5 to 20%. The observation 1 of yield points was
similarly observed in irradiated 304 ELC stainless
steel. Figure 31 indicates the yielding behavior
that was observed. The tension-test behavior of

1 R. W. Hall and J. C. Wilson, ORNL-1762, p 9 (Secret).

the other irradiated austenitic stainless steels
was of the same general type, as is shown by
curve B in Fig. 31. A series of type 304 ELC
stainless steel specimens was irradiated to a
total of 7 x 1018 fast neutrons/cm 2 and was
tension-tested over a 40-to-1 range of strain
rates. The results, Fig. 32, indicate that the
yield stress of the irradiated steel is strongly
dependent on strain rate over this range. Notch-
bar impact tests at -320 F on unirradiated
austenitic stainless steels resulted in bending,
but no cracks were initiated at the root of the
notches. All the irradiated specimens cracked in
the same test, although no complete fractures
occurred. The fracture in all the irradiated

TABLE 9. MECHANICAL PROPERTIES OF IRRADIATED* AND UNIRRADIATED AUSTENITIC
STAINLESS STEELS

Irradiation temperature, <200 F
Strain rate, 0.05 in./in./min

Yield Strength, Ultimate Tensile Reduction Uniform ASTM
AlRoykwype 

B
Alloy Type Specimen 0.2% Offset Strength of Area Elongation Grain

Hardness
(psi) (psi) (%) (%) Size

301 Control 38,400 98,700 83 56 80 2
Irradiated 87,000 113,200 81 48 94

302 Control 33,850 95,500 74 4
Irradiated 84,000 111,300 94

302B Control 33,500 107,800 78 4

Irradiated 81,500 125,000 97

304 ELC Control 24,350 86,300 74 63 60 4

Irradiated 75,500 103,800 73 58 86

305 Control 32,100 98,000 67 5
Irradiated 71,400 103,600 92

321 Control 31,200 84,800 74 7
Irradiated 90,600 105,800 94

347 Control 37,000 97,600 71 49 81 8
Irradiated 96,500 114,800 62 25 99

*AII the .irradiated specimens received an integrated flux of 3.9 x 1019 neutrons/cm 2 , with the exception of types

304 ELC and 321 stainless steels which received 7.8 X 1019 neutrons/cm 2 .

37



SOLID STATE PROGRESS REPORT

120,000

100,000

80,000

60,000

40,000

20,000

4 12 16

TOTAL ELONGATION (%)

Fig. 31. Conventional Tension Stress-Strain
Curves for Annealed Austenitic Type 347 Stain-
less Steel. (A) Composite curve from two tests

on unirradiated metal at strain rates of 0.01 and
0.05 in./in./min. (B) Irradiated (nvt = 7.8 x 1019);
strain rate 0.01 in./in./min; note region of low
work hardening. (C) Irradiated (nvt = 7.8 x 1019);
strain rate 0.05 in./in./min; note "yield point"
and yield-point elongation.

specimens propagated at least halfway across the

specimen, the specimen then bending sufficiently

to allow the striker of the testing machine to pass.

Tensile and notch-bar impact tests were made

on carbon steels meeting ASTM A212 grade B

specifications and on two experimental heats

meeting ASTM A106 specifications, one of which

was aluminum-killed to secure a fine grain size.

The results of tensile tests on these steels after

normalization and subsequent irradiation in the

LITR or MTR are summarized in Table 10. Yield
and ultimate tensile strengths increased as a

result of irradiation; the ultimate tensile strengths
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Fig. 32. Effect of Strain Rate on
Stress of Control and Irradiated (nvt =

Tension Specimens of Annealed Type
Stainless Steel.

5.0

the Yield
1 x 1019)
304 ELC

increased less than the yield strengths. Duc-
tilities, as measured by reduction of area and
uniform elongation, decreased rather markedly.

Comparison of specimens of the A212B steel
irradiated to a total of 1019 neutrons/cm 2 at
140 and 5700F indicates that, whereas the elevated
temperature resulted in appreciable annealing of
the lattice defects and caused a smaller increase
in yield stress, the ultimate tensile strength was
increased more at the elevated temperature.

Neither the unirradiated nor the irradiated carbon

steels exhibited a strong strain-rate dependence
of yield stress. All the unirradiated specimens

of this steel showed the usual yield point. The

yielding behavior was modified by irradiation,
and the load-elongation curves showed points of

inflection at about 1% elongation where the rate

of work hardening was almost vanishingly small.
Notch-bar impact tests on the irradiated ASTM

A212B steel are summarized in Figs. 33 and 34.

The energy-absorption results are shown in

Fig. 33, and the results from measurements of

lateral contraction below the root of the notch

are shown in Fig. 34. Irradiation to a dose of

1019 neutrons/cm 2 resulted in a slight rise in
the fracture transition temperature, and a dose of

1020 neutrons/cm 2  produced a very marked
increase in fracture transition temperature. The

control specimens in Fig. 34 appear to show
evidence of the ductility transition below about

-60 F. Any evidence of a ductility transition in
the irradiated specimens cannot be resolved.

o0
0.01 0.02

0
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Fig. 33. Effect of Radiation on Impact Energy of A212B Carbon-Silicon Steel Normalized from
1900 F. Solid points indicate incomplete fracture; open points indicate complete fracture. Maximum
temperature during irradiation was 195 F.
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Fig. 34. Effect of Radiation on Lateral Contraction in the Notch-Bar Impact Test of A212B Carbon,
Silicon Steel Normalized from 1900*F. Solid points indicate incomplete fracture; open points indicate
complete fracture. Maximum temperature during irradiation was 195 F.
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TABLE 10. MECHANICAL PROPERTIES OF IRRADIATED CARBON STEELS

Irradiation Ultimate Tensile Reduction Uniform

( ntrons/cm 2  Temperature Strain Rate Yield Stress Strength of Area Elongation*
(fast(neutrons/cm2 ( F) (in./in./min) (psi) (psi) (%) (%)

ASTM A212B - Normalized from 1900 F

0 0.05 50,000 75,400 64 22

0 0.5 51,200 77,800 61 22

1 x 1019 140 0.05 65,400 80,800 68 18

1 x 1019 570 0.05 56,800 83,900

1 x 10 20  140 0.05 93,800 97,000 26 5

1 x 1020 140 0.5 96,500 99,000 34 8

ASTM A106 Coarse Grain - Normalized from 17000F

0 0.05 50,400 85,000 67 20.2

1 x 1019 140 0.05 71,600 89,500 68 16.0

2 x 1018 570 0.05 53,900 86,400 68 17.7

ASTM A106 Aluminum Killed, Fine Grain - Normalized from 1700 F

0 0.05 57,700 75,400 67 18.8

1 x 1019 140 0.05 72,600 78,400 70 23.2

5 x 1018 570 0.05 62,500 78,100 69 20.2

*Determined from diameter change outside the "necked" region.

It will be noted that the shift in transition
temperature in the impact tests is much more
integrated-flux sensitive (at the higher integrated
fluxes) than that of any of the other properties
measured for this steel. In Fig. 35 the various
mechanical properties of the steel are plotted
against integrated flux. Although the data are
scanty, it is readily apparent that the transition
temperature is even more integrated-flux dependent

than the elongation or the reduction of area. The

transition temperature appears to increase almost
linearly with increasing integrated flux, and the
yield stress and ultimate tensile strength are

much less flux sensitive at the higher integrated

fluxes.

The tests on the two heats of the ASTM A106
steels confirm many of the observations made on
the A212B steel. However, due, in part, to the
scatter of the results and, in part, to variations
in irradiation conditions, differences in properties
of the coarse- and fine-grain steels were not

apparent.
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Fig. 35. Integrated Fast-Neutron Flux De-
pendence of Several Mechanical Properties of
A212B Carbon-Silicon Steel.
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PERIOD ENDING AUGUST 30, 1955

NUCLEAR MEASUREMENTS

J. B. Trice

A FLUX-DEPRESSION EXPERIMENT

IN THE MTR

J. B. Trice H. V. Klaus
J. F. Krausel R. H. Lewis2

Many of the experiments in the MTR require
some estimate of the effective thermal-neutron

flux in or near the experimental assemblies. An
opportunity was provided for studying how effec-
tively neutron absorbers can reduce the thermal
flux in one of the MTR beam holes currently
assigned. to ORNL for fast-neutron spectral
studies. It also appeared feasible that data could
be obtained which would be applicable to the
flux-depression study made elsewhere in the
MTR. 3  Since it is impractical to make simple
theoretical estimates of the quantity which
involves flux depression and self absorption,
especially for complicated geometries, it is
valuable to have experimental data of this nature.
This quantity is of particular interest to those
who must either design in-pile experiments or
interpret results from such experiments.

The setting for the group of measurements to
be described is illustrated in Fig. 36, which
shows a schematic picture of hole HB-3 and
its physical location with respect to the MTR
lattice. The axis of the beam hole lies in ap-
proximately the horizontal lattice mid-plane.

It was desired to measure the thermal-neutron
flux through the interior of a cylindrical assembly
containing the neutron absorber. The basic unit
for the series of measurements consisted of two
major pieces. The outer piece was an Inconel
cylinder 7 in. in length and hollowed to contain
a solid cylinder of the neutron absorber. The

solid absorber was assembled from two half
cylinders slotted at intervals along their length
in such a way as to allow cobalt foils to be
positioned along the absorber axis in intimate

contact with the two halves of the cylinder (see
Fig. 37). The variables were the effects on
flux diminution caused by variations in inner-

cylinder composition (macroscopic cross section),

1Pratt & Whitney Aircraft.
2Phillips Petroleum Co., Idaho Falls, Idaho.
3W. B. Lewis, A Semi-Empirical Method for Estimating

Flux Depression, MTRL-54-27 (March 11, 1954).

the container wall thickness, and the position
along the axis of hole HB-3.

According to the semiempirical method developed
by Lewis for estimating flux depression,3 a
neutron-absorbing cylinder in a thermal-flux field,
can be described in terms of the diameter of the
cylinder and a "grayness" factor, a, described
by the equation

cx= 1 ~ e

in which A is the inverse relaxation distance,
and 1 is the cosine-weighted average path through
the sample and is equal to the diameter; also,

N
A = - po- cm' 1 ,

XpU

where

p = average density of sample material,

UNCLASSIFIED
ORNL-LR-DWG 8636A
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Fig. 36. Schematic Diagram of Hole HB-3 in

MTR Lattice Loading.
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Fig. 37. Typical Assemblies Used for Measuring Flux Depression.

N
A

-a

Avogadro's number,
atomic weight of sample material,
average microscopic absorption cross
section.

In the report by Lewis there is a curve which

relates a, the grayness factor, to the ratio of

perturbed flux to unperturbed flux; 4 this is shown

as Fig. 38. Two points calculated from the ORNL
measurements in HB-3 are shown on the curve.

