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1. INTRODUCTION

The study of radiation effects in solids is a comparatively
new branch of physical science which lies somewhere between nuclear
Physics and solid state physics. The goals of these studies are the
identification of the defects, the understanding of how the defects are
introduced and the understanding of the changes in the physical proper-
ties caused by these defects. Although studies of radiation effects
have received their original motivation and continued support from the
parent field of nuclear technology, the greatest cause of the development
of this field is the value of the radiation effect as a means of study-
ing the solid materials themselves. Radiation in many cases affords a
very convenient means for introducing defects in a controlled manner
into solids so that their effects on externally observable properties
can be studied.

A powerful tool for the study of radiation effects in solids
is electron spin resonance technique, when paramagnetic centers are
created. The usefulness of this technique stems from the fact that the
electron can be thought of as a microscopic electric and magnetic probe.
Further probing can be made by applying uniaxial stress and studying
the kinetics of the defects. Under favorable conditions, the structure
of defect centers can be unequivocally identified from the electron
spin resonance result and confirmed by the uniaxial stress probing. The
concentrations of different kinds of defects can be measured separately
and without difficulty. The measured values of defect concentrations
then can be compared with the calculated values from radiation damage

theories.
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In this study we will show that reactor fast neutrons produce
two prominent paramagnetic defects in CaWQy which are identified as due
to paramagnetic tungstens associated with a nearest oxygen displacement
and a nearest calcium displacement respectively. The measured concentra-
tion of oxygen vacancies 1s found to be in good agreement with the treat-
ment of Kinchin and Pease.

Single crystals of calcium tungstate doped with rare-earth
ions have been used extensively for solid state lasers.<l’2) This fact
stimulated the optical as well as electron spin resonance studies of

this crystal.(B_lB)

Although rare-earth ions can be introduced into
calcium tungstate without a secondary compensating ion (creating a

defect lattice), charge compensation by a second ion is generally pre-
ferred since it simplifies the fluorescent emission spectrum and electron
spin resonance spectrum as well as to lower the threshold for laser ac-
tion and to improve the mechanical properties of the crystal. The most

(16-18)

common scheme, as outlined by Nassau, is to compensate a Na®  for
each Ca’" ion replaced by a trivalent rare-earth ion. Although the
structural match for these ions is nearly perfect, sodium presents pro-
blems because of its volatility at high melt temperature and its rela-
tively low distribution coefficient. Compared with sodium compounds,
niobates are considerably more stable and its distribution is much more
favorable, being close to unity.

The electron spin resonance results of the rare-earth ions in
calcium tungstate in general consist of both tetragonal and rhombic
spectra<7'll) and the addition of charge compensators has the effect of
reducing the intensity of the rhombic spectrum. There have been uncer-

tainties about the sites of paramagnetic centers and the mechanism of

charge compensation. An electron spin resonance study of niobium in
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calcium tungstate will undoubtedly provide important information about
the above mentioned problems. It will be shown that experimental results
give direct evidence that niobium is one hundred percent substitutionally
in tungstate site. Previously this was only inferred from chemical evi-
dence. The niobium spectrum has the interesting property of splitting
at low temperature and the temperature dependence of the spectrum clearly
shows vibronic effects. Besides, the ESR of niobium has only been re-
ported in a few cases, mostly in solution and in glass. Thus the study
of niobium itself is of importance since it provides information of the
comparatively little studied Lgl electron configuration.

This research has been undertaken as part of a general program
for studying radiation effects in laser materials at the Radiation Solid
State Physics Laboratory of the Department of Nuclear Engineering,

University of Michigan.

1.1 Physical Properties and Crystal Structure of CaWQh .

There are several favorable features for a study of the system.
Single crystals of calcium tungstate have been made commercially for
use in gamma scintillation counters and as laser materials. This was
made possible by a method of growing calcium tungstate single crystals
using Czochralski technique due to Nassau and Broyer.(16)

The natural abundance and nuclear spin of tungsten isotopes
are well known. The tungsten ESR signature consists of one central and
two satellite lines with an intensity ratio of twelve to one as shown
in Figure 1. The fact that tungsten ESR can be observed makes it feas-

ible to obtain definite information about the irradiation produced para-

magnetic centers.
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Figure 1. Tungsten ESR Signature.
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The crystal structure is well-known. This makes the identifi-
cation of the irradiation produced paramagnetic centers possible.
Recently, X-ray diffraction refinements of calcium tungstate crystal

(19)

structure has been reported by Zalkin and Templeton and neutron
diffraction refinements reported by Kay, Fraser and Almodovar.(go) The
results obtained by the two different methods are in excellent agreement
These provide precise information of oxygen positions which were not
avallable before.

Crystal Structure: Calcium tungstate is tetragonal with four
molecules in the unit cell as shown in Figure 2. In the calculation

of angles and distances the following diffraction data has been used.

Unit cell dimensions
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The atoms are located as follows.

(0, 0, O 1/2, 1/2, 1/2)
L ca at 0, 0, 1/2; 0, 1/2, 3/4
L w at 0, 0, O; 0, 1/2, 1/
16 0 at (x,y),z; (v,x),2

(x, 1/2-y), 1/4-2z

(v, 1/2-x), 1/4-2z

Oxygen coordinates using a W atom as the origin are as follows.
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(0.2415 + 0.0014) a

]
1l

v = (0.1504 + 0.0013) a

+

z

(0.0816 + 0.0006) c .

The structure of calcium tungstate crystal may be viewed as
composed of tungstate WCM__anions ionically bonded to calcium Catt
cations. The metallic sites are found on planes separated by a distance
of c¢/b from each other and perpendicular to the c-axis as shown in
Figure 2. The local site symmetry of both calcium and tungsten is Sh
Each tungsten is bonded to four nearest oxygens to form a slightly
squashed tetrahedron with the W-O bond distance of 1.783 A « The 0-W-0
angles are 113°27' (twice) and 107°56' (four times). The WO), bisphenoid
(tetrahedron distorted along one of the two-fold axes) and its projec-
tion on the (a,b) plane are shown in Figure 3.

On the other hand the nearest neighbors of the calcium atom
are the eight oxygens at the vertices of two different bisphenoids as
shown in Figure 4. The Ca-O distance are 2.44 R and 2.48 2 respectively.
The mirror-rotation axes ) of all these three bisphenoids coincide

with the c-axis of the crystal.

1.2 FElectron Spin Resonance

21
Since the pioneering investigation by F. Zavoisky( ) and by

(22)

R. L. Cummerow and D. Halliday, the phenomenon of electron spin

resonance has been applied to a wide range of fields varying from the

measurements of nuclear spins and magnetic moments to the study of bio-

(23)

logical systems such as oxidative enzymes, ribonucleic acid (RNA)

)

2l
and deoxyribonucleic acid (DNA).( The electron spin resonance tech-

nique has also been successfully applied to a variety of problems in



Figure 3. Projection of (WO, )™~ Bisphenoid on
the (ab)-plane.
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Figure 4(a). Projection of (Ca,0) Double-bisphenoid on the
(ab)-plane.
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o 2
radiation solid .state physics. Kikuchi, Yip( 5) and Chen explored

Systematically the usefulness of electron spin resonance as a tool for
the study of radiation effects in solids and have compiled results and
references up to the year of 1961. 1In this section only a brief descrip-
tion of electron spin resonance spectroscopy will be given. For texts
on this subject one may consult Bersohn, Ingram, Pake, and Slichter as
well as the reviews by Bleaney and Stevens, Bowers and Owen, and Jarrettn<26'32>

In the electron spin resonance experiment transitions are in-
duced between the Zeeman levels of paramagnetic centers in the crystal.
For the studies of fadiation produced paramagnetic centers, the paramag-
netism arises primarily from the unpaired electron spin angular momentum
S and the associated magnetic moment. The electron spin re- .

sonance spectrum can be adequately described by the Hamiltonian

H= B3%¢H+ sp5+2Z S

< =

1

<
>

The first is the Zeeman term. It expresses the interaction between the
unpaired spin and the external magnetic field H . The second term may
be necessary for §i:>l/2 and is a measure of the distortion of the
wavefunction by its surroundings. The last term is the hyperfine nuclear
term and the summation is over each i-th nucleus in the vicinity of

the center. By studying the electron spin resonance transitions as a
function of crystalline orientation in the magnetic field, the principal

values and axis orientations of the &, D and A ‘tensors can be deter-

mined. This i1s the total information that one obtains from the measure-
ment. The g and D tensors reflect information primarily about the

overall character and symmetry of the paramagnetic center wavefunction
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and its environment. The hyperfine tensor A reflects the magnitude
and symmetry of the unpaired electron wavefunction at the i-th nucleus,

allowing a detailed mapping of the wavefunction over each of the atomic

site neighboring the defect.

1.3 Uniaxially Stressed ESR (Electron Spin Resonance)

From the ESR study it is usually not possible to arrive at
a unique model for the defect responsible for a spectrum. However,
there are several ways of probing the defect which can aid greatly in
the identification. Only the application of uniaxial stress will be
mentioned here.

Many defects are anisotropic in the microscopic configuration.
By anisotropic we mean that the defect has a lower order of symmetry than
the host crystal. There is associated with such anisotropic defects an
orientation degeneracy. That is the defect can occupy one of several
equivalent orientations in the crystal. In equilibrium, statistically,
an equal number of defects occupies each of the equivalent orientations,
resulting in the macroscopic properties associated with these defects
being isotropic. Under stress, the orientation degeneracy can be lifted
i.e. the defects in the various orientations may no longer have the
same energy. Consequently, provided the stress is applied to the cry-
stal at a temperature at which the defects can reorient, a new distri-
bution of defects among the various orientations will take place.