The points obtained from the ORNL Pneumatic

Facility correspond to a values of 0.69 and
0.248, and are in reasonable agreement with the
curve of Lewis. For other measurements which
involved Inconel tube wall thicknesses up to

1/ in., the alpha values which span the range of
wall thicknesses from 1/ to 1 in. are approxi-

mately equal. This results from the fact that,
as the diameter of the tube increases, the average
macroscopic absorption cross section decreases;

and, hence, the product of the two tends to change

4 The use of the word "perturbed" to describe a flux
diminished by both self absorption and foil drain is not
strictly accurate; however, the terms "perturbed" or
"diminished" are used to include all effects unless it
is stated otherwise.

slowly. Since the measurements were taken over
the core only, it is not a fair test of the Lewis
curve to compare these values of flux depression
with those which would be predicted by the curve.
The some objection cannot be quite so strongly
raised for the two points shown, since the core
measurements represent somewhat more valid
statements of the average flux in the cylindrical
assembly.

The relationship of reactor power to thermal
flux is shown in Fig. 39. A nonlinear relationship
between reactor power and thermal flux is indi-
cated above 20 Mw. Other data 5 have supported
this also, although no explanation is offered for
this phenomenon at the present time. Shim-rod
position seems to have small effect, if any, on the
thermal-flux level in HB-3, and, therefore, the
nonlinearity is thought to be due to other factors.
Figure 40 shows the average shim-rod position

for the most important period. The motivation

for obtaining this relation between power and
flux arose from the necessity of making many of
the irradiations with the reactor operating at

5 R. H. Lewis, Phillips Petroleum Co., private com-
munication, April 27, 1955.
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Fig. 38. Flux Depression in MTR as a Function
of Grayness Factor.
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Fig. 39. Calibration Curve for the HB-3 Facility
of the MTR.

5 Mw in order to limit the amount of gamma heat.

At 30 Mw the heat would have melted the core
materials used for many of the irradiations - an
unacceptable situation.

Figure 41 shows the effect on the flux in the
absorber core when the wall thickness is varied.
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Fig. 41. Effect on Flux in Absorber Core as
Wall Thickness of Inconel Container Is Varied.

The abscissa is a plot of R2 -- R 2, where

R 2 -- R1, the top abscissa, is the wall thickness.

The data represent a wall-thickness range from

16 to 4 in.; and core absorbers include both
cadmium- and boron-containing alloys.
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Fig. 42. Effective Thermal-Neutron Flux in
1/-in. Walls.

Figure 42 is a composite picture of the effective
flux as measured with three different core compo-
sitions and identical Inconel tube containers
with 1/ 6 -in. walls. Both the perturbed and un-
perturbed flux measurements extend approximately
20 in. along the axis of HB-3. Although there
appear to be no discernable differences in de-
pression among the three cores represented here,

calculations6 show that effective flux in the core
is not a sensitive function of core composition,
but that it is governed strongly by the average
absorption cross section of the entire assembly.

Figure 43 shows flux measurements at the high-
intensity location, taken through the absorber
core for a weakly absorbing alloy containing
0.574% cadmium (absorption cross section, 6

0.187 cm 2/cc). The alloy is contained in a

6 Based on or= 3500b.

Three Absorbers Contained in Inconel Tubes with
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Fig. 43. Thermal Flux in High-Intensity Region
for Cadmium-Type Gray Cylinder in Inconel Tube
with 1/ 6-in. Wall.

standard-type Inconel cylinder with a t/k..in.-
thick wall. 1

Figure 44 shows similar traverses for the same
types of cadmium-bearing, boron-bearing, and

44

FLUX IN

0

, , , , ,
-

- --
I

A- A
I -- f 3 c i i - i i MC i i i i i i i i - i --i i

U o

CORE



3x10

104

13
3 x10

4

3 x10
E

104

J

I
W

3 x101

2 x10
14

14
10

3 13"

UNCLASSIFIED
SSD-B-1273

ORNL-LR-DWG-8830

- -- RUN 5 H r
-- Cd -T YPE ABSORBER

A OUT SIDE FOIL , WIT H CORE

0 INSIDE FOIL, WITH CORE

2.6 in. TO BEAM HOLE END

- - - ( b )

-- RUN 5H2

-BORON-T YPE A BSORBER

CURVE TAKEN FROM (o) AND (b) ABOVE

(c)

RUN D "''-....

_LITHIUM-TYPE ABSORBER o -..

0 1 2 3 4 5

DISTANCE TO BLIND END OF PNEUMATIC TUBE (in.)

Fig. 44. Thermal-Neutron Flux in Vicinity of
Nosepiece for Three Different Absorbers Con-
tained in Inconel Tubes with V1-in. Walls.

lithium-bearing materials with the same macro-
scopic absorption cross sections at 0.025 ev as
those given in Fig. 42, namely, 2.1 cm 2 /cc,
2.7 cm 2/cc, and 1.5 cm2 /cc, respectively. As
in Fig. 43, these traverses represent the high-
intensity region and were run in Inconel tubes

which had a 0.269-in. ID and a 1/ 6-in. wall
thickness and which were closed at both ends.

Figures 45 through 48 show the measurements

obtained with cadmium- and boron-containing

materials over a lower-intensity neutron region

than in the experiments described above. Also,

the relationship between depression and wall

thickness, shown in Fig. 41, is obtained from

this series of measurements. The Inconel tube
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Fig. 45. Effective Thermal-Neutron Flux in
Boron and Cadmium Absorbers Contained in Inconel
Tubes with 16-in. Walls.

walls range from 1/16 1o 4 in., and, as in all the

measurements for this experiment, the ID of the

Inconel cylinders is 0.269 in.

Figure 49 shows a thermal-neutron flux traverse
taken with only the usual magnesium four-train
shuttle in the HB-3 hole, and Fig. 50 shows
another traverse that is identical, except for the
fact that the first point was partially shadow-
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Fig. 46. Thermal-Neutron Flux in Cadmium Ab-
sorber Contained in Inconel Tube with 1/-in. Wall.

shielded by means of an Inconel cup which con-

tained the cobalt for the first position. Evidently,
the shadowing effect was small.

Internal errors arose in connection with the
weighing, counting, and positioning of the samples
during irradiation. It is thought that these seldom
caused a sample measurement to be off by more
than 10%. Errors associated with the cross
section of Co 59, the half life of Co6 0 , and the
calibration of the 4r ionization chamber con-
tributed to the total error involved in the measure-
ments of the absolute fluxes. These could add
another 10% error to single measurements of the
absolute fluxes, but it must be pointed out that
all the pertinent results of this experiment were
based on relative measurements rather than on
absolute measurements.

The fabrication and the extrusion of the experi-

mental alloys were performed by J. A. Milko,
J. H. Coobs, and J. H. Erwin of the Metallurgy
Division. D. R. Cuneo and W. R. Grimes of the
Materials Chemistry Division synthesized the
lithium-containing materials. F. Gourley, P.
Monson, and A. Van der Doos performed the
counting and weighing operations.

7USAF.
8Engineering and Mechanical Division.
9 Pratt & Whitney Aircraft.
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Fig. 47. Thermal-Neutron Flux in Boron and
Cadmium Absorbers Contained in Inconel Tubes
with 3/-in. Walls.

CORRELATION OF MTR NEUTRON-FLUX
SPECTRA WITH RADIATION DAMAGE

J. B. Trice
H. V. Klaus
P. M. Uthe7

T. L. Trent8

J. F. Krause 9

R. H. Lewis 10

F. J. Muckenthaler11

F. W. Smith 12

The early objectives 13 of this project were
directed toward the establishment of a definite

10 PhilIips Petroleum Co., Idaho Falls, Idaho.
11Applied Physics Division.
12 Consol idated Vultee Aircraft Corp.
13J. B. Trice et. al., ORNL-1762, p 20 (Secret).
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Fig. 48. Thermal-Neutron Flux in Boron and
Cadmium Absorbers Contained in Inconel Tubes
with 1 -in. Walls.

correlation between neutron-energy distribution

and radiation damage. Although it was realized
at the beginning of the project that such an

attempt would probably be entirely successful

only if it were possible to use accelerators for

obtaining monochromatic beams of neutrons with

which to induce damage, it was, nevertheless,
thought that a certain type of correlation could
be established with a reactor. This was based
upon the assumption that a thermal reactor con-
tains two different spectral extremes. One is an

almost pure fission spectrum, and the other is
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Fig. 49. Thermal-Neutron Flux Measured with
Co60 Along Axis of Hole HB-3.
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a highly moderated spectrum with an E- pro-
portionality holding well into the Mev region.
Since the moderated spectrum almost always

contains fewer neutrons, less by several orders

of magnitude than the neutrons in an unmoderated

spectrum, a reactor and a location within the

reactor had to be chosen so that a useful amount
of radiation damage could be produced with the

moderated spectrum in a short length of time.

The reactor most suitable was the MTR, and the

project was designed for the horizontal beam
hole HB-3. It was planned to measure first the

flux characteristics of the hole with a series of

small fission chambers which were developed
especially for this purpose. These fission probes
were designed to use Np 2 37 , U2 3 8, Th23 2 , and

U2 36 for measuring neutrons from 1/ to 21/ Mev.Y2 2
As a corollary, threshold detectors were chosen
for measuring neutrons with energies ranging

from 21/2 to above 8 Mev. With these two devices

at hand it was at least theoretically possible to

determine the general characteristics of a neutron

spectrum from /2 to beyond 8 Mev. In addition

to these two groups of detectors, a group of

resonance detectors was planned for use in deter-

mining the spectrum in the energy region from

thermal to several key.
At the present state of the project, the small

fission chambers have been successfully developed

and tested and were found to operate successfully

in a location in the LITR and in the MTR where

the flux exceeds 1011 neutrons.cm-2-sec- 1 . The
limiting factor seems to be the gamma-ray buildup
which begins to swamp the chamber soon after

the neutron intensity exceeds 1011 neutrons

.cm -2sec' . It is thought that further develop-
ment and research can possibly produce a chamber
operable in the range 1014 to 1015 neutrons

*cm-2 sec 1. Complete data have been obtained
in hole HB-3 in the MTR by loading the probes

with several different fissionable materials;
however, results are being withheld until the

next publication of the Solid State Division

progress report in order to allow adequate time

for final analysis of the data. As yet there are
still unresolved difficulties which involve the

determination of the weights of fissionable material

used in the probes.

Complete data have been obtained for flux
traverses of hole HB-3 by using the (n,y), (n,p),

and (n,a) reactions of such materials as Al, V,

Na, CI, Cu, and Co for the resonance region, and
Al, Mg, Si, and P for the threshold region.