The use of stress induced alignment(33—38) in defects is, of
course, not new. This has been the basis of internal friction experi-

ments. In the case of uniaxially stressed ESR, defect alignment can be
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studied directly. Each line in the ESR spectrum corresponds to one of
the different orientations available to the defects. The integrated
intensity under the peak is proportional to the number of defects in
that direction. The stress induced alignment technique can be a power-
ful tool in studying such defect properties as symmetry and mobility
and in correlating various properties associated with the same defect
(e.g., an infrared absorption band and an ESR spectrum). This technique
makes accessible defect information not obtainable from static measure-

ments.

1.4 Radiation Damage Theory

The interaction of gamma-rays with matter occurs principally
by means of three mechanisms: the photo-electric effect, the Compton
effect and pair production. The passage of gamma-rays through a solid
may thus cause extensive ionization and electron excitation which in turn
lead to bond rupture, free radicals, coloration, and so forth, in many
types of solids. There is also evidence that gamma-rays can produce dis-
placed atoms in solids. Besides the effect of internal beta-ray bombard-
ment and the direct recoils from gamma-ray events, two other possible
mechanisms by which gamma-rays may produce atomic displacements have
been suggested by Seitz and Varley.* Both of these mechanisms involve
conversion of electron excitation energy to displacement energy and should
be especially effective in insulators. In general the efficiency of
atomic displacement by gamma-rays is quite low but occasionally detect-

able. In our case of niobium substituted in calcium tungstate, it will

* According to Dr. L. Chadderton the Varley mechanism does not work in
computer simulation of radiation damage process.
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be shown that Nb5+ becomes th+ after gamma-ray irradiation. Since
th+ is paramagnetic it can be detected by ESR method.

Fast neutrons as bombarding particles produce radiation
damage by direct collisions with nuclei. The prominent effect is atomic
displacements. One of the fundamental problems in radiation damage is
the determination of the number of defects formed in a substance by
specified bombarding particles. Although most physical properties are
altered by the presence of defects only a few are well enough under-
stood to serve a quantitative measurement of the concentration of de-
fects. It is interesting to note that with only few exceptions theoreti-
cal calculations of the number of displaced atoms have been constantly
in disagreement with experimental results, and these few exceptions
are where the direct method of measurement is available.(39) In addi-
tion to the electron spin resonance method used here there are two
other direct methods of measuring the number of displaced atoms and
both methods have provided results in good agreement with calculations.
The first method uses the scattering of very slow neutrons by interstitials

(0)

and vacancies to determine the defect concentration. The second

(39)

method uses optical absorption measurement when the oscillator
strength is known. In most cases where indirect methods are employed,
theories predict a displacement yield five to ten times the observed
amount. There are several possible explanations for the discrepancy.

One possibility is that the interpretation of the experimental measure-
ments is inaccurate. The relation between, say, change in resistance and
number of interstitial-vacancy pairs may be inadequate. As will be shown

later in this study calcium tungstate is an excellent material to check

these possibilities. The fast neutron produced so called gamma-center
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in calcium tungstate is identified as due to paramagnetic tungsten with
a nearest oxygen displaced. Furthermore, it is found that the annealing
at the irradiation temperature is very small. A measurement of the
concentration of the gamma-centers therefore can provide a good check

on radiation damage theory.(ul—so)

There are two often cited theoretical treatments dealing with
the problem of calculating the number of displacements produced by bom-
barding a substance with energetic particles such as fast neutrons due
to Seitz-Koehler and Kinchin-Pease. Their similarities and differences
have been discussed by Dienes and Vineyard.(ul) In the low energy region
( E’VEE ). these two theoretical results differ considerably. For high
energy bombarding particles such as fast neutrons, these two theories
provide approximately the same results. In most cases the Kinchin-Pease
treatment predicts that approximately 20 percent less defects are pro-
duced for the same energy of fast neutrons than the Seitz-Koehler treat-
ment. The Kinchin-Pease theory is easier to handle computationally
and will be used here.

Fast neutrons produce defects through the production of primary
knock-ons which in turn createadditional (secondary) knock-ons while
dissipating their recoil energies in the solid. For fast neutrons with
energy E' as bombarding particles the collisions are of the hard
sphere type. Only a small portion of the struck atoms are not displaced
and, therefore, the cross section for producing a primary knock-on can
be assumed to be the total neutron scattering cross section. To deter-

mine the expected number of displacements per scattered fast neutron

Kinchin and Pease treatment gives the following relations
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V(Y= 1 Ep ¢ E
V(D= B¢, 2E4 ¢ B, ¢ Es

V(E): E{AEA EP 7 Et

where Ep is the energy of the primary knock-on
Eq 1is the threshold energy for displacement and

E .

. 1s the limiting energy for ionization.

In most investigations including the Kinchin-Pease treatment,
a model is chosen in which the atoms in a lattice have a sharp threshold
energy E4 for displacement. That is, if a lattice atom recieves an
energy greater than E4 it is displaced; whereas if it receives an
energy less than E4 it remains at its site and dissipates the acquired
energy through lattice vibrations. This model is, of course, not a true
picture of the situation but it has been used because it is simple and
accurate enough for most discussions. It is more realistic to suppose
that the displacement threshold energy is not sharp, but there is some
probability that a lattice atom which gains energy E will be displaced.
There are several reasons why the threshold energy is not sharp. One
reason is that the energy required to free an atom will depend upon the
crystallographic direction. It is surely harder (requires more energy)
for an atom to leave its lattice site if the atom is initially directed
toward one of its nearest neighbors than it is initially directed toward
the center of the triangle formed by three nearest neighbors. Another
reason is that the degree of the thermal vibration in the neighborhood
of the struck atom will influence the amount of energy necessary to dis-

place the atom.
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However the sharp threshold model is applicable in many cases
if it is used with caution. The concept of an effective sharp threshold
energy of displacement has been critically studied by several investi-
gators. Using different displacement probability functions Hurwitz and
Lehmann<5l) have shown that the sharp threshold assumption gives accept-
able results as long as the energy region over which the displacement
Probability function is rising from zero to unity is small in comparison

(52)

with the kinetic energy of the primary of interest. TFein used a model
for the displacement of atoms in which each atom of a crystal has a
threshold energy that is a random variable and shown that for moderately
large energies of the bombarding particles the physical effects of bom-
bardment by either neutrons or charged particles can be pictured as aris-
ing from an effective sharp threshold energy and that this effective
threshold is the same for both types of bombardment. From the results

of these investigations, it seems that the model of an effective sharp
threshold displacement energy is meaningful and applicable in the case

of fast neutron bombardment.

The limiting energy for ionization E, is defined such that

L~
when the moving atom, having energy E less than E; , will not lose
energy to an appreciable extent by ionization and such that when E is
much greater than E, the ionization loss will greatly exceed that due
to elastic collisions. In estimating E; it 1s usually assumed that
if the velocity of the moving particle is slow compared to the slowest
orbiting atomic electron, the electron may relax without excitation,

whereas excitationbecomes more probable as the velocity of the moving

particle becomes comparable to or greater than that of the slowest
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electron. This reasoning led Seitz to suggest that for insulators

such as calcium tungstate
1M )
Exl - 8 ( Me E‘—

where M 1is the mass of the primary
Me is the mass of the electron

E, is the lowest electronic excitation energy given by the
low energy limit of the main optical absorption band.

EL for calcium tungstate has been measured by R. H. Gi].]_ete(l4> and

K. Nassau.(l6) It varies from 0.25 to 0.30 microns depending on the
history of the crystals. Using a Cary-1l dual beam spectrophotometer
the low energy limit of the main optical absorption band of the crystals

used in this study has been measured as 0.25 microns. This gives the

limiting ionization potentials as follows:

E.(0) = 18 kev
Ec(Ca) = 45 kev
EL(W) = 209 kev |

Questions have also been raised about the usefulness and
validity of the concept of average number of displacements per primary
collision. The fundamental question is what the statistical fluctua-
tion will be. If the fluctuation is large the concept of average number

per collision will be less useful. Using the Kinchin-Pease model and

48,53)

assuming hard sphere scattering Leibfried( has shown that

- 2
— V-v __ 0I5
S = gt - 7 For Jyz 2
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(51)

Lehmann has further extended this study. Considering both the
Kinchin-Pease and Seitz-Koehler models and different scattering laws he
proved that the statistical fluctuation is small in all cases for
moderately large bombarding particle energy. In the case of reactor
fast neutron bombardment, a sharp value of the average number of dis-
placements per primary collision will be permissible.

The Kinchin-Pease treatment is for the case of monatomic
solids. The influence of different masses of diatomic solids on the

(54)

displacement cascade has been investigated by Baroody. Consider a
diatomic solid of type AB in which the probabilities for collisions
involving various pairs of atoms are equal. Suppose that a primary
knock on with%:‘j 72 is produced and let N,(y) and N, (y) be
the numbers of atoms like and unlike the primary, respectively, which
are finally displaced. Baroody reached the following result. For

large value of y

A

f4y = Ny = No(9) = By + cany(3)

where
BMN= 2)\2+)\(.!-( IA—));»\){:L )\: :\‘é;\ b A ’
ACOy L 20+ C=m™ oy 4 A< ]
= A[I- (2/\\)*] N¢ S
— (\~M{|- [z(k-m}""} A)_\i
and N= T My

( Ma s Mp)?*
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oA is the nonzero root of s of the equation

2)\S“\ + (|_)\\$+| + )\S-H =0

and €, is the smaller of —ln (I<A) and w2 , and €, is the smaller

of =lnN and |h2 . The result is clearer when one plots Ng//(Nw+N1)
against N for different values of y as shown in Figure 5. For Y= 000
and larger the fraction NI/%N“*L) is practically equal to 0.5 for A
varying from 0.3 to 1. In our case of fast reactor neutron irradiation,

the displacements due to neutrons with energy less than 25kev contributes
less than one percent of the total displacements, therefore the effect

of mass difference is of little importance.



-21-

o'l

squawsoeTdsTQ TRUOTIOBIL JO oouapuadsg ©sB

X

¢ 2an3Tg

60 80 20 90 G0 0 €0 20 10
\\ /
>- -0 Lo~
0001=K

90



2. EXPERIMENTAL PROCEDURE

2.1 Samples and Orientations

Samples investigated were calcium tungstate single crystals
grown at Harry Diamond Laboratories* by the Czochralski method. Most
unirradiated crystals showed prominent spectrum of MntT , although the
impurity content of different crystals varied by as much as a factor
of ten. Crystals were oriented by X-ray diffraction and cemented to the
end of quartz rods. Back reflection Laue patterns with X-ray beam
parallel to the [110] and [O00l] axes are shown in Figure 6 and
Figure 7. The mounted crystals were then inserted into the microwave
cavities at right angles to the steady magnetic field. The quartz rod

served as the rotational axis for changing the crystal orientations.

2.2 Electron Spin Resonance Measurements

ESR measurements were made by using an X-band spectrometer
(9.5 Ge/sec) with Skc/sec modulation and a Ku-band spectrometer (16.5
Ge/sec) with 400c/sec modulation. Ceramic cylindrical TE-Ol1 cavities
with variable cross coupling loops were used for both room temperature
and liquid nitrogen temperature measurements. A 12 inch Varian rotating
electromagnet with 3.25 inches gap provided the magnetic field. Magnetic
fields were measured by using a F-8 fluxmeter connected to a Berkeley

7800 transfer oscillator and a Berkeley 7370 Universal EPUT.

2.3 Irradiations

Nuclear reactor irradiations were made in the University of

Michigan swimming-pool type research reactor. Samples were placed in

*
We would like to thank Mr. W. Viehmann for his generous supply of crystals.
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Back Reflection Laue Pattern of
Calcium Tungstate Crystal with
X-Ray Beam Parallel to the [110]
Axis.
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Figure 7. Back Reflection Laue Pattern of
Calcium Tungstate Crystal with
X-Ray Beam Parallel to the [001]
Axis.
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a small polyethylene bottle using bismuth as weights. In order to maxi-
mize the fast neutron flux, irradiations were conducted at a location
close to the reactor core where the temperature was approximately 60°C
estimated from the coolant temperature. The fast and thermal fluxes were
iMﬂ3andJOE%/sec-cm2 respectively. Irradiation times from 20 minutes
up to 20 ﬁours were used. A longer irradiation time was not feasible

87

due to excessive induced radioactivity of tungsten Wl85 and Wl Since
the observed effects were due to fast neutrons, most irradiations were
done with the samples wrapped in cadimum cylinder of 30 mil thickness to
minimize excessive induced radioactivity due to thermal neutrons.

After irradiation, samples were removed from the reactor
core region and left at the side of the pool where the neutron flux is
negligible for a period from three to fifteen days depending on the
irradiation time.

Gamma irradiations were made with a calibrated 10,000 curie
Co6O source. X-ray irradiations were made using a GE X-ray unit with

a tungsten tube operating at 50 kvp and 50 ma, both at the Phoenix

Laboratory of the University of Michigan.

2.4 Uniaxial Stress

Uniaxial stress was applied to the sample up to 11,000 psi.
The sample was placed on a Teflon cylinder which becomes hard at low
temperature. A simple lever with weight outside the Dewars supplied the
force to the quartz rod and on the other end of the quartz rod the
oriented sample was cemented. A diagram of the uniaxial stress appara-

tus is shown in Figure 8.
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2.5 Neutron Flux Measurement

Many earlier radistion effect experiments have been conducted
without precisely measured neutron flux data. For some work the neutron
flux was reported in integrated units with an estimated mean energy value
of the neutron spectrum. It was claimed that in the case of light ele-
ments when the mean neutron energy is much larger than the limiting
ionization energy E, the lack of precise neutron flux data would not
introduce much uncertainty. Since tungsten is a heavy element, the
Precise neutron flux data is indispensible for the calculation of the
number of defects.

Fast neutron flux up to 12 Mev at the University of Michigan
Ford Nuclear Reactor has been measured by Harris, Sherwood and King(55)
using a solid state proton recoil fast neutron telescope. At the loca-
tion two inches away from the reactor core in the median plane of the

core, the differential fast neutron flux is as follows:

Energy (Mev) n/cm-sec-Mev x 10-1
1 2.80
2 2.73
3 2.21
L 1.19
> .88
6 A6
i .25
8 .13
9 .07

10 .03

11 < .01
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The thermal neutron flux and epithermal neutron flux measure-
ment were made using the gold foil activation technique. Gold was used
because of its appropriate half life and large activation cross section.
Both bare and 30 mil thick cadmium covered gold foils were used. The
foils were weighed on an electrobalance before activation. The activa-
tion of the irradiated gold foils was determined using a well counter
in conjunction with a multichannel analyzer. The thermal neutron flux
was determined from the measured activity of the irradiated gold foil

using the relationship

Eﬁ — F?a - Fic
th € Np (Tuy

where E%H is the thermal neutron flux, Rb and R( are the rates
of production of radioactive nuclei in the bare and cadmium covered gold
foils respectively. € isa correction factor for the flux depression.

ND is the total number of atoms in the detector and (G}) is the
microscopic absorption cross section averaged over the Maxwell-Boltzmann
distribution. The rate of production of radioactive nuclei for the

bare and cadmium covered foils is given by

_ “/
R="(—e) e~

where ( 1is the specific activity of the gold corrected for the
background, + is the efficiency of the counting system, N is the
decay constant, T 1is the duration of the irradiation, and 1t is the
time lapse between irradiation and counting. No correction for the
change in activity during measurement was made because the half life

of gold is 2.7 days compared to the counting time of two minutes. The
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fuel elements of the Ford Nuclear Reactor are essentially the same as
that of the Bulk Shielding Reactor. For BSR the neutron flux at the loca-
tion about two inches away from the reactor core in the median plane of

(56)

the core has been measured by Trice. The neutron flux was found
l/E up to 50kev. In a l/E spectrum the measurement of k is thus
sufficient for the whole energy range where §-='ﬁ4/E is valid. The
ratio FQH is determined from the cadmium ratio defined by

R
Ra= &~

The neutron energy spectrum used for the calculation of the number of
oxygen vacancies is shown in Figure 9, where epithermal neutron flux
up to 0.5 Mev is assumed to be l/E and 1s determined by gold foil

activation, and fast neutron flux is quoted from Reference 55.
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Figure 9. Neutron Flux Spectrum at the Irradiation Facility.
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS-
PARAMAGNETIC TUNGSTEN(5T)

ESR spectrum of reéctor irradiated calcium tungstate single
crystals were studied at microwave frequencies of 9.5 Gc/sec (X-band)and
15.5 Gc/sec (Ku-band). The spectrum at liquid nitrogen temperature for
the magnetic field H parallel to [001] and [110] directions are
shown in Figure 10 and Figure 11 respectively. Befdre irradiation the
TSR spectrum observed is identified as due to unintended Mn*t impuri-
tiles. After reactor irradiation new groups of lines are observed at
room temperature and liquid nitrogen temperature. Ffom the angular
dependence of the spectrum new lines are classified into three groups
and will be referred to as the Oa-group, the PB-group and the y-group
respectively. Irradiation at room temperature with Co60 gamma rays or
50 kvp X-rays up to lO7 rads did not produce new ESR lines in agreement

(58)

with Zeldes and Livingston., By comparison the results of bare
samples and samples covered with 30 mil cadmium sheet during irradiation
the new groups of lines are found due to fast neutrons.

The Q-group is the only one which can be observed at room
temperature. Its g-value varies from 2.005 to 2,033. No hyperfine
interaction of tungsten isotope Wl83 is observed and the angular
dependence of this group of lines cannot be correlated with the crystal
structure and is the least understood. From the intensity consideration
it is tentatively assigned to oxygen interstials. The B-group and the
y-group are observed at liquid nitrogen temperature. Both have hyper-

83

fine lines attributable to tungsten Wl From the angular variation

of the spectrum the @=-group is identified as due to paramagnetic tungsten

-31-
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with a nearest oxygen vacancy. Uniaxial stress experiment provides

further support for these assignments. The Q- and y-groups are very
stable at room temperature but the B-group decays slightly. All three
groups can be annealed out by heating at 600°C for an hour. The con-
centration of the y-group is measured and compared with the predictions

of the Kinchin-Pease theory.