The pneumatic shuttle tube designed and con-

structed at ORNL for use in the MTR has been

briefly described previously.14  It consists

essentially of a water-cooled tube of square cross
section extending into the beam hole up to the

lattice. A light magnesiumtrain, which transports

samples into and out of the flux field, slides along
the tube and is driven by either air or helium.

Figure 51 shows such a train, which consists of
four shuttles, each capable of maintaining samples
in four positions. Each position has a cup which
holds a container for one sample. The containers
are constructed of either a cadmium alloy or
magnesium, as desired, and are arranged so that

samples can be ejected from them by remote

control. They are then caught in clean non-
radioactive containers underneath the breech-
shield part of the rig (see Fig. 52). Figure 53
shows a closeup view of part of the breech
mechanism, which is used to hold the shuttle-
train assembly in position when it is ready for

unloading samples that were fired from the reactor
into the breech.

The results which have been obtained so far
with the threshold and resonance detectors indi-
cate that the maximum value of fast flux in hole
HB-3 is much lower than it had been thought to
be, prior to the experiment. The peak thermal
flux is 2.3 x 1014, and the fast flux was expected
to be about equal to the thermal flux. This is not

the case, the maximum fast flux being about
3.1 x 1013 or almost a factor of 10 under the
thermal flux. Figure 54 illustrates this quite
well for three positions in the beam hole. The
dotted lines shown in Fig. 54 are integral fission
spectra normalized at 8.1 Mev to the experimental
data. Note that, at the position nearest the lattice,
the experimental data fit the fission spectra
quite well, with the exception of the Si2 8 (n,p)A1 2 8

reaction, which appears to be too high. It is

thought that an error in the cross section for the

reaction may account for the high value of this
measurement, since there has been only one

previous measurement of the cross section for
a fission spectrum. The closed points at 0.1 Mev
represent an estimated value for the number of

14 J. B. Trice, F. W. Smith, and F. J. Muckenthaler,
ORNL-1506, p 11-13 (Secret).
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Fig. 51. Four-Shuttle Train Used for Irradiations in the ORNL Pneumatic Facility in Hole HB-3.

neutrons above 0.1 Mev - based on measurements

with the resonance detectors for the E-1 region,
plus the measurement of the number of neutrons

above 2.4 Mev as determined with the reaction
P 3 1(npsi 3 1 . Even this measurement supports

the evidence for a fission spectrum at this

position.
At two other positions shown, it is apparent

that the fission spectrum, normalized to the

value of the flux above 8.1 Mev, given by the
A12 7 (n,a)Na 2 4 reaction, falls below the experi-
mental points at lower energies. This evidence,
together with that from the resonance detectors,
indicates to some extent how the neutrons are

moderated. The charting of the E-1 region of

the spectrum by means of four resonance detectors

is illustrated in Fig. 55, where a differential

spectral plot against energy is exhibited. Each
point shown on the curve is derived by means of

the equation

00 1-410th

E (CR - 1)(1 + a)

where

Oth = thermal flux,

CR = cadmium ratio,

J a(E) O(E) dE
resonance

a(E) O(E) dE
1/v

(ref. 15).

The thermal flux and the cadmium ratio were

determined experimentally from the MTR data,
and a. is a quantity determined previously from

measurements in an E-1 type of neutron spec-

trum.16 Figure 56 shows the plot of thermal flux.
Figures 57through 61 exhibit saturated activities

for the (n,y) reactions in Cu 6 3, Na 2 3, Cl 3 7 , V5 1 ,
and Al 27 . The results from both the cadmium-

covered exposures and the bare exposures are

shown.

Figure 62 shows the spectral function

0.71 -- = [ (CR - 1)(1 + a)]~

plotted for each of the resonance detectors as a

function of position along the axis of the beam

hole. At the position nearest the lattice, there

155. M. Danccff et al., CP-3781, p 17 (May 6, 1947)
(Secret).

16. M. Dancoff et al., CP-3781, p 9 (May 6, 1947)
(Secret).

49

' L ,I . ,Ins :L 91a' t t

'



11Vi
I

/2 jfG4!4 lodld4&

6'

J

Fig. 52. Breech View of the ORNL Pneumatic Facility in Hole HB-3.

'-I'
0

11

I

UNCLASSIFIED
PHOTO 15452

r

1

r

"



F

Fig. 53. Closeup View Showing Breech Mechanism for Locking Train in Dump Position.
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Detectors Along the Axis of the HB-3 Beam Hole.

seems to be only a small divergence between the

values given by the four resonance plots; however,
this separation increases in a direction away
from the lattice. This indicates that the spectrum
is fairly well represented by an E 1 relationship
near the lattice and that it is not well represented

by this function at distances in the beam hole
which are very far from the lattice. Figure 63
shows spectral traverses of. 0.71(qS/qh) for
chlorine and copper. These are not grouped with
the other reactions because there are large un-

certainties and a data spread associated with
them.

The next group of figures, 64 through 68, presents
in graphical form the high-energy neutron flux

along the beam-hole axis, as measured with five

threshold detectors which cover the region from

2.4 to above 8.1 Mev. On the curve which depicts
neutron flux above 8.1 Mev, note that four of the

points refer to a special run. This was an experi-

ment in which diamonds and quartz crystals were

irradiated for about 28 hr in an attempt to introduce

measureable damage to the crystals under carefully
monitored conditions of irradiation. Some changes

in the lattice parameter in diamond and changes
in the number of paramagnetic centers in quartz
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were measured. However, following this irradi-

ation, another experiment was run in which each

of the quartz crystals contained, at its center, a
thermocouple made of No. 30 Chromel-Alumel wire.
The recorded temperatures were as high as 6400 F

(337 C) for a position near the lattice cid as low
as 3200F (160*C) at the position furthest from the
lattice where the fast-neutron flux is only about

3 x 1011 neutrons-cm 2 sec 1 above thermal.
Since annealing of lattice damage in diamond 1 7

begins at about 150 C and optical annealing in
quartz 1 8 begins at about 200'C, there is doubt

17 M. C. Wittels, private communication, August 15,
1955.

18D. K. Stevens, private communication, August 15,
1955.
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as to the validity of these measurements of

damage.

Whereas the beam hole is not only unattractive

for radiation damage work because of its un-
desirable gamma heating characteristics but also
because of its inadequate supply of fast-neutron

flux, it becomes apparent that a different location
is necessary if a study of the type described is
to be made. The hole is quite satisfactory,
however, for studying threshold detectors and

for testing fission chambers in very high ir-

radiation fields.
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FAST-FLUX MEASUREMENT IN THE BNL

GRAPHITE REACTOR

J. B. Trice
P. M. Uthe 19

J. G. Carroll 20

N. E. Shiells20

R. Pc.we11 2 1

F. P. Reeves 2 1

F. S. Keene 21

H. J. Kauts2 1

V. J. Walsh21
A. C. Downing2 2

E. I. Wyatt2 3

R. K. Rickard2 3

A measurement to determine the fast- and

thermal-neutron fluxes in hole E-25 of the BNL

Graphite Reactor was made as part of a cooperative

experiment performed by BNL, CRC, and ORNL.
The neutron-flux measurements were part of a

radiation-damage project to correlate neutron-flux

19USAF.
20California Research Corporation.
2 1Brookhaven National Laboratory.
2 2Mathematics Panel.
2 3 Analyti cal Chemistry Division.
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energies and intensities with radiation damage to

certain types of lubricants or organic materials.

The principal modes used for examining the
damage to the lubricants were viscosity tests

and decomposition measurements.

The monitor materials used for obtaining the

flux information included aluminum, cobalt, and

magnesium, as solid metals, and powdered mag-

nesium pyrophosphate, and sulfur. Also, California
Research Corporation obtained high-energy neutron-

flux data by making use of the fissionable ma-
terials Np2 3 7 and U 2 38 . The nuclear character-
istics of each monitor used in these tests are

exhibited in Table 11. Hole E-25 has a square
cross section, approximately 4 in. on an edge, and

passes from the east face to the west face; the
basic location for this facility is shown in Fig. 69.
The hole is perpendicular to the fuel channels
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Fig. 69. Schematic Diagram of BNL Graphite Reactor Lattice Showing Location of Experiment.

which run from north to south and which are also

located in 4- by 4-in.-square-sectioned graphite
parallelepipeds. Since the experimental holes
and the fuel channels lie in alternate horizontal
layers of graphite, there is no intersection problem;
and, hence, the experimental holes are adjacent
on both top and bottom to cylindrical arrays of
fuel. Further details concerning the geometry can
be found in the BNL Design Manual. 2 4  It is
important to note that the designation E-25, used

to describe the existing hole, refers to E-26 in
the design manual; this point is clarified in
Sec. 3.3-27.

The principal results are expressed in Figs. 70
through 73. Figure 70 shows the thermal-neutron
flux along the axis of E-25, as measured with
cobalt. The fast-neutron contribution is not

24 H. K. Ferguson Co., BNL C-3010, Book No. 1,
Design Manual vol 3, sec. 3.3, p 27.
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TABLE 11. NUCLEAR CHARACTERISTICS OF MONITORS USED TO MEASURE NEUTRON-FLUX INTENSITIES

Effective Threshold Cross Sectiona Used
Element Reaction

(Mev) (barns)

Np 23 7  0.7 Fission

U 2 38  1.4 Fission

P3 1  2.4 0.075 P31(n,p)Si31

S32 2.9 0.30 S3 2 (np)P 3 2

Mg 24  6.3 0.0476 Mg 24 (n,p)Na24

Al 2 7  8.1 0.111 Al 2 7(n,a)Na 2 4

Co5 9  
1.2 x 10_4b 42.3c C059(n,y)Co60

Co5 9  Thermal 34.0 Co59(n,y)Co60

aj B. Trice et al., Two Neutron Energy Measurements in the Bulk Shielding Facility Using Radioactivants, ORNL
CF-53-5-139 (Oct. 29, 1953).

bPosition of resonance.

cResonance activation integral including 1/v contribution taken from D. J. Hughes, Pile Neutron Research, p 139,
Addison-Wesley, Cambridge, Mass., 1953.

UNCLASSIFIED
SSD-A-1087

ORNL - LR -DWG-4250

__ _ . I__ 1__4.__ _ _ _ L__ _ _ _

2 3 4 5 6 7 8

DISTANCE FROM CENTER OF REACTOR (in.)

Fig. 70. Thermal-Neutron Flux Along Axis of
Hole E-25 of BNL Reactor.

subtracted, but the subtraction can easily be made
by reference to Fig. 71, which shows a plot of
similar data for cobalt that was enclosed in
cadmium so that thermal-neutron activation is
eliminated. Note that the correction for fast

neutrons amounts to about 10%. The probable

error25 associated with the 12 determinations

with the bare cobalt is 3.5%, and with the cadmium-
covered cobalt it is 2.7%. An additional error
in the determinations made with bare cobalt is

25 This is the 50% confidence level.

..

8 x1011
'?7

6
5

0

S 4

3
F-

2

F- '111

U,

UNCLASSIFIED
SSD-A-1099

ORNL - LR -DWG-4419

DISTANCE FROM CENTER OF REACTOR (in.)

Fig. 71. Activity of Cadmium-covered Co 60

Along Axis of Hole E-25 and Normalized to
Thermal Flux.

due to uncertainties in counter efficiency, cross
section, and half lives; this increases the error
to a total of 10% for the average value of the
flux as measured with bare cobalt.

In Fig. 72 are shown the experimental results

for the four threshold reactions P3 1(n,p)Si3 1 ,

S 3 2 (n,p)P3 2 , Mg 2 4 (n,p)Na2 4 , and Al 2 7 (n,a)Na24 .

The error2 5 associated with the average value of
the seven experimental points for the P3 1 (n,p)Si3 1

reaction is 13.5%, based on the spread of data;
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however, additional errors in weighing, standard-
ization, and handling total 30% and increase the
total error to 33%; this is the worst case from the
standpoint of spread in experimental observations.
The S3 2 (n,p)P 3 2 reaction had a data spread which
averaged only 7%, and the average spread for the
Al 27 (n,a)Na2 4  reaction was only 2%. The
Mg 2 4 (n,p)Na2 4 datum cannot be treated in this
manner, since there is only one experimental
point; however, it is doubtful that this point can
have an uncertainty less than 100% associated
with it. Figure 73 shows a graphical summary of
these results. In addition to the four threshold
reactions mentioned above, the flux measured
with Np 2 37 and U 23 8 is shown at the respective
effective threshold energies in a fission spectrum
for the two isotopes.2 6 The effective threshold
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Fig. 73. Average Neutron Flux Above Threshold
Energy as a Function of Threshold Energy for
10 in. Along the Axis of Hole E-25.

is defined by the following equation:

f

true Et
o(E) kfIss ion (E) dE

effective Et
Oflss n (E) dE

where c is some arbitrary chosen value of the

2 6 Private communication with R. L. Bolt, CRC,
November 8, 1954.
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PERIOD ENDING AUGUST 30, 1955

cross section beyond the initial-rise region. The
extension of the curve into the region below 1 Mev
is a bold expediency and is based upon the
cadmium ratio for cobalt plus the assumption
that the spectrum is fairly well moderated. Note

that the spectral function is not a derivative type

but is actually a plot of the neutron flux above
the threshold energy shown on the abscissa. The
broken line shows the unmoderated fission spectrum

normalized at 8.1 Mev.

ANALYSIS OF REACTOR-GRADE
BERYLLIUM SAMPLES

J. B. Trice T. Passel 27

R. H. Lewis 2 7

Two reactor-grade Brush Beryllium Company
samples of beryllium metal chips were obtained
from W. D. Manly of the Metallurgy Division.
Elemental analyses were run by R. H. Lewis and
T. Passel and yielded the following results from
chemical analyses:

Impurity

Fe and Mg

Si and Al

N i and Cr

Mn

Cu

Ca

Sc

UNCLASSIFIED
SSD-A-1228

ORNL - LR-DWG-7921

1000_ _

C
Ci

z

J

Amount (wt %)

0.03
0.02
0.006

0.003
0.0002

0.0001

None (limit of detection = 200 ppm)

Analyses on a gamma-ray scintillation spec-
trometer (Nal) showed two gamma peaks present,

one at 0.90 Mev and one at 1.12 Mev, as shown
in Fig. 74. Figure 75 shows the gamma spectrum
for Sc4 6. Note how the two sets of peaks coincide.

Also, a half life of 90 days, from the experimental
data for the beryllium chips, agrees satisfactorily
with a listed28 value of 85 days. The fact that
the two gamma peaks and the sum of their energies

2 7Phillips Petroleum Co., Idaho Falls, Idaho.
2 8 National Bureau of Standards Nuclear Data, NBS-

499, p 41 (Sept. 1, 1950).
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Fig. 74. Gamma-Ray Spectrum of Irradiated Be-
ryllium Obtained from Brush Beryllium Co.

are both in agreement with the listed2 6 decay

scheme is taken as evidence that the gammas are
in cascade.

A separate beryllium sample from the R. D.

MacKay Co. was analyzed in the same manner and

was found to have about the same amount of

scandium present (see Fig. 76). The beryllium-

to-scandium weight ratio for the Brush samples,

as measured by the gamma-ray scintillation spec-

trometer and the MTR 4 rr high-pressure ionization

chamber, was 6.8 x 104. For the R. D. MacKay
samples it was 7.1 x 104 . Note that this is below

the chemical limit of detection stated above.
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SPECIAL PROJECTS

RESISTIVITY CHANGES IN ALPHA

FUNCTION OF NEUTRON RAD

R. H. Kernohan D. S. B

The results from neutron irradiation
of copper-rich alloys were unusual
showed that the electrical resistivi
in the alloys. 1 The results are bes
by reference to Fig. 77. All the allo
dilute substitutional solid solutions.
were annealed polycrystalline rods
ameter, and all the samples were
the ORNL Graphite Reactor for the
of time.

Since the greatest percentage dec

sistivity occurred in the 11.3 and 12
(alpha brass) samples, the 12.9 at. %
was used in an in-pile experiment

investigate the change in resistivity

of the amount of neutron bombardment.
A rod of material (12.9 at. % Zn)

down and drawn into wire 0.038 in. i
the Metallurgy Division. Two identic
of this wire, each 30 in. long, wer
even spacings on a quartz tube 1/ i
and 6 in. long. After the wires were
the tube, current and potential leads

1R. H. Kernohan, A. B. Lewis, and D.
Solid State Semiann. Prog. Rep. Feb. 28
1852, p 50.
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BRASS AS A to the ends of the wires, and the specimens were
IATION annealed in vacuum for 1/ hr at 525C. The

illington specimens were then etched lightly and dried be-
fore inserting them into capsules for irradiation.

of a number Two thermocouples were placed in each capsule,
in that they and long potential and current lead wires were

ty decreased attached so that they reached from the center of
t summarized the reactor to the reactor face. The specimens
ys used were were measured accurately by the potentiometer
The samples method at several temperatures in the range of

in. in di- 0 to 75C before inserting them in the reactor so
irradiated in that the temperature coefficient of resistance
same period could be calculated. The original resistances

corrected to 20 C were as follows: wire A,
:rease in re- 40,654 4 ohms; wire B, 41,440 4 sohms.
.9 at. % zinc In order to obtain a larger-than-normal proportion
zinc material of fast-to-thermal neutron flux, wire A was placed
designed to in a hollow fuel element in hole 1968 of the ORNL

as a function Graphite Reactor. Unfortunately, a connection

became loose after about ten days in the reactor,
was swaged which necessitated the removal of wire A. Wire B

n diameter by was then placed in the reactor, and resistance
:al specimens readings were taken at periodic intervals over a
e wound with period of 12 weeks. Temperature readings were
. in diameter also taken so that all resistance values could be
assembled on corrected to 20 C. A plot of the change in re-
were attached sistance vs accumulated reactor power and time in

S. Bil ington, the reactor for both wire specimens is shown in

, 1955, ORNL- Fig. 78. For comparison with previous measure-
ments 1,2 of brass containing 12.9 at. % zinc,
approximate values for the change in resistivity

UNCLASSIFIED and for the percentage decrease are shown along
SSD-B-1078o

ORNL-LR-DWG-3798 the right ordinate of the graph. The estimated

I probable error in the in-pile measurements is
Al larger than for the measurements taken before in-

sertion in the reactor, because of possible irregu-

larities in temperature along the wire sample and
the comparatively long current, potential, and

-- u-i - thermocouple lead wires. As the experiment pro-
gressed, the points on the curve seem to have
become less accurate, possibly because of de-
terioration of the insulation on the lead wires in

--- the reactor. There does seem to be a minimum at
about 2 x 106 kwhr, corresponding to an integrated

5 o total flux of 2 x 1018 neutrons/cm 2 . The decrease
)1 at this point of about 0.035 sohm-cm is only about

Fig. 77. Resistivity Changes in Copper Alloys
Exposed to an nvt of 2 x 1018.

2 The accumulated reactor power can be roughly con-
verted to nvt by multiplying the abscissa values by
1018
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Fig. 78. Change in Resistance of Brass Wire vs Reactor Irradiation.

two-thirds of that previously reported in the rod
specimens irradiated with the same amount of
neutron flux. Measurements will continue on the
present brass wire until an insulation breakdown is
indicated. After removal of the wire from the
reactor, it is hoped that careful measurements can
be made so that the validity of the present results
can be checked.

NEUTRON-INDUCED RESISTIVITY CHANGES
IN A BRASS SINGLE CRYSTAL

R. H. Kernohan R. E. Jami son
D. S. Billington

Previously observed resistivity decreases in

alpha brass and other dilute solid solutions of
copper 1 were measured for polycrystalline ma-
terial. The possibility exists that the decreases
could have been related in some way to grain

boundaries; and in order to investigate this effect,
it was decided to irradiate a single crystal of
alpha brass in order to compare resistivity changes
with those observed in polycrystalline material.
In addition, the previously observed resistivity
changes in polycrystalline copper alloys indicated
that these were decreases in the residual resis-

tivity and were not the temperature-dependent com-

ponent of the resistivity, because the magnitude
of the change at liquid-nitrogen and room tempera-
tures, as well as at 68.4 C, was about the same.
However, no residual-resistivity measurements were
made in liquid helium. Therefore, in order to
determine the residual resistivity, it appeared
desirable to determine the resistivity of a single

crystal of alpha brass in liquid helium both before
and after neutron irradiation.

A single crystal of brass was grown in the form
of a cylindrical tensile specimen so that after
irradiation a critical shear-stress measurement
could also be performed on it. Prior to irradiation
the crystal was annealed, and small lead wires
were soldered on the gage length. The resistance
was then measured over a section approximately
1 in. in diameter and 1 in. long. A special appa-
ratus consisting of a holder and a Dewar flask was
built in order that resistance measurements by
means of a Rubicon microvolt potentiometer could
be obtained in liquid helium, in liquid nitrogen, and
in an oil bath for the determinations at room tem-

perature.
Measurements were taken prior to irradiation,

and the sample was then placed in a hollow fuel
element in the ORNL Graphite Reactor for a period
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PERIOD ENDING AUGUST 30, 1955

of five weeks. The same measurements were re-
peated after the sample was removed from the
reactor. The results are shown in Table 12.

From both the magnitude of the resistivity meas-

urements and lattice parameter it was estimated
that the brass single crystal consisted of 9 at. %

zinc. The decrease in resistivity of 0.040 1 ohm-cm
at 20 C is in excellent agreement with the results

shown for the Cu-Zn polycrystalline material in
the upper left portion of Fig. 78. The decrease in

resistivity at liquid-helium temperature is about
the same as the decrease at other temperatures,

as shown in Table 12. It can therefore be con-

cluded that the observed decrease in resistivity is
not affected by grain boundaries and that the de-

crease is in residual resistivity.