TABLE I

THE PRINCIPAL VALUES OF THE g-TENSORS AND THE
DIRECTIONS OF THE AXES OF THE GAMMA CENTER

z X Yy
q 1.91k4 1.675 1.646
49 0.088 0.327 0.356
6.6, 57° 1h7° 90°
Y, 32° 32° 302°
Y, 212° 212° 112°
6; 6, 123° 33° 90°
Y, 302° 302° 32°
ppe ope p10°

¥ . 122 122 1

3.1 Electron Spin Resonance

a. The Gamma-Group
Most of the measurements are made with samples irradiated in
reactor for an hour ( 107 nvt fast neutron dosage). The spectrum is

shown in Figure 10 and 11. The y-group can only be observed at liquid
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nitrogen temperature. In general it consists of four central lines of
equal intensity and each central line is flanked by two satellites.

The intensity ratio of the central line and the satellite is about
twelve to one and this is interpreted as due to nuclear hyperfine inter-
action of the tungsten isotope W183 « The hyperfine interaction is ani-
sotropic varying from 280 to 320 gauss. Along crystal c-axis the four
sets of lines merge into one set at g = 1.75. In the (001) plane only
two sets of lines are observed. The angular variations of the Y~-group
when the magnetic field is varied in (001) and (110) planes are shown
in Figure 12 and Figure 13 respectively.

Both maximum and minimum g-values of the gamma lines occur
when the magnetic field is varied in the diagonal plane of the squashed
tetrahedron formed by the oxygens of the tungstate. This gives the
measured components of the g-tensors and the directions of the principal
axes as shown in Figure 14 and Table I.

It is interesting to note that the four gés are within experi-
mental error along the four tungsten oxygen bonds of the tungstate.
More specifically as shown in Figure lh, when gz is parallel to W-05 ,
8y is found along the normal to the plane of 0,-W-0o , and 8x is found
Perpendicular to both g4 and 8y - In other words the symmetry of this
paramagnetic center is in good agreement with the model of paramagnetic
tungstate with a single disturbed tungsten-oxygen bond. The four orien-
tations of the disturbed tungsten-oxygen bond directions provide four
different sites of the center. Along the crystal c-axis all four orien-
tations are equivalent and the spectrum merges into a single set. In the
(001) plane the four orientations become equivalent in pairs and only

two sets of lines are observed as evidenced in Figure 12.
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Figure 14. g-tensor of the y-center.
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In order to test the model of paramagnetic tungstate with a
disturbed tungsten-oxygen bond, further measurements have been made.

The crystal was first oriented and mounted along one of the tungsten-
oxygen bond direction and the magnetic field was varied in a plane

normal to this bond direction. As shown in Figure 15 one of the gamma
lines, namely, r), was found to be almost independent of the magnetic
field and the remaining three vary with a period of approximately 120
degrees. This is what is expected from the model. ), 1s due to centers
whose gy and gy axes are in the H-plane, since g is very close to g
the line position changes very little with the magnetic field. The
remaining three lines are due to centers which form approximately an
equilateral triangle in the H-plane. Their line positions therefore

vary with a period of approximately 120 degrees.

As a further check, the magnetic field was varied in the dia-
gonal plane of the squashed tetrahedron formed by the four oxygens of the
tungstate. For this case two of the tungsten-oxygen bond directions
become equivalent. This is evidenced by the three line spectrum as
shown in Figure 16. Furthermore, the intensity of linewr;rh is twice
as the remaining two, namely, r, or r, -

The observed g-values can be accounted for qualitatively by
assuming an unpaired 5d electron of the tungsten subject to the crystal-
‘line electric field of three nearest oxygens of the prominently Cay
symmetry and a small Cg symmetry distortion. The details of the analy-
sis: are given inthe Appendix. The calculation suggests that IAﬁzKiﬁaJ“MSH
where A3§==ﬁ;'-33 and ie is the spectroscopic splitting factor of

free electron. This is in agreement with the experimental results.
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e Oxygen Atom y-SPECTRUM
® Tungsten Atom

]
3500 4000
H — (Gauss)

Figure 15. Angular Variation of the y-spectrum, H Perpendicular
to the W-O Bond Direction.
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The gamma-center is very stable at room temperature. No measurable change
is found for a period of four weeks. Heating up to 60°C which is about
the temperature during reactor irradiation does not give any measurable
sffect. Heating up to 600°C for an hour completely anneals out the
gamma-spectrum.

The hyperfine separation of 280 gauss along the crystal
c-axis and 320 gauss along [110] direction seems unusually large consider-
ing the small magnetic moment of W183 (0.115 nuclear magneton). The
large isotropic part of hyperfine interaction observed implies that the
6S state must have significant contribution. The Fermi contact term

effective fields He as obtained from experiment for various alkali

atoms is shown as follows:(59>
Atom He (in kilogauss)
Li ‘ 122
Na 39k
K 581
Rb 1229
Cs 1513
The rapid and monotonic increase of H, from Li to Cs provides

an indication that the large observed hyperfine interaction is not

unreasonable.

©. Tuz B-group
The B-group can only be observed at liquid nitrogsn temperz: .

(77°K). The angular dependence of the beta-lines when the magnetic fi

-
T
2

is varied in the (001 ) and (110) planes is shown in Figure 17 and Figure 108.
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TABLE II

THE PRINCIPAL VALUES OF THE g-TENSORS AND THE
DIRECTIONS OF THE AXES OF THE B-CENTER

g = 1.81 gx = 1.791 g, = 1.72k4
o 90° 90°
9, Lhe Coa3ke
A 134° Ly

6 1is the angle between each tensor principal axis
and the c-axis of the crystal.

¥ is the angle between the projection of the tensor
principal axis on (abyrplane and a-axis.

In general this group consists of two central lines and each central
line is flanked by two satellites which can be interpreted due to
tungsten W183 hyperfine interaction. Along crystal c-axis the two
sets of lines merge into one set with g = 1.80. The principal values
of the g-tensors and the directions of the axes were found and shown in
Table II.

The hyperfine separation is 51 gauss along the crystal c-axis,
and varies from 54 to 120 gauss in the (001) plane. The maximum and
minimum separations occur at one degree off [110] as shown in Figure 17.
The directions of gy and gy are approximately parallel to the direc-
tions of a tungsten atom and its nearest metal neighbors (calcium atoms)
in the crystal. The crystal structure of calcium tungstate indicates
that there are four nearest calcium atoms to each tungsten atom. If
the beta spectrum is due to paramagnetic tungsten with one of its four

calcium neighbors being displaced, in general there should be four sets
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of lines due to four possible orientations of the paramagnetic defects.
However, due to the fact that the four nearest calcium atoms form a
Square planar configuration with the tungsten atom situated at the center,
the four different orientations of the defects become two equivalent
pairs so far as the applied magnetic field is concerned. This is evi-
denced by the fact that experimentally only two sets of beta lines are
observed. It is therefore concluded that the beta center is due to para-
magnetic tungsten with one of the nearest calcium neighbors displaced.
The beta center is not as stable as the gamma center. Four weeks after
irradiation the intensity is reduced approximately by half. It can

also completely be annealed out by heating up to 600°C for about an

hour.

Since very little work has been done on ESR of 54! configura-
tion, the study of W5+ has interest of itself. There have been two
tungsten centers reported in CaWOu. Zeldes(58) reported a center pro-
duced by irradiating calcium tungstate single crystals with gamma rays
at 77°K and indicated that it could be WO, ~near a lattice defect. The
hyperfine interaction of Zeldes' center varies from 35 to 65 gauss and
the principal axis directions and principal values of g-tensors are as

follows:

Direction Cosines g

a b C
g1 |-57h (56°L87)  -.837 (146°537) .008 (89°31') | 1.5716
go | -832 (32°39") 543 (57° 5" ) -.111 (96°24') | 1.633h
g3 |-089 (84°52") .068 (86° L' ) .99k (5°) 1.8482
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(60)

Azarbayejani reported a W5+ center in vacuum reduced
CaWOyY . The parameters at &€ = 90° (HLc) are g,= 1.587, g,= 1.600
A= 53.3, Ap = 66.35 G, and at © = O°(H/C) are g = 1.850 and
A=19.05 G .

It is interesting to notice that the reported parameters for
Zeldes'and Azarbayejani's centers are very close to each other. It
strongly suggests that both are WOg"centers associated with a lattice
defect. The parameters of the beta center also fall close in this
category and the orientation of the g-tensor further indicates that the
associated defect 1s the nearest calcium displacement. The unusually
large hyperfine interaction of the gamma center indicates that it is

of quite different structure from the other tungsten centers, namely,

one of the oxygens of the tungstate itself being displaced.

3.2 Uniaxﬂﬂégstressed Electron Spin Resonance

From the simple electron spin resonance result it is conclude
that the beta centers and the gamma centers are due to paramagnetic
tungstens associated with calcium and oxygen vacancies respectively. 1In
order to obtain further information about these centers, some dynamical
methods have to be employed and to obtain further information by observ-
ing the response of the ESR spectrum. The application of uniaxial stress
can destroy the equivalence of different defect sites along specified
directions. As the gamma centers are due to tungstates with oxygen
vacancies, the four tungsten-oxygen bond directions provide four differ-
ent sites for defect centers. As uniaxial stress is applied the poten-
tial energy of one site may increase more than other sites. If the defects

are allowed to reorient themselves, the site with higher energy will be
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expected to be less populated and vice versa. This will manifest
itself by the change in the relative intensities of ESR lines. With
the stress used here the effect of linewidth dependence upon orientations
due to stress is assumed to be small and only the heights of the lines
are measured.