TABLE 12. REACTOR-INDUCED RESISTIVITY
CHANGES IN A BRASS SINGLE CRYSTAL

Temperature Resistivity (pohm-cm)

Before After

Irradiation IrradiationD

Liquid He 4.2 1.774 1.737 0.037

Liquid N 2  77.1 2.089 2.046 0.043

25.7 298.9 3.797

26.7 299.9 3.804* 3.764 0.040

20 273.2 3.753* 3.713* 0.040

*Calculated by linear interpolation.

EFFECT OF NEUTRON RADIATION ON THE
PRECIPITATION-HARDENING REACTION

R. H. Kernohan A. B. Lewis
D. S. Billington

In previous work on the precipitation-hardening

alloy Ni-Be, definite evidence was found that
neutron irradiation at an elevated temperature

appeared to enhance the precipitation process. I
Less beryllium was found in solid solution in an

irradiated specimen held at 275C than in a con-
trol specimen held at the same temperature for the

same length of time. Since the initial work was

performed, several refinements have been made

both in technique and quality of material.
The technique for estimating the quantity of

beryllium in solid solution in Ni-Be consisted in

measuring the ferromagnetic Curie temperature.
It can be shown that the Curie temperature is a
linear function of the amount of beryllium in solid
solution in Ni-Be. The Ni-Be sample was used as
the core of a coil, and the inductance was measured
with an Anderson bridge. When the coil is warmed

up slowly in an oil bath, a sudden decrease in
inductance occurs at the Curie temperature. In-

ductance values were taken as being roughly pro-

portional to the permeability of the Ni-Be. The
bridge was previously operated at 1000 cps, but it
was calculated that eddy currents in the /-in.-dia
samples were appreciable at this frequency. Opera-
tion of the inductance bridge at 100 cps eliminated
most, but not all, of the effects of eddy currents,

so that the inductance values were better measures

of the true permeability.

One of the difficulties with the alloy originally
used was that it contained an amount of beryllium
in excess of the solid-solubility limit. Thus,

there were always two phases present. A new

casting fabricated by the Metallurgy Division con-
tained only 2.55 wt % beryllium, which is well
within the solid-solubility limit of 2.9 wt %. The
new material was swaged down to in. in diameter

in order to make suitable specimens.

Two of these Ni-Be rod specimens, 4 in. long,

were solution-annealed in an argon atmosphere at
1120 C for i hr and quenched in cold water.
The Curie temperature of each specimen was meas-
ured by using it as the core in the coil component

of the Anderson inductance bridge. The results of
the initial runs, where inductance is plotted vs
oil-bath temperature, are shown as curves A and B
in Fig. 79. The straight-line portion of the curves

may be extrapolated to intersect, at the bottom of

the graph, the horizontal line marked L, which

is the value of the inductance of the coil with no
material in the core. The intersection at 52.5C

may be defined as the ferromagnetic Curie tem-

perature. This temperature corresponds to 14.65
at. % beryllium dissolved in the nickel.

Previous work indicated that neutron irradiation

at about room temperature should have no effect on

the precipitation process; but irradiation at about

300 C, or about 200 C below the normal precipi-
tation range, appeared to enhance the process. In
the previous work, irradiations were performed in

a hollow fuel element in which space was very
restricted. The possibility arises that the tempera-
ture of the irradiation may not have been uniform.
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A new container and heater were designed for use
in the more spacious regular process channels in
the ORNL Graphite Reactor. Thorough preirradia-
tion testing gave assurance that the temperature
distribution was uniform.

Specimen B was irradiated in the new container at
a temperature of 300 C for one month (nvt 2 2 x 1018).
Specimen A was placed in a similar container and
merely heat-treated at 3000C for one month. Sub-
sequent measurements of inductance are shown in
Fig. 79 as curves A' and B'. The Curie tempera-
ture for specimen A was 94*C, indicating 12.65
at. % dissolved beryllium; whereas the Curie tem-
perature for specimen B was 121.5 C, indicating

11.35 at. % dissolved beryllium. It is apparent,
then, that neutron irradiation has been the cause
of the precipitation of 1.3 at. % more beryllium in
specimen B. This conclusion-is in good agreement
with previous results.

A study of the change of Curie temperature with
the precipitation process was also made. Speci-
mens were heat-treated for increasing lengths of
time in a salt bath operated at a constant tempera-

ture of 450 C. After each heat treatment, an
inductance-temperature run was made, and the
Curie temperature was determined. The results are
given in Table 13 and are shown graphically in

Fig. 80. Three specimens, C-7, C-4, and C-5,
were used. Specimen C-7 was immersed for 30-sec

intervals in the 450 C salt bath, while the other
two specimens were used for longer heat treat-

ments. Very little happened to sample C-7 during

TABLE 13. CHANGE IN CURIE TEMPERATURE
WITH INCREASING TIME OF HEAT TREATMENT

Total Time Curie Beryllium
Specimen at 450 C Temperature Dissolved

No. (min) ( C) (at. %)

C-7

C-4

C-5

C-7

C-7

C-7

C-7

C-4

C-5

C-5

C-4

C-5

C-4

C-5

C-4

C-5

C-4

C-5

C-4

C-5

C-4

C-5

0

0

0

0.5

1.0

1.5

2.0

2.5

5.0

7.5

12.5

17.5

25.0

40.0

60.0

90.0

120

150

180

210

270

300

54.0

56.5

56.5

57.0

99.8

104.4

105.6

109.2

110.5

112.4

116.2

117.0

121.8

126.0

132.8

138.8

145.5

150.6

155.2

157.6

167.5

170.0

14.59

14.47

14.47

14.45

12.40

12.17

'12.12

11.94

11.88

11.79

11.60

11.57

11.34

11.14

10.81

10.52

10.20

9.96

9.74

9.62

9.15

9.03
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Fig. 80. Curie Temperature vs Per Cent Be-
ryllium Dissolved in Nickel.

the first 30-sec treatment, but there was a con-

siderable change after the second 30-sec treat-
ment. Presumably, the nucleation process may
have been completed during this interval. Un-

fortunately, the thermal conductivity of Ni-Be is

low and a 30-sec heat treatment does not neces-

sarily mean that the whole sample was at tempera-
ture for the full 30 sec.

An attempt is now being made to design an

apparatus that will permit the use of smaller speci-
mens and will record the magnetic change auto-
matically as the specimen is heated through the
Curie temperature.

ELECTRON-SPIN RESONANCES IN IRRADIATED

CORNING SILICA GLASS

R. A. Weeks

The electron-spin resonance in irradiated Corning

silica glass has been observed in six specimens.

The concentration of centers found by the resonance

method is compared with the concentration of

centers found by the magnetic-susceptibility method.

The agreement between the two methods is not

good. Plots of irradiation dose vs (1) optical-

absorption coefficient, (2) concentration of centers

by resonance method, and (3) concentration of
centers by susceptibility method give curves that

-

--
--

N-
N-

I I | l I | | | | N
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are quite similar in shape and magnitude (see
Fig. 30).

The shape of the derivative curve of the reso-

nance indicates that there are probably two lines
present, one somewhat weaker than the other. By

assuming that there are two lines, an approximate

resolution is made for two specimens. The ratio
of the areas of the two lines is the same within

limits of error for the two specimens. One of the

resolved lines behaves rather peculiarly in that
its width at half the maximum amplitude increases
with increasing irradiation.

No model has yet been devised which explains
the origin of the electron-spin resonance. The
shapes of the curves of radiation dose vs concen-
tration of spin centers determined by the suscepti-
bility, resonance, and optical methods are similar.
However, there is a factor-of-3 difference between

the number of centers found by the resonance and

the susceptibility methods, and the oscillator

strength of the color centers observed by the op-

tical method has not yet been determined.

One of the problems in the study of electron-spin

resonances induced by irradiation in nonparamag-

netic materials is the counting of the number of

spin centers. The number of spin centers found

by the resonance method can then be compared

with those found by the magnetic-susceptibility
method for further verification and can be utilized
in establishing the oscillator strength of F centers
in the optical-absorption measurements. In order

to evaluate the number of resonance centers, it

is necessary either to know the absolute intensity
of the r-f field in the resonant cavity, or to com-
pare the resonance curves obtained from the irradi-
ted materials with a resonance curve obtained from

material with a known number of paramagnetic
electrons. As has been indicated in a previous
report, 3 the electron-spin resonance of diphenyl-

picrylhydrazyl, a free radical containing nitrogen,
is well suited for comparison with the electron-
spin resonance observed in quartz. Since the half-

width of the resonance in the hydrazyl is of the
same order of magnitude as that observed in quartz,
the comparison is simplified.

A small amount of the hydrazyl was obtained
from R. Livingston of the Chemistry Division; but

due to the rather obscure history of the sample,

3R. A. Weeks, Solid State Semiann. Prog. Rep. Feb.
28, 1955, ORNL-1852, p 53-59.
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there was some uncertainty as to its purity. A
small quantity of the material was synthesized with
the help of C. J. Collins of the Organic Chemistry
Group. R. Livingston has compared his original
material with that synthesized by the author.

Within the accuracy of the measurement, the number

of electron-spin centers in each material is the
same. This result would seem to justify the use

of the material as a standard for evaluating the
number of centers in irradiated quartz.

In order to properly compare the resonances in
quartz with the resonance in hydrazyl, it is neces-

sary to take into account the specimen geometries
as they relate to the r-f field in the resonant

cavity. A hydrazyl crystal containing 1.56 x 1017
electron-spin centers has the following approxi-
mate dimensions: 0.05 x 0.05 x 0.01 cm. Since
the crystal is so small in size, there is no problem

in centering it in the region of maximum intensity

of the magnetic component of the r-f field in the

cavity. However, the silica-glass specimens are
of much larger size, their dimensions being
1.28 x 0.30 x 0.30 cm. The intensity of the mag-
netic component of the r-f field would be expected

to vary considerably over the dimensions of such
silica-glass specimens, decreasing at points in
the specimen that are not in the region of maximum

intensity. The observed amplitude of the resonance
in a quartz specimen is considerably less than
that which would be observed if all the centers
were concentrated in the region of maximum field
intensity.