Uniaxial stress expériments have been carried out with a
maximum stress of 11,000 psi aloné the [110] direction of the crystal.
In this case twc of the four sites, namely Y, and Y will make an
angle of 36° with the applied stress by )’3 and q will make equal
angles of 79° with the stress. Thus it is expected that the effect
of uniaxial stress is to change the intensities of ﬁ and ¥ in the
same way and change t} and l; in the same way. Since the total
number of defects is not changed by the stress, the gaining in intensity
of one group must be conpensated by intensity reduction of the rest. This
has been confirmed experimentally. The following table indicates the

change in intensities of gamma-lines with and without stress

N £ Vy

11,000 psi 58 65 58 59

0 psi Lo 62 63 65
change in
intensity Al 4 a6 =)2 Al 4+ AYq = -l

No such effect is expected for tﬁe beta lines. From the crystal struc-
ture each calcium atom is equivalently associated with four closest

tungsten neighbors. In other words, the beta centers are built by pairs
of differently oriented defects. Uniaxial stress cannot 1ift the orien-

tation degeneracy or induce population difference. Experimentally, no



—M9—

measurable change in relative intensities of the beta lines is observed
in agreement with the prediction. Therefore it i1s concluded that the
uniaxial stress experiment provides further support for the previous

assignment of beta and gamma centers.

3.3 The Number of Gamma Centers

The difficulties encountered in measuring spin concentrations
and the relative merits of several approaches to the problem are dis-
cussed in References 61 through 69. The methods used here is similar

(69)

to that of Singer and Kommander. Under proper conditions the static
spin susceptibility X, 1is related to P , the power absorbed

in an electron spin resonance experiment at magnetic field H , by

the expression
)
4%
K = T f PdH 33—\

Where ¥ = %/?% is the gyromagnetic ratio, and W 1is the
angular frequency of the rf field which has an amplitude H; inside
the sample. This relationship will hold only if the following conditions
are met: (1) the spin system must be in thermal equilibrium with its
surroundings; i.e. saturation must be absent. (2) The linewidth must be
small compared to the magnetic field at resonance. (3) The modulation
amplitude must be small compared to the line-width. (4) Skin effects
must be absent.

The absence of saturation was evidenced by examining the signal
height as a function of incident power. Examination of the linewidth
of the gamma centers showed that the second condition was met. Modulation
amplitude was minimal (<{.56G). Symmetry of the signals showed skin

effect to be absent.
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In practice, reference samples of known spin concentration
were used so that the spin susceptibilities and concentrations could

be obtained from the expression

i 4 A H AH \*
GE WF A ﬁ?)( AW 3.3-2

where n 1s the concentration or number of spins,

g 1s the spectroscopic splitting factor,

K is the susceptibility

h is the signal height,

A is the amplitude gain,

Hy is the modulation amplitude,

AH is the line width and

K 1is a factor depending on the line shapes of the reference

and the sample.

The starred values and unstarred values pertaining to the
reference and the sample respectively.

Equating ?Léﬁ to yy%& assumes that both systems would obey
Curies law at fixed spin concentrations. Measurements of K , which
related the line shape of the reference to that of the unknown sample,
is required for the evaluation of spin concentrations. To accomplish
this, line shape analysis was applied to both the reference and the
sample.

The method of line shape analysis used was similar to that
used by Weidner and Whitmer<70) for an avsorption curve. If one measures
the widths of an experimental derivative curve at various fractional

heights and plots these widths against the width at the same fractional
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heights for some theoretical derivative curve, a straight line result
will indicate the experimental and the theoretical curves to have the
same shape.

The reference sample used was CuSOy* 5H,O 1in single crystal
form. It has very small Weiss constant so that Equation (3.3-2) is
applicable. Single crystals of convenient size (a few hundred micro-
grams) can be chosen directly from a reagent bottle of the chemical,
weighed on an electro-balance and then imbedded in paraffin. The standard
sample was simply glued to the side of the calcium tungstate crystal
during measurement. It has been reported that no change in the ESR pro-
perties was observed over a period of several years. The line width
and the g-values are both orientation dependent. The line shape has
been reported to be Lorentzian.(62_65)

Figure 19 is the first derivative absorption curve of the gamma-
centers. The line shape analysis is shown in Figure 20. Neither the
plot against Gaussian nor against Lorentzien gives a straight line. The
downward curvature of the lower curve implies that a Lorentzian curve
gets broader in the wings faster than the experimental resonance curve
of the gamma centers. The upward curvature of the upper curve implies
that a Gaussian curve gets narrower in the wings faster than the gamma
lines. The experimental curve is intermediate between Gaussian and
Lorentzian. A straight line can be obtained if the line shape is assumed
consisting of 65 percent Gaussian ané 35 percent Lorentzian. Since the
standard sample is of Lorentzian shepe, the constant K in Equation
(3.3-2) is equal to unity if the unknown is also of Lorentzian shape
and K = .29 if the unknown is of Gaussian shapeo<69> For the case of

gamma center, we have K = .65 x 1 + 0.29 x .35 = 0.75
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Experimentally, using a copper sulfate standard of 1.52
milligrams attached to the surface of the calcium tungstate crystal,
the amplitude gain will be the same, i.e. A = A* and the modulation
will be the same too, i.e. Hm = Hm* . The g-values and the line

widths and the signal heights are measured as follows:

a(u
R

"
N
n

l. 66

H (AHYL = 4262

[ 1, (ak)],

648

The number of spins in the standard was

Ne = 366 x 10"

The constant K is given by
K= O 75

Using the relation

Ne K( o e A Hi“)( at, Y
N oo o A W\ awg

33-3

the total number of gamma centers of the calcium tungsten single
crystal of 270 milligrams after one hour of reactor neutron irradiation

was found to be

M= 129 % 10"% g,
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The calculation of the number of displacement is divided into
two parts according to the neutron flux distribution. Above 0.5 Mev
where fast neutron flux was measured, numerical integration gave the
number of displacements. Below 0.5 Mev where 1/E neutron flux is assumed,
number of displacements 1s obtained by direct integration. Data used
during calculation are as follows:

average neutron cross section from BNL-325

T(0) = 3 %x10°% cum

Ta= 3 X107 (.

-24

T (W) 10 ¥ 10 Con™

ionization potential from S 1.4
EL =495 ev

displacement energy

b = 25 ev

weight of calcium tungstate sample

W= 270 m§

irradiation time

T = 3600 Sec.

correction factor for anistropy and inelasticity of collision
from Dienes and Vineyard

{= 067
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Total number of displacements due to fast neutron flux with
E»0.5 Mev: Within this region the primary recoil energy is smallzr
than the limiting ionization energy for tungsten but is larger than tne
limiting ionization energy for both oxyger. and calcium. For tungsten

as primary the number of displacements was calculated from the following.

E (Mev) neutron flux E/A E/A $
J
1 2.8 %é%%%g~Mev 5465 1,56 x 10%°
2 2.7 " 10929  2.983
3 2.2 " 16393  3.623
L 1.2 " 21858 2.601
5 .88 . 27322 2,404
6 L6 o 32787  1.508
7 .25 “ 38251 .956
8 .13 | 43516 568
9 .07 - 49180 23y
10 .03 , 54650 .16k

E b
z 7r§ = |67 X0
For tungsten as primary the number of displacements due 10

fast neutron with E > 0.5 Mev is given by

1o
Nw = 138 xi0 d\sp\«\uv\ed;

For both oxygen and calcium as primaries tae total number of displace-

ments was as follows:



f‘n\fgh < \\jo = |LR6 ¥ “71(; CliSN?\(( mendtyg

T ¢ oLe mal neatron Tlux (E< 0.9 Mev);
The average =nergy trvasnfer for a 1/B flux 135 given by
: s
e o= = %)
2 "\ Ry
Felow 0.5 Mev, B was less than E‘«) , the limiting ionization

energy Ffor oxygen caleium and tungsien 28 primar

Ey=5E/A EE IlnE /E E ) -E T
) -, - ~Q -,8
SRS 1.74x10 15,30x107%
La 50000 2000 .50 SO0 1.46x10 1.4hx10

W 10920 La7 2.08 899 1,25x10 1.11x10

i

o ‘
O NyE .12 X 10 C(\(]‘xh(&w{wfj

as foliows:

Ny = '%‘2;-‘<Ncc\ Ny Nw =+ N"ey

6
= | 63 X 10 Cl\iP'Nﬁ bt g



L.1 Importance and Motivation

Sicgle crystals of

10ons have been ed

(]

s
Although rare-earth ions can
Out a secondary charge compensating
Criargs compernsation by a second ion
simplifies tne fluorescent emission

as lowering the threshold for laser

The trivalent Nd3+ ions

calclum tungs~
xtensively for

be introouced 1nto calcium tungstate witn-

NS- FPARAMAGNET I NIOERIUM ‘(47

gstate dopeo with trivalent

s0lid state lasers.