A suitable probe for investigating the intensity
variation of the magnetic component of the r-f field
in the cavity is the hydrazyl specimen described
above. The specimen was placed at the bottom of
a 3-mm-OD glass tube. The tube was then posi-
tioned in the cavity with a suitable device. The

axes of the cavity are indicated in Fig. 81. At
1-mm increments along the Z axis of the cavity,
the derivative of the hydrazyl resonance was

plotted as a function of magnetic field. These

curves were then integrated with a planimeter to
give the resonance curves. The maximum ampli-
tude of the resonance curves is proportional to the
intensity of the magnetic component of the r-f field
in the cavity. However, of more interest is the
area under the resonance curve at each point on
the Z-axis traverse. The area under the resonance
curves is obtained by integrating once more, and
this information is plotted as a function of position
of the probe in the cavity to obtain a curve from
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Fig. 81. Laboratory Coordinate System of the
Resonant Cavity Showing Directions of Electric
and Magnetic Components of the R-F Field.

which can be calculated the contribution that each
element of length dl of the quartz specimen makes
to the total energy absorbed by the specimen.

Figure 82 is a plot of this information. The asym-
metry of the curve is due to the perturbations of
the r-f field in the cavity which are caused by the
specimen support system and by the hole cut in
the top of the cavity (Fig. 81), through which the
specimen supported on a glass rod is passed into
the cavity.

In Fig. 82 the top and bottom of the cavity are
indicated along with the position of the quartz

specimens in the cavity. If the magnetic com-
ponent were uniform from top to bottom of the

cavity, then the total power absorbed by the quartz
specimen would be proportional to the area in the
rectangle defined by the ends of the specimen, the
maximum of the curve, and the abscissa of the

graph. This value can be indicated in the following
manner:

Total energy absorbed _ / 2 P dl
for uniform field -1 max

~ max (2 -- 1) ,

where Pmax is the maximum of the curve in Fig. 82,
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10 CORNING SILICA GLASS SPECIMEN-
POSITION AND LENGTH
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Fig. 82. Intensity of the Magneti
the R-F Field Along the Z Axis o
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picrylhydrazyl Crystal.

and (12 - 11) is the length of these
the variation in intensity of the

ponent of the r-f field, each elemer
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In the case of the quartz specimen placed in the
position indicated in Fig. 82, this ratio has the
value 1.47.
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specimen contributes to the total power absorbed
only an amount proportional to P curve dl, where

this is the area in an element of length dl bounded
by the curve and the abscissa. Hence,

Total energy absorbed f 12 P(l) dlin specimen (1

actual

where P(l) is the curve expressed as a function of 1.

If a comparison is to be made between hydrazyl

with a given number of paramagnetic centers posi-

tioned in the cavity at P maxand the quartz speci-

mens, the area of the resonance curves of the

quartz will have to be increased by the specimen

geometric correction factor defined by the ratio

P

Actual

In Fig. 83 a plot of the derivatives of the reso-
nance curves of two silica-glass specimens is

given. The integration of these two curves to
give the resonance curves is shown in Fig. 84. In

order to find the number of electron-spin centers

in the specimens, the area under the curves in

Fig. 84 must be corrected for the variables in the

system. They are (1) the geometric correction

factor, (2) r-f energy incident upon the specimen,

(3) saturation effects on resonance amplitude,

(4) amplitude of the modulation component of the

strong magnetic field, (5) amplifier gain, and
(6) change in crystal-detector response for change

in power level. All the specimens were positioned

in the cavity along the Z axis, as indicated in
Fig. 82. The position in the X and Y axes was
determined by the specimen support mount which

placed the specimens at the origin of the X and Y
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In addition to the variation of the magnetic com-

ponent along the Z axis, its variations along the
X and Y axes (Fig. 81) should also be considered.

- - Measurements with the hydrazyl probe have been
made along these two axes. The probe was placed

___ _ _ - - at Pmax on the vertical traverse. In order to make
the observations on the X and Y axes, the speci-
men support system used in the vertical traverse
had to be removed. The traverses of the X and

---- Y axes showed that there was very little effect

on the area under the resonance curve. The
- - - traverse of the X axis, 3.2 mm from the origin,

showed no effect. The traverse of the Y axis,
- -- - 3.2 mm from the origin, revealed a very slight

effect, and that only at the limits of the traverse.
Although the removal of the specimen support

system perturbed the resonant frequency of the
TOP OF caiyichne

S CT Cavity slightly, it apparently changed the field
16 ITY configuration by only a small amount which was

16 18 20 22 not enough to affect the traverses of the X and Y
NANT CAVITY (mm) axes. It was noted that the dielectric constant of

the glass tube changed the resonance frequency
c Component of of the cavity by approximately 1 Mc. However,
f the Resonant the klystron frequency was tuned to the resonant
10-pg Diphenyl- frequency of the cavity for each measurement.

Traverses of the X and Y axes should be made at
two other points on the Z axis. These measure-

sample. Due to ments have not been completed. The above re-
magnetic com- suIts indicate that the largest effect is found along

nt of the quartz the Z axis.
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Fig. 84. Approximate Resolution of the Reso-
nance Curves of Two Specimens of Corning Silica.

axes. All the areas were multiplied by the geo-
metric correction factor 1.47.

The r-f energy incident upon the specimens and

the amplifier gain were constant for the measure-

ments on the Corning silica glass and the hydrazyl.

Since the r-f energy incident upon the specimens

was constant, the response of the tuned crystal

detector was constant. The level of the r-f energy
was in the microwatt region, and it is assumed
that no saturation effects were present in either
the hydrazyl or the silica glass.

The only factor that was varied in silica-glass
measurements was modulation amplitude. As a
first approximation, the amplitude of the derivative

curve is proportional to the amplitude of the modu-
lation component of the magnetic field. Thus, for

a given specimen, the area under the resonance
curve is proportional to the modulation amplitude.
In view of the range of concentration of electron-
spin centers induced in the irradiated specimens,
the modulation amplitude was varied by a factor
of approximately 10 from the lowest to the highest
concentration of centers. The range in peak-to-peak
amplitude of the modulation component was 0.17 to
1.7 gauss. The maximum modulation amplitude
was of the same order of magnitude as the half-
width of the resonance. In order that the signal
to the amplifier be proportional to the slope of the
resonance curve, 3 the modulation amplitude should
be small as compared with the half-width of the
resonance. As the modulation amplitude begins to

2
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approach the half-width of the resonance, the
damental of the signal is no longer proportion
the slope of the resonance. In the silica g
this effect is beginning to appear at the maxi
modulation amplitudes indicated above; under t

conditions the area under the resonance curv
no longer proportional to the modulation amplit
In order to apply a correction for the deviatio
would be necessary to know the equation defi

the resonance curve. This equation has not

found; and for the present, the areas under
resonance curves for the specimens with low

centrations of centers are corrected as though

areas were proportional to modulation amplit
Six specimens of the Corning silica glass

irradiated in various facilities of the LITR.
concentrations of electron-spin centers in tl

specimens have been measured. In Fig. 85 a
is made of integrated flux vs concentration.

shape of this curve is very similar to the c

obtained for integrated flux vs magnetic susc
bi lity and optical-absorption coefficient. The
ceptibility and optical measurements were

on specimens of Corning silica which were ir

ated at the same time and in the same facility
the specimens which were irradiated for elec

spin resonance measurements.
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For the two specimens that were compared, the

concentration of spin centers from resonance meas-
urements is less by a factor of 3.1 than that found
by the susceptibility measurements. Further

efforts have been made to observe resonance at

other values of g, the spectroscopic splitting
factor. None were observed when field strengths
ranging from 3000 to 3500 gauss were used, which
corresponds to a range in the g factor of 1.84 to

2.15. If there are resonances at g values outside
the range in which observations have been made,
they will contribute to the concentration of centers,
and the results will agree more closely with those
found by the susceptibility method. If there are
no resonances outside the range, then there is a

factor which affects the resonance method and
which has not yet been discovered.

An evaluation of all the sources of error in the

resonance method has not been made. The esti-

mated error involved in finding the concentration

of centers is 15%.

sus- From the shape of the resonance curve in Fig. 84
made and the derivative curve in Fig. 83, it seems that
radi- there are two lines which are not completely re-
y as solved. If it is assumed that there are two lines
tron- and if it is further assumed that the two lines are

symmetrical about their maximum amplitudes, an

approximate resolution can then be made. This

approximate resolution is shown in Fig. 84. The g
values of the two lines are 1.9998 0.0010 and
2.000 0.0010. The two specimens differ in radia-
tion dosage by an approximate factor of 10. The

concentration of centers in the two specimens

can be found in Fig. 85. On the basis of the reso-
lution, the two lines have quite different shapes;

one is a Gaussian, and the other is not. The line
with the Gaussian shape has a half-width at half-
maximum amplitude of 1.8 gauss. The half-width
is the same for both specimens. The non-Gaussian
resonance has a half-width of 1.2 gauss for the
specimen exposed to 1018 fast neutrons/cm 2 and
2.0 gauss for the specimen exposed to 1.2 x 1019
fast neutrons/cm 2. The ratio of the areas of the

two lines is 0.60 for the specimen exposed to

1018 fast neutrons/cm 2 and 0.58 for the other.
The difference is within the limits of the errors in

4(xo ) the measurement.

In order to properly verify the shapes of the re-
solved lines, it would be necessary to go to a
much higher frequency or to a very low tempera-

ture. The higher frequency would perhaps be more

71

E

N

cr
w

U

z

a

N

z

0

ac

U

w

J

w

U-
0
Z

0

Q

c

z
w

0
Z

0

0

1__ _ I___ I_ _ _ _ _



SOLID STATE PROGRESS REPORT

advantageous than the low temperature. An effort

will be made to resolve these lines.
Similarly shaped specimens of Vitreosil were

irradiated at the same time as the Corning silica.
In some preliminary observations on these speci-

mens, it was noted that resonances were present

which had the same g factor and approximately
the same shape as the resonances for Corning
silica.

ANNEALING PROCESS IN NEUTRON-
IRRADIATED LiF

D. Binder W. J. Sturm

The previous work 4 on neutron-irradiated LiF
crystals showed that the lattice expansion was
caused by equal numbers of vacancies and inter-

stitial atoms. It was also shown, by analyzing
the annealing data for nonuniformly irradiated
crystals, that the annealing process was of an
order higher than 1. A more exact order, an acti-
vation energy, and a jump frequency for the lattice
defects causing the expansion will now be derived
by analyzing annealing data for uniformly irradi-
ated crystals.

As described previously, 4 two crystals were
covered with 0.03 in. of cadmium to ensure uniform
irradiation. The lattice parameter changes, (Aa/a) ,

as derived from density measurements of the
crystals after irradiation and after 10-min anneals
at successively higher temperatures, are summarized
in Table 14. The probable error in (Aa/a)P is

4D. Binder and W. J. Sturm, Phys. Rev. 96, 1519 (1954).

TABLE 14. LATTICE PARAMETER CHANGES FOR

CADMIUM-COVERED LiF CRYSTALS AFTER
IRRADIATION AND SUCCESSIVE ANNEALS

Aa 4Annealing --- x10

Temperature a

( C)
Crystal Cd-3 Crystal Cd-4

Unannealed 8.02 8.51

315 7.65 8.16

345 6.64 7.08

375 4.62 5.18

410 2.06

425 1.25

1.3 x 10-5, and the blank spaces represent
anneals that were not performed.

Assume that the lattice defects change position

by a random-walk process. Then, if the changes
occur by a single-rate process with activation

energy E for unit motion, the probability of taking
one step at temperature T varies as e -E /kT, and

the rate of change of the total defect concentra-

tion n is

dn
d -n-e-E/kT

dt

where c is a constant, and y is the order of the
reaction. The solution of this equation for y > 1
may be expressed in the form,

(1) loge[ ) ( )
S n n

E
log[(y - 1) ng 'ct] -- .,

0 kT'

where n0 0 is the defect concentration for the
irradiated condition, and n0 is the concentration
at the start of each anneal at temperature T.

Assume that n is proportional to (Aa/a)P, so that
both n0 0 /n and n0 0 /n0 may be determined from
ratios of the data in Table 14. Since the anneals
were performed for a fixed time interval, the plot

of

n00 ~I n00
log (-(vs 1/T

e n no

should be a straight line for the correct order y,
and the slope should determine the activation
energy. A straight line is obtained for y = 2, as
shown in Fig. 86, and the slope indicates an acti-
vation energy of 1.5 0.1 ev. The possibility of
y = 1 was eliminated, 4 and the plot for y = 3 is
curved, as shown in Fig. 87. The annealing
process is then second order, as expected from
the random recombination of nonneighboring iso-
lated vacancies and interstitials, or from Frenkel
defects.

Keating5 has suggested that the irradiation-
induced distortion cannot be due to isolated vacan-
cies and interstitials but to large aggregates of

5D. T. Keating, Phys. Rev. 97, 832 (1955).
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imperfections.
only one-tenth
irradiations.4
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1.50 1.60

RECIPROCAL TEMPERATURE ( K1)

sion of irradiation was much higher in Keating's experi-
lent ment and that the lattice expansion was annealed.
ture The jump frequency, or frequency with which the

defect takes an atomic step, may be estimated from
the data taken. The fractional rate of decrease of
the defect concentration is --(1/n)(dn/dt), and the

number of random atomic steps taken before a
vacancy meets an interstitial is 1/n. Therefore,
the jump frequency is

1vdi-Ei/kT
v -= = ce .

n2 dt

For the temperature To at which the left side of
Eq. 1 is zero,

1 E/k TO
c = e

1.70 (x103)

Fig. 86. Annealing Process for LiF Crystals,
Assuming a Second-Order Process.
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Fig. 87. Annealing Process for LiF Crystals,
Assuming a Third-Order Process.

-e /kT
C = cge F

where co is independent of temperature and in-

volves the entropy associated with the defect,
and EF is the energy of formation. Equation 1
shows that the equilibrium concentration of defects
increases with increasing temperature. By rapidly

cooling the material from a high temperature, a
large number of the defects characteristic of the

high temperature are effectively frozen in. Thus,
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n00t

The temperature To may be obtained from Fig. 86,
but n0 0 can only be estimated. If n0 0 is assumed
to be equal to (Aa/a)P (for the irradiated condition)
within an order of magnitude, then n00 8 x 0,
t = 600 sec, 1/T0 = 1.52 x 10-', and the jump
frequency is

v t 6 x 1011 eE/kTsec- 1

QUENCHING-IN OF LATTICE DEFECTS
IN Au-Cd

M. S. Wechsler

Lattice defects contribute to the thermodynamic
free energy of a metallic lattice in two ways.
First, there is the energy of formation of the defect,

which increases the free energy of the system.
Second, the entropy increase associated with the
defect causes a decrease in the free energy. Thus,
at temperatures above absolute zero, there is a

nonzero equilibrium concentration of defects for
which the energy of the system is a minimum. This

equilibrium concentration of defects may be ex-

pressed as

'-

-31 '--

40

S 3.
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quenching provides a means whereby the effect of

lattice defects on the properties of solids may be

studied.
In a previous report 6 the effect of quench on the

resistivity of beta-phase Au-Cd alloys was de-

scribed. It was shown that quenching from 450 C

causes unusually large changes in electrical resis-

tivity. More recently, experiments have been per-

formed to determine the energy of formation, EF,

of the quenched-in defect. To do this, two samples

(hereafter referred to as samples A and B) of

nominal composition, 49 at. % cadmium, were

quenched from temperatures in the range 200 to

500C, and the corresponding change in resistivity,

Ap, was measured. If Ap is assumed to be pro-

portional to the number of quenched-in defects, it

follows from Eq. 1 that EF is given by the slope

of the curve resulting from a plot of In Ap vs

reciprocal quench temperature. Such a plot is

shown in Fig. 88, where it is seen that Eq. 1 is

satisfied fairly closely and that EF is approxi-
mately 0.38 ev.

A series of isothermal annealing experiments

was carried out on sample B at various temperatures
in the range 60 to 85 C. The shape of a typical

relaxation curve is shown in Fig. 89. An important

feature of this curve is the low slope very early in

the relaxation process. A similar series of runs

6M. S. Wechsler, Solid State Semiann. Prog. Rep.
Feb. 28, 1955, ORNL-1852, p 46.
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Fig. 89. Typical Relaxation Curve; Au-Cd
Sample B at 61.1 C After Quench from Approxi-
mately 450 C.

on sample A was described in the previous report. 6

At that time the validity of the data in the early

stage was in doubt because of the large thermal
lag in the apparatus. The measuring technique has

since been modified in order to reduce the thermal

lag. Recent measurements show that the sample

reaches the temperature of the constant-temperature

bath in less than 3 min after insertion in the bath.
Thus, as can be seen from Fig. 89, the relaxation

process does, indeed, start slowly. This is indica-
tive of a two-stage process consisting of (1) the
nucleation of sites at which the defects are annihi-
lated and (2) the motion of the defects to these

sites.

The fraction, f, of the quenched-in resistivity

remaining after time t can be expressed as

p - p,
f = _ ,

Pi -P 1

where pi and p 1 are the initial and final resistivi-

ties, respectively. In Fig. 90, / is plotted vs the

annealing time for sample B after it was quenched
from 450 C. Time is plotted on a log scale. The
fact that the annealing curves in such a plot can
be superimposed by translation along the abscissa
indicates that the annealing depends on the time
only in the ratio t/T, where T is a characteristic
relaxation time associated with the temperature at
which the annealing takes place. In general, the
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relaxation time may be written

(2)

UNCLASSIFIED
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T-=T M

where EM is the activation energy for motion of the
defect. The ratio of the times corresponding to
the same value of f for any two curves will be
nearly the same for all values of f. This ratio
might be called the "time-scale adjustment fcc-
tor."7 If the center curve in Fig. 90 is chosen as
the reference curve and if the temperature corre-
sponding to this curve is assigned the value To,

the time-scale adjustment factor may then be written
T(T)/r(T0 ). It follows from Eq. 2 that a semi-
logarithmic plot of the time-scale adjustment factor
vs 1/T should yield EM. Such a plot is shown in
Fig. 91. The activation energy for motion is about
0.6 ev.
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7W. L. Brown, R. C. Fletcher, and
Rev. 92, 591 (1953).
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Fig. 91. Time-Scale Adjustment Factor vs Re-
ciprocal Annealing Temperature for Au-Cd Samples
A and B.
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These experiments do not uniquely identify the
type of defect that is quenched in. However, it
seems reasonable at this time to specify the

quenched-in defects as vacant lattice sites. Other
possible causes for the effect are the quenching in
of a less-ordered structure or of lattice strains
induced directly by the quench. But, as was
pointed out in the previous report, neither of these
appear to be consistent with observation. The
number of excess vacancies retained upon quench
can be estimated on the basis of Jongenburger's8

theoretical calculation of the extra resistivity due
to the presence of vacancies. His results for Cu,
Ag, and Au are 1.3, 1.5, and 1.5 ohm-cm per at. %
vacancies. The value of 1.5 ohm-cm per at. %
vacancies yields the result that 0.7 at. % excess
vacancies are present after quenching from 450*C.
As discussed in another section of this report,9

this heat treatment causes a substantial decrease
in the density. This effect on density is also con-
sistent with the supposition of a large concen-
tration of quenched-in vacancies. The vacancy
concentration deduced from the density data is of
the same order of magnitude as the vacancy concen-

DO tration derived from measurements of resistivity.

Fig. 90. Isothermal Relaxation Curves for Au-
Cd Sample B After Quench from 450 C.

8P. Jongenburger, Appl. Sci. Research B3, 237 (1953).
9See "Changes in Density of Au-Cd Upon Quench,"

this report.
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CHANGES IN DENSITY OF Au-Cd UPON QUENCH

W. J. Sturm M. S. Wechsler

It has been found 10 ,1 1 ,12 that large nonequi-
librium changes may be induced in beta-phase
Au-Cd alloys by quenching them from a high temper-
ature. The property most thoroughly investigated

has been electrical resistivity. Although electri-
cal-resistivity measurements may be made accu-
rately and conveniently, the results are difficult
to interpret in terms of such structural quantities
as the number and types of imperfections present
in the material. However, a likely explanation1 2

of the extra resistivity observed upon quenching
is the quenching-in of an excess vacancy concen-
tration of the order of 1 at. %. Such a concentration

of vacant lattice sites must inevitably have the

effect of decreasing the density. Thus, the experi-
ments described here were undertaken to test the

vacancy hypothesis. Moreover, since the density
is a more direct measure of the structural state of
affairs in the solid, it is desirable to see to what
extent the results of density and resistivity meas-

urements may be correlated.
The measurement of the density of the Au-Cd

specimen was made by an extension of the immer-
sion-weighing methods used previously in ionic-
crystal work. 1 3 Because of the relatively high
density of this alloy, it was necessary to use an
immersion liquid having a specific gravity greater
than carbon tetrachloride in order to attain precision

comparable with the earlier work. For this reason,
acetylene tetrabromide (1, 1,2,2-tetrabromoethane),
a liquid having a density at room temperature of
about 2.95 g/cc, was chosen. However, for this

liquid to be of use in an immersion-weighing ex-
periment, it was necessary to know its absolute

specific gravity and its temperature dependence.
In the preliminary measurements to determine

these two quantities, a 10-cc bob of pure copper
was used in the following sequence of measure-

ments. First, by immersion weighing in CCI4 , the
density of the bob was determined at one temper-

10 L. C. Chang, T. A. Read, and M. S. Wechsler, Acta
Cryst. 6, 567 (1953).

11M. S. Wechsler, Solid State Semiann. Prog. Rep.
Feb. 28, 1955, ORNL-1852, p 46.

12See "Quenching-In of Lattice Defects in Au-Cd,"
this report.