-

~—

ion (creating a gefect lattice),

T

i

1s g2nerally preferred since
spectrum and ESK spectrum as well
(16-18}

action of the crystals.

are delieved substitutionalliy

located at calcium sites in the calcium tungstate crystals. Fentaval=snt
Nb5+ ions located substitutionally at tungsten sites will te an ideal
Charge compensator by the following relazion:
S+ 3+ 6+ R
(N} NA™)  subettre G (W% (2™)
The study of EBk of niobium undouvtedly willi provide informatiorn =atour
,‘+
the problem of charge compsnsation. furthsrmors the study of Ng*

>

1tgelr 1¢

of importance since 1t provides

information of the comparatively

litrle studied U4d' electron configuratior .
In the periodic table niobium is the =zlement just below vanadium.
Fadistion chemlistry of vanadium 1n solios has beern one of the active

research programs 1n our Laboratory

in calclum tungstate as a charge compensator has Just been complelsd.

ur present work on  CaWlp:Nb 1is Just
of niobium and can also be consider=d

vanadium pProgy am.

o In particular, the study of vanadium

—~
2

J
the starting of the study program

as a furtner =xtension of ths

-58-
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The ESR results of CaWQy:Nb are summarized as follows:

Before irradiation, niobium in tungsten site is the diamagnetic
N2t . After irradiation, it acquires one electron and becomes para-
magnetic th+ . At 195°K the niobium ESR spectrum is of slightly

axial symmetry with

9= 2.023

9, = 2.026

A = 29 gauss
R = 29.2 gauss

where the symmetry axis is along the crystal c-axis. As temperature

decreases, the spectrum is broadened at first and finally splits into
four at 77°K. The average position of the low temperature spectrum is equal
to the position of the high temperature spectrum. This interesting pro-

blem of temperature dependence is explained in terms of vibronic interaction.

4.2 Properties of Niobium and Vanadium

As a comparison and reference we list the pertinent properties

of niobium and vanadium as follows:

v

Nb )
Atomic Number 41 23
Isotope Abunaance lOO%Nb(93) lOO%V(Sl)
Nuclear Spin 9/2 7/2
Nuclear Moment 6.1435 5.1392
Nuclear g-value 1.37 1.47
Electron Configuration [Kr]4a! [Ar]34!

Gamma or X-radiation can change the valence state of Nb

as follows:

and
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where the symmetry axis is along the crystal c-axis.

b, Liguid Nitrogen Temperature (77°K)

At liquid nitrogen temperature each line in general splits
into four. The four sets of ten lines coalesce into one when the magne-
tic field is along the c-axis and this is shown in Figure 21. 1In the
(ab) plane only two sets of ten lines are observed. Figure 22 is the
ESR spectrum when the magnetic field is along [110] direction. The
average position of the sets of lines is equal to the position of the
single set of 195°K. TFigure 23 shows the line positions when the
magnetic field is varied in the (ab) plane. For the reason of clarity
only the angular variation of the g-values has been plotted. The two
sets of g-values become identical when the magnetic field is 17° from

the a-axis in the (ab) plane.

c. Niobium Site

The ESR spectrum consists, essentially, of sets of ten lines
of almost equal intensities and separation, thus suggesting a hyperfine
structure with nuclear spin I = 9/2 and 100 percent natural abundance.
Besides niobium, bismuth (Bi-209) is the only isotope with nuclear
spin I = 9/2 and 100 percent natural abundance. Since niobium is the

intentional dopant the observed ESR lines are attributed to niobium.
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The ESR results of niobium can be explained Ey the model
that niobium occupies the tungsten site sﬁbstitutionally as has been
inferred from chemical evidence. Before irradiation, niobium in tungsten
site is the diamagnetic Nb5+ . After irradiation, it acquires one
electron and becomes the paramagnetic Nbl*+ ion.

The symmetry of the Nb spectrum does not rule out the possi-
bility of the th+ at a Ca-site. That NbJ++ is assigned to a covealent
W-site rather than at -a ionic Ca-site is evidenced by the following
arguments:

1. Radii: The radii of Nb, Ca and W are 1.342, 1.736 and
1.304 X respectively. Nb size is much closer to W than Ca.

2. Volencies: The valencies of Nb, Ca, and W are +5 ,
+2 and +6 respectively. From charge consideration Nb is more
likely ‘to substitute for W .

Convincing evidence that Nb 1is in the covalent W-site rather
than the ionic Ca-site can be obtained when we examine the published

(73)

ESR data on Nb . Vinokurov et al. reported Nb in zircon.
Chester(Yu) reported Nb in rutile and Rasmussen(75) reported ESR of
pentachloromethoxoniobate Nb(OCH3)0152' . These results are shown

as follows:

Samples A% Hyperfine Interaction
Zircon: Nb ag, = -.151, ag, = -.115 A = 309G , B = 138G
Rutile: Nb A €= .035 {AY = 90 gauss

Nb(OCH)C1L ag, = --058, ag, = -.114 A= 248G , B = 1hkg
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in ali these cases Nb 1s located in an ionic site. Notice that tne
reported Ag's are all negative and the hyperfine interactions are
large. DNow in calcium tungstate thirgs are different.

3. Hypsrfine Interaction: The WNb hyperfine interaction in
calcium tungstate is about 29G. which is much smaller than the reported
values. This is taken as a strong evidence that Nb is in a covalent
W-site.

L. g-values: The observed Ag's for Nb 1in laWd), are
all positive in contrast to the reported values in ionic sites. This
is evidenced as Nb 1is in the covalent W-site, and the arguments are
as follows:

Ag is given by (see appendix)

A% = - (e Ly 1

where the spin orbital coupling constant A\ 1s positive for our case

of Nb o In an lonic site, crystal field splitting 1is a good approxi-
mation. All levels contributing to A g's have energies higher than

the ground state, 1.e, E >'E° - Thus A g's are all negative as reportad.
.n the rase of a covalent site, we have 1o consider the molecular orbi-

n this case we need to consider the filied levels with

o]

aired spins below the ground level as well as the empty levels above

trae ground. The positive g-shift is due to the fact that we can excite

N

one of the paired spins 1nto an originally unpaired state. This transi-

T

t1on affects electrons with opposite spin and can make Ag positive.
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4.4  Temperature Dependence-—Main Problem

it 1s interesting to observe ths tempsrature dependence of
the spectrum. At 77°K, 1f the magnetic field is in arbitrary direction,
in general the spectrum consists of four sets of ten lines around the
position with g = 2. As the temperature increases, the lines are
broadened at first then collapse. Finally, at 195°K one set of ten
lines emerges at the average positicn of the four s=ts of T77°K.

Figure 24 shows the spectrum change when the temperature is
varied from T7°K to 195°K. Since the magnetic field is along the
[110] direction, there are only two sets of ten lines instead of four
at 77°K as shown in Figure 2ha, As the temperature increases to about
100°K, the lines are broadened as shown in Figure 24b. As the tempera-
ture increases further to about 150K, the niobium spectrum disappears.
The lines shown in Figure 2hkc are due to Mn""  and the quartz holder.

Firslly at 195K one sst of lines emerges at the average position of

the two sets at 77°K as shown in Figure 2h4,
The temperature dependence of the spsctrum can be explained

in terms of vibronic ianteraction arnd will t= discussed in a=tail in

the sections to follow.

L.,5 Froposed Model

/

Ine proposed model to explain ths c¢xperimental results is as
follows:

Without vitronic interaction, ths Nt is located at the cente
of the NbOA bisphenoid with D,q symmetry. Considering vibronic

interaction, the Nb atom will displace 1in the x-y plane {({a,b;

of the crystal) and can aave four energy traps along the four oxygen

pProjsctions in the x-y plane.
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Figure 24,
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150°K

Continued.

Figure 24.
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We shall start by constructing the damiltonian. Using the
unperturbed Nbly bisphenoid with Dyg4 symmetry as the zero-th order
approximation and considering linear and quadratic nuclear displacments
only, the perturbation matrix is set up and simplified by symmetry
arguments. After extremization of the energy with respect to the nuclear
coordinates it can be shown there are indeed four energy traps which
account for the splitting of the ESR spectrum. The assumptions and
arguments leading to the above mentioned results are given 1in detail

in the following sections.

L.6 Normal Vibrations of NbO)

Since we shall try to explain the experimental results in
terms of vibronic interaction and it is much simpler to use the normal
displacements classified according to the irreducible representations
of the symmetry group than the nuclear coordinates directly, we shall
first briefly discuss the normal vibrations.

The nine normal displacements of g ﬁid<Nbou/ molecule

are shown in Figure 25. Their symmetries are as follows:

Normal modes q,

Symmetry A A, E, x5, F E %z, E E

As shown in Figure 25, q, 1s the totally symmetric vibration, 1y
and q,, are the torsion vibrations, Qs 9y, 2and Qaqc are distor-
tion vibrations. 934 dap, and dz¢ are displacement vibrations, For
the 95 Gaq s Gy > dgg > 4 and g4 Vvibrations the central WNb =stom

is stationary, while the displacement vibrations arise from the motion

of the four oxygens as a whole relative to the niobium atom. According



/ q,(A)

X ¥V hZ X Yot 2ot X3mY3m 237 X+ Y2,

A
q2b(Br) | Y q2a(A)
XY= Xa* Yo tX3%Y37X37Y4 Z*2.72414,

NORMAL VIBRATIONS of a D2d XY4 MOLECULE

Figure 25. DNormal Vibrations of a D?d XYJ+ Molec ‘e.



‘/L (B,)

q4o 2
XY P XpPYa v X 37y Xt Y,

q a5 (E)
YT Zy Yottt ZatYa-Z,

(]4(:(EE)

-2 =X+ 2o Xp-Z3+X3+Z4+Xg

Figure 25,

(Continued)

T q,4,(B5)
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S

)

q4,(E)

G Xpg-B LA +X2+X3+X,)

-~

o—

q3c(E)

@ Yo-B(Y, +Y2+Y3+Ya)




to our proposed model the central Nb will be aistorted in the Xx-y

plane, hence the only normal vibrations we shall be concerned with are

the qZL and g, - The transformatiorn property of linear and quadratic
terms of U3¢ and 33, as well as the character table for [,y group

are shown in Table I1lI, namely

93, 93¢ © By

TAELE IT1

CHARACTER TABLE OF D,q FOINT SYMMETRY GRQUP(M)

D, E 28 cH 2c/ 2qy

A 1 1 1 1 1 2*

A, 1 1 1 -1 -1 Lz

By 1 -1 1 1 -1 -

Eo 1 -1 1 -1 1 ¥ Y

E 2 0o -2 0 0 Lo by X2 925 %5 G
Aux B 1 -1 1 -1 1 = B,
Ayt B 1 -1 1 1 1 = i}

A X E 2 o -2 0 0 = E

By B, 1 1 1 -1 -1 = A,

Ry E 2 0 2 0 0 = t

B, E 2 o 2 0 0 = Lk

ivt |- 0 L 0 0 = At A TRt R,
L _ S
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4.7 Hamiltonian

The tetravalent niobium ion th+ can be thought of as a
hydrogen-like ion, consisting of the krypton core of 36 electrons.
We shall assume that the core electrons forms a spherical shell about

the Nb nucleus. The Hamiltonian applicable to the free Nb ion is

given by

H.o= -2+,

zm

where Vo is a function of radius only.
Next we note that since the Nb ion is in the tungsten site,

there are four oxygens near by. Then we have

)—{:—k-:«v‘ﬁ"«\-\&* Vot U+ 4V,

where the +v's are the potential due to the four oxygens. If Nb is

at the center of the bisphenoid, the potential will have the symmetry

of DZd . Then we have

Vl‘f vr. + V$ * \/q = V(Dzd)

If we consider the effect of nuclear displacements with Nb off center,

then we have

\ﬂﬂ”vk 4 Vs Vg = \/(E&d) + linear terms; of nuelear displacement

+ guadratic terms of nuclear dis-
placement

and so. forth.



As indicated earlier, our model concerns only the Azp and  dgc

placements. If we neglect terms higher than guadratic, we have

V. 4 Ve t Vs + Ve = VD)4 V (linear terms in gy > Gy )

+ V(quadratic terms in S qsa)

If we classify the potential terms according to their symmetry properties,

we have

V' (linear terms in Q, 9. ) — VI(E)
V' (quadratic terms in sy, » Gy ) —= V(AD + V(R + V'(B,)
The final Hamiltonian we shall use 1s therefore
H o= D0 4 v, VOB V) VA 1 VR + VB

where we assume

Vo 7 VD) > VIEY= Vs Vi8) 4 V(B

) i
L8 Brergy Level rai
2
Je shall in this section glvs the argument wnich lead to ths
cnergy level di=agram as snown 1n 0. From simple group theoreti-
cal consideration we know that the [Mve 561 orvitals split 1ate =
triplet T, and a doublet E in a T4 Tield, out group theory does

not tell which level is lower. If we consider the point charge model,

we shall expect that the doublet E 1is lower and this is assumed to be
valid in our case, If in adaition to this el field there 138 also a

|9

Uy field then the doublet E will further split irto two singlets



-76-

Ay and B, . The triplet T will further split into a singlet
B, and a doublet E

Since from the crystal structure of CaWo, it 1s known that
the WOQ- is very close to a regular tetrahedron, we can expect that
the splitting due to Dy field is very small compared to the splitting
due to T4 field. Since the ESR spectrum can be observed at relatively
high temperature (195°K) it indicates that the spin-lattice relaxation
time is not too short. This is taken as evidence for the ground state
being far away from the doublet E . Hence we can have either By or
Ay as the ground state.

Using a point charge model of Sq4  symmetry, Clyde Morrison<77)
has obtained A, as the ground level. 1In this calculation Slater's
radial wave functions were used and the oxygen atoms were assumed to be
located as WOR . The A, level was found to be the ground state for
large variation of effective charge on the oxygen and for angular varia-
tion from wog’ (retaining Sy, symmetry) of several degrees. The A
state remained lowest for a large range of the spin-orbit constant.
Since the tungstate is known to be covalent, we should not take the
crystalline field result alone too seriously. However, the measured
g-values do favor the assignment of A, being the ground level.

(78)

Experimentally, we have
A%g = .053

Aﬁ\g = .004
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Figure 26. Energy Level Diagrams.
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Notice that all A g's are positive and particularly A ga 1s the
largest. We shall try to get some information from the & g-values.
Since none of the A g's vanish, the ground level should be connected to
the remaining levels. From Table III, the symmetry of Ly, Ly and Lg

are E, E and A, respectively. Using the direct products

Ryt =E
g\ X Al = %z
A\ ¥ E = E

/‘\\(AZ = Ar.

we can sketch the energy level diagrams for B, and A, as the ground
level with allowed crystal field and charge transfer transitions in
Figure 26a and Figure 26b respectively.

For the case of By being the ground level the crystal field
transitions consist of B, level connected by Lz and E level con-
nected by Ly, Ly . Since the observed A g's is due to the difference
between the charge transfer contribution and the crystal field contribu-
tion, unless there is a filled B, 1level very close to the ground
level, we shall not have the observed large positive A gz -

For the case of A, being the ground level, there is no crystal
field transition connected by Lz . The observed Zlgt is hence given
by the contribution of charge transfer transition alone rather than the
difference of charge transfer transition and the crystal field transition.

The large observed A g; can be easily accounted for if there is a filled
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A, level closer to the ground level than the filled E level. Thus

we think that A, is more likely to be the ground level.

4.9 Perturbation Matrix

Using the energy level diagram just obrained and the perturba-

tion Hamiltonian
H' = VE) + VI(AY + V'(B) + V' (B,)

the perturbation matrix is obtained, as follows.

t - (z)

A (2% " (v L™ (2

A2 VA V(EY V'(EY

£y V(ER) Dt VA + VB4 VR VI (A)4VBY 4 V(R

£y VR VAN VB4 V' (BY| D+ VIAY+ v (8) +V'(3y)

where D 1s the separation between E and A levels., Bimplification
of the matrix elements have been made by using symmetry considerations
That is in order for the integral S\h v’4£ d1 to be non zero the
direct product of the representation of’qgv\h: must be, or contain,

The totally symmetric representation. This can only occur if the repre-
Sentation of the product of any two of the functions is, or contains,
the same representation as the third function. In particular heres we

need only to consider the direct products E X E, , and E X E
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From Table III we have EY B,=EFE and EX E= A, + A, + B, + E,

This gives the perturbation matrix mentioned above.

TABLE IV

CHARACTER TABLE OF D, GROUP

2 % X
| E C, G (
A1 1 1 1 Xt e
By | 1 1 -1 -1 Lz, x4
Bb| 1 -1 1 -1 Ly, 2x
By 1 -1 -1 1 Le, 29

The perturbation matrix can be further simplified using the
method of descending symmetry. Suppose we lower the symmetry from D24
to D . The degeneracy of the E orbitals is now lifted. The corre-

lation between them is

D, D,
A A
As By
B A
B, B,
E Bo+Bg

The perturbation Hamiltonian is

H = VB4 VB« VA + VA - V(8
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With the help of Table IV, the following direct products of irreducible

representations are obtained

A A = A
B, x B,= A
By L By = A,
A X B, = B,
Al KBy = By
B. X B; = g,

From this we can have the following matrix

A @) B, (2 %) By (2Y)
A @Y V(A V/(E) V()
B, (2X) V' (E) Dt VM) +V(R,) V" (8,)
8.2 V(&) V(8. D+ Vi) + V(B

The final form of the secular equation then takes the form

'n“nui;)‘AE Q%ﬂ Q%R
D+ zl(%”}*%t>
aq : =0
K + Ll 40 -at Pl
Dt L4405
a ik P %35 %;r_ 3p

t 11 (%;;+%3:>-AE
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4.10 Energy Traps

As mentioned earlier, the WOd"'is very close to a regular
tetrahedron. We can expect V'(B) to be much smaller than V'(A). Thus
we let f,=0 and {,=z . , and introduce the polar coordinates @b=‘°°°5f

B =Pa..y the secular equation then becomes

ne*-at a s, 1

a4, D+ LP*- A P4 =0
a%k P%Sb %xc D+ KPI-AE

It gives

(MpPr-AaE8) (LP*-2FE+D) - AP (AP - AL+ D)
- P(ne- AE)%(\- G4y + Q—E_B P - (n4yy =0

The appearance of the 4y term in the energy expression
makes 1t clear that there is a fourfold potential barrier. The extremi-

zation of the energy expression with respect to Lf gives the condition
. mmw
N/W\ 4‘? = o ; ‘\‘ &p = /4' m-:‘ o» '\ 2) 3/ 4, ~S-; é' 7