13D. Binder and W. J. Sturm, ORNL-1606, p 102
(Secret).

ature on the basis of the known absolute density
of CCI4. The density1 4 of CCI4 is given by

(1) d(T) = 1.63255 - 1.911 x 10-3T

- .9 x 07 2

where T is the temperature of the liquid in degrees
centigrade. Second, by using the value of the
volume expansion for pure copper obtained by

Hume-Rothery and Andrews,1 5 the density of the
bob was evaluated as a function of temperature
near room temperature. Third, by immersion weigh-
ing in acetylene tetrabromide, the density of the

tetrabromide was determined at one temperature.
Fourth, by varying the temperature of the tetra-
bromide bath and the bob, the variation with
temperature of the weight of the immersed bob was
determined; and from this, the temperature variation
of the tetrabromide density was calculated. The
resulting determination of the absolute density of
the acetylene tetrabromide gave

(2) d(T) = (3.00437 - 2.141 x 10 3T)
0.00050 g/cc

where T is in degrees centigrade. This result is
valid between 15 and 30C. Since the determination
eliminates, to the first order, assumptions concern-

ing the perfection of the copper bob, it has the
advantage that density measurements in CCI4 and

the tetrabromide are comparable.
With the density of the tetrabromide known, it was

possible to measure the density of the Au-Cd sample
which had a nominal 50 at. % composition. The
density of the sample in the annealed or slow-cooled
state was 13.9439 0.0015 g/cc; after being
quenched from 450C, the density decreased to
13.8985 0.0015 g/cc, a change of more than 0.3%.
These values were obtained at room temperature
and are corrected to 24.9 C. The temperature coef-

ficient for volume expansion of the alloy was found
to be only about 4 x 10- 6 /'C in both the annealed
and quenched states.

The decrease in density upon quenching was

investigated in two ways analogous to the measure-

ments of electrical resistivity. In the first of these,
the magnitude of the density decrease was measured
as a function of the quenching temperature. In the

14 lnternational Critical Tables, vol III, p 28, McGraw-
Hill, New York, 1928.

15W. Hume-Rothery and K. W. Andrews, J. Inst. Metals
68, 19 (1942).
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second type of experiment, the decrease in density
was allowed to anneal out isothermally and was
measured as a function of annealing time and thus
yielded information concerning the kinetics of the
relaxation process after quench.

If it is assumed that the magnitude of the de-
crease in density upon quenching, Ad, is pro-
portional to the concentration of the quenched-in
defect, then the temperature dependence of Ad may
be written

(3) Ad = Ae F/kTQ

where e F is the energy of formation of the defect,
and T Q is the quench temperature. The density
sample was subjected to a series of quenchings
from temperatures in the range 200 to 500'C, and
the corresponding decrease in density was meas-
ured. The results are plotted in Fig. 92, in which
a fairly good fit to Eq. 3 is obtained for an energy
of formation of 0.28 ev. This value is to be com-
pared with the energy of formation of 0.38 ev ob-
tained from resistivity measurements, as indicated
in Fig. 88. The reason for the difference between
these values is not known at present, although it

would be reasonable to suspect differences in the
compositions or in the shapes of the density and
resistivity samples.

The kinetics of the process, whereby the change
in density induced by the quenching is annealed
out when the specimen is held under isothermal
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conditions, was investigated at 24.5 and 58.1 C.
In both cases the temperature was approximately
450oC before quenching. The resulting relaxation
curves are shown in Fig. 93, where f, the fraction
of the density change which remains, is plotted
vs annealing time and may be expressed as

d - d

d d.

where di and dL are the initial and final densities,
respectively. The density measurements at 24.5*C
were made continuously; whereas those at 58.1 C
were made by using a step-anneal technique in
which the sample was annealed stepwise at 58.1*C
but was returned to room temperature for the meas-
urement. Some of the points on these two curves
appear to be anomalous: for example, the first
measurement on the 58.1 C curve and a group of
measurements toward the end of the 24.5 C curve.
These are believed to be associated with the
transformation to another crystal structure, which
takes place near room temperature. It is believed
that a modified heat-treating technique will avoid
such effects. In any case, the general nature of
the relaxation curve is clear from Fig. 93. One
characteristic feature is the slowness with which
the process starts, and this would appear to indi-
cate that an induction period is necessary before
the process can proceed with any degree of rapidity.

An induction period was also apparent in the
resistivity measurements, as Figs. 89 and 90 indi-
cate. From the times necessary for relaxation at
the two temperatures 24.5 and 58.1 C, a rough
calculation may be made of the activation energy

1.C
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0
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Fig. 92. Decrease in Density upon Quench vs
Reciprocal Quench Temperature.
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for motion. This turns out to be of the same order

of magnitude as for the resistivity data, but the

relaxation of the change in density will have to be

studied at a number of other temperatures before

a reliable value can be assigned to this activation

energy. It is interesting to compare relaxation

curves for density and resistivity by extrapolating
the resistivity curves to 24.5 C, the temperature
at which continuous measurements were made after

quench. This can be done by using Fig. 91, which,
in effect, permits the curves for f vs log annealing
time to be translated along the abscissa. The

resulting curves for resistivity samples 12 A and
B extrapolated to 24.5 C are shown in Fig. 94,

where they may be compared with the density

determination at 24.5 C. It is seen that the resis-

tivity and density after quenching behave quali-

tatively quite similarly, both as regards the swift-

ness of the process and the shape of the

isothermal-decay curves. It is, therefore, quite

certain that the same fundamental process is

operating in the two cases.
As mentioned earlier, it would seem reasonable

at this time to interpret the observed decrease in

density upon quenching in terms of the quenching-
in of lattice vacancies. An estimate of the vacancy
concentration corresponding to the observed density
decrease may be made as follows. Consider a

crystal containing N atoms and having volume V 0
in the annealed or slow-cooled state. The quenched

crystal containing N, vacancies may be constructed
by taking Nv atoms from the interior of the crystal

and placing them on the surface. Thus, if there
were no lattice contraction about the vacant lattice
sites thereby created, each vacancy would increase

0
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Fig. 94. Fractional Relaxation After Quench
from 450*C vs Annealing Time at 24.5*C.

the volume by an amount equal to the atomic
volume, VD/N, and the total increase in volume
would be

V 0
AV' = N - = cV0o

where c is the concentration of vacancies. How-

ever, the lattice contraction about the vacancy
must be taken into consideration. An elastic model
discussed by Tucker and Sampson 1 6 predicts that
the isotropic linear strain surrounding a vacancy
is given by

e = -- 0.2c

The volume contraction would be

AV"
= 3e = -0.6c

V V
Hence, the net change in volume is

AV = AV' + AV" = 0.4cV 0

or

V
S- 1 + 0.4c
V 0

where V 0 and V are the volumes before and after
quench, respectively. Therefore, the corresponding
density ratio is

do

- = 1 + 0.4c
d

For the quench from 450 C, d = 13.9439 g/cc and
d = 13.8985 g/cc, which give a value of 0.8 at. %
for the concentration of vacancies. The vacancy

concentration estimated from measurements of the
change in electrical resistivity upon quench12 from
450'C is 0.7 at. % vacancies. In view of the
approximations made in both calculations, this
close agreement is probably fortuitous. However,

it lends support to the contention that lattice
vacancies are responsible for the nonequilibrium
effects under investigation.

X-RAY EXAMINATION OF IRRADIATED
CERAMIC SPECIMENS

G. E. Klein

For materials with complicated crystal structures,

an examination of the x-ray patterns reveals much

16C. W. Tucker and J. B. Sampson, Acta Met. 2, 433
(1954).
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information, such as the tendency toward noncrys-

tallinity, line broadening, peak-intensity changes,
etc. Figure 95 presents the diffractometer patterns

of zircon disks irradiated with a total integrated

C

0

>-

(1
Z
W.H

flux of 4 x 1019, 1 x 1020, and 2 x 1020 neutrons
per square centimeter, respectively, and illustrates
the type of information to be obtained from a study

of the x-ray patterns. The irradiation at the lower
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Fig. 95. Diffractometer Patterns of Irradiated and Unirradiated Zircon.
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flux was performed in the MTR, and the other
irradiations have been previously described.1 7

All x-ray data were obtained by using the shielded
x-ray diffractometer 18, 1 9 to prevent scatter from

the samples themselves, which would produce a
background pattern in the diffractometer trace. It

is extremely important to eliminate this factor when

comparison is to be made between samples con-

taining different activity levels.

The results of the x-ray examination are compared

with other physical measurements (see Table 8)
made on the same samples in an attempt to corre-

late all information concerning the changes in the

ceramic specimens.

X-RAY STUDY OF SEVERAL

IRRADIATED GLASSES

G. E. Klein

In a recent report, 20 Lukesh has concluded that

no evidence was found to indicate incipient devitri-
fication of glass samples, including a lead silicate
glass exposed to a total integrated thermal flux of
1.89 x 1020 neutrons/cm2 .

Previously, it has been reported21 that a dif-
fraction pattern of lead glass exposed to a com-
patible total integrated flux shows that the glass
contains metallic lead plus other crystalline de-
vitrification products. The curves presented in
Fig. 96 are the basis for such a statement.

J. R. Johnson and G. D. White of the Ceramic
Section of the Metallurgy Division have heated
identical samples for various times and temper-
atures in order to rule out the possibility that the
devitrification is due to thermal processes. The
curves presented show that, although devitrification

can result from thermal treatment, the patterns are

not similar to those produced by irradiation alone.
Consequently, from the evidence in hand, it must

be concluded that devitrification does take place
in a lead glass upon irradiation.

17 C. D. Bopp, 0. Sisman, and R. L. Towns, ORNL-
1762, p 90 (Secret).

18 G. E. Klein, Solid State Semiann. Prog. Rep. Feb.
28, 1955, ORNL-1852, p 59.

19M. A. Bredig, G. E. Klein, and B. S. Borie, Jr.,
Rev. Sci. Instr. 26, 610 (1955).

20J. S. Lukesh, An X-Ray Study of the Effects of
Intense Neutron Irradiation on the Structure of Some
Glasses, KAPL-1307, p 13 (March 29, 1955).

21G. E. Klein, Solid State Semiann. Prog. Rep. Feb.
28, 1955, ORNL-1852, p 36.

Although silica and pyrex glasses do not de-
vitrify upon irradiation, changes are found to occur
in their x-ray patterns. Figure 97 shows that the
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degree of short-range order present in the unirradi-
ated state becomes less and that the glasses
approach a greater state of noncrystallinity as the
integrated flux increases. The process appears to

0 40 20 30 40 20
28 (deg)

be more rapid for silica glass than for pyrex, al-
though the pyrex does not indicate that a saturation
condition has yet been reached with an irradiation
of 2 x 1020 neutrons/cm 2.
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Fig. 97. Effect of Radiation on the Diffractometer Traces of Several Glasses.
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