If m=0,2,4, ¢ are the minimum points, each distorted
configuration has only one two-fold symmetry axis and that will be
along x- or y-axis in Figure 27. Therefore each of the four g-tensors
has one of its principal axis parallel to the x- or y=axis. On the
other hand if M=1,3, 5, 7 are the minimum points, each distorted con-

figuration will have a reflection plane and that will be the diagonal
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Figure 27. ©Nuclear Vibration of Nboi- with Projection
on the (ab)-plane.
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planes of the bisphenoid. Therefore each of the four g-tensors has

one of its principal axis perpendicular to the diagonal planes.
Experimentally, from Figure 23 we know the four g-values

become identical in the (ab) plane with 17° from the a-axis or only L4°

from the x- or y-axis in Figure 27. If any principal axis of the four

g-tensors is in the (ab) plane it will have to be~3& from the x- or

y-axis rather than parallel to the axes. Hence the experimental results

require that the minima of energy occur at
— mv -
Y= """ m= 1,3, §17

and the saddle points at

1}

Y= "4 m=o0,2 4 ¢

The situation can be summarized as follows: If the only active
nuclear vibration is the doubly degenerate mode of dzp and gz, , the
NbO), = radical will execute motion in the (ab)-plane. The nuclear motion
is shown in Figure 27. There are four energy traps at 9= 3Q,?%, YZ
and tﬁ . The configuration of minimum energy corresponds to one of
the four oxygen nuclei and the central niobium nucleus moving closer to
each other and the remaining three oxygen nuclei moving farther from
the central niobium nucleus. The only symmetry elements of this dis-
torted bisphenoid is a reflection plane. These are the diagonal planes.
The g-tensor will have one principal axis perpendicular to the reflec-
tion plane (in the (ab)-plane) and two principal axes in the reflection

plane. One of the two is likely along the closest Nb-O direction.
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At low temperature the radical is frozen in to one of the four potential
traps. Since the g-tensors corresponding to each trap are different
(principal values are the same but orientations of the principal axes
are different) four sets of lines are observed. At higher temperature
the radical can override the potential barriers and only one set of

lines is observed at the average position of the four low temperature

sets.



5. CONCLUSIONS

The results of the investigation of reactor fast neutron

irradiated calcium tungstate single crystals leave little doubt that

two kinds of paramagnetic tungsten centers associated with oxygen and

calcium vacancies respectively are produced. The identification of

the gamma-center as paramagnetic tungsten with a nearest oxygen dis-

Placed is based on the following evidence:

a.

Hyperfine interaction due to tungsten isotope Wl8j

(I =% , 14.249 natural abundance) is observed. Each

ESR line is flanked by two satellites with intensity ratio
1:12:1.

One principal axis of the g-tensor is along one of the
tungsten-oxygen bond directions and the angular variation

of the spectrum follows the model of paramagnetic tungsten
with a nearest displaced oxygen.

Uniaxial stressed ESR result provides further support of

this assignment.

The experimental g-values can be accounted for qualitatively
by assuming an unpaired 5d electron on the tungsten subject
to the electric crystalline field of three nearest oxygens of
the predominantly Gy symmetry and a smaller Cs symmetry.
The gamma-center is very stable at room temperature but can
be completely annealed out by heating up to 600°C.

Almost the same arguments lead to the identification of the

beta-center as paramagnetic tungsten with a nearest calcium displaced.

Since the gamma-center is quite stable up to 60°C which is equal to

-86-
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the irradiation temperature it is reasonable to assume that little

annealing is experienced during irradiation. The measurement of defect
concentration provides one of the few opportunities to compare with
radiation damage theory. It is interesting to recall that in literature(50>
except for a few cases, most of the experimentally measured defect con-
centration are five to ten times less than the theoretical values pre-
dicted by simple radiation damage theory. But in the few exceptional
cases, experiments are carried out by the so-called direct methods such

(39)

as the F-center measurement by Levy and the slow neutron scattering

method by Antal.(uo)

By direct methods it means that the measured
quantity is more directly connected to the defect concentration. In
spite of the possibly more complicated defect formation mechanism such
as spikes, focussing and channeling and so forth, the simple radiation
damage theory of Kinchin and Pease is found in good agreement with the
gamma-center concentration obtained by ESR measurement.

The study of 0060

gamma-ray irradiated CaWQy: Nbu+ single
crystals leads to the following conclusions: Before irradiation, niobium
in W-site forms the diamagnetic complex NbQ;~ . After irradiation, it

acquires one electron and becomes paramagnetic NbO = . At 195°K, the
q in 9

spectrum can be described by the spin-hamiltonian

X =ﬁiﬁnszl’\;'\‘51(5)!\‘“*59"‘3)]‘\' AleSe * B (1,5 4 Iy Sy)

with S = %_ ,and I = %ﬁ . The measured coupling constants are

d=2023, 4, =2.026

>
n

29 gaug ; R= 242 qany
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where the axial symmetry axis is along the crystal c-axis.

The temperature dependence of the spectrum can be explained
by the effect of vibronic interactions. At low temperatures the Nboﬁ-
radical is frozen into one of the four potential traps, and it assumes
the shape of a distorted bisphenoid with one of the Nb-O bond compressed.
At temperatures so high that the NbOF™ radical has sufficient energy
to override the barriers, the complex will exhibit a sort of pseudo
rotation and all of the nuclei perform a coupled rotation. This ac-
counts for the high temperature spectrum.

Since the only spectrum observed is due to substitutional
niobium in tungstate site, it is the direct evidence that all of the
niobium atoms are in the W-site which has only been inferred previously

from chemical evidence.



APPENDIX

g-VALUES OF THE GAMMA-CENTER

The experimental results obtained about the g-values of the

gamma-center are as follows:

gz = 1.91k agz = -0.088
gy = 1.675 agy, = -0.327
gy = 1.646 agy = -0.356

Notice that |A g;| is small compared to |Aag,| and lagy| - Further-
more Ag, 1is nearly equal to Ag% . This suggests that as a first
approximation the three nearest oxygens to the tungsten form a equi-
-lateral triangle (Figure 28l But in this case Ag, will be equal to
zero. If the symmetry is lowered to Cs ,(Figure 28, that is the
actual symmetry of the gamma-center frém the crystal structure) we can
account for the result gz > 8, «,g%. All these can be shown as
follows:

To account for the observed results we shall then assume
that a paramagnetic VVGGW)ion is subject to the strong electrostatic
field of the three nearest oxygens. As indicated already, these three
oxygens form the base of a triangular prism, with the tungsten located

at the apex. We shall first assume the oxygens form an equilateral

triangle. The character table for the Gy group is<79)
E 203 3
A 1 1 1
As 1 1 -1
E 2 -1 0
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We wish to use this table to deduce some general information about the

nature of the electron energy levels as affected by the three ligand

oxygens.
The mathematical significance of the statement that the extra

unpaired electron is on the tungsten is that the angular part of the

electron involves the spherical harmonics 2::2 . The electron energy

level, in the absence of the ligand oxygens, will be 24&+| fold de-
generate. Energy levels can be split by the Stark effect. In the pre-
sent problem, the stark effect is produced by the electric field arising

from the ligand oxygens.
To determine the manner in which the energy levels will split,
we need first to determine the so-called characters of the reducible

representation. These are determined from the matrices generated by

the operations of the (;v group upon the column vector of Y&nq

spherical harmonics. Thus

Yzi
Yo

Il

YZO

20

Y
Yil Yz\
Y;z J Ytz

Since there are six elements in the group, there are six, 5 by 5 matrices.

The matrices generated in this manner will be denoted by F(R) The

matrix generated by the identity element E has 1 along the diagonal

but zero everywhere else. Thus
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\ O O 0o o©
o | © o o
M(e) = o o | o o
o o | o
o} o O |

so that its character, or the diagonal sum is five, i.e.
7<(E) = 5

Consider next the effect of 120° rotations about the z-axis. For this

we note that the spherical harmonics can be written in the form
\ imy
T (6,0) = Ph ((ab) 7= €
The effect of any rotation @ about the z-axis, is

Y— ¥+ 3

As a consequence, all spherical harmonics will be multiplied by the

factor

imé
€

Hence the matrix generated by this rotation is given by

43
€ o) 8] (@]
RICXY:]
o} e fe) o)
0 o . <
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The trace or the diagonal sum is easily shown to be
X(%) on (L+3) 8

rn %,

Therefore for ﬂ;:Z/@:lﬁg, we find that
X (&)= -\

To determine the character for the reflections Ty , we note
that a reflection is equivalent to rotation by 180° about an axis normal
to the reflection plane followed by an inversion. Putting @=T1 in the
earlier expression and noting that the degree of spherical harmonic is

even we find that
() =+ |
We have thus found that

E 2(; 3Ty
)éo\ 5 - |

Comparing these with those of the character table we find that

7‘“ = j‘A\ + Z-XE

The physical interpretation of this mathematical results is
that the five-fold degénerate d-level will split into three levels, one

of which has the symmetry A and the remaining two have the symmetry

1

E . The Al level is non-degenerate. The energy level diagram and

wave functions are shown in Figure 29.
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The g-values or to be more precise, the Ag's , are defined

by
A%* = ﬁé - ﬁg

where ge 1s the spectroscopic splitting factor of the free electron having

the numerical value 2.0023_ Ag's are obtained from the expression<80’76)
A l *
A=~ [y 1w

For 4 gz » We have

a%e = L w)|

Since Ly transforms like Al and the product szh(Ag transforms
like A} x A} = A} , the symmetry of the final state must be Ay for
the matrix element not to vanish. Since there is no A1 level aside
from the ground level in the diagram that has been presented, we con-
cluded that 4dg; = 0, for Cyy, symmetry.

In order to account for the observed result A gz % O and
Bz 7 8y~ 8y , WE need to take distortion from Cjy symmetry into
account. From the crystal structure, three oxygens actually form an
isosceles triangle, so that we need to introduce a perturbation of

symmetry Cg . The character table for this group is(79)

E Ty
A' 1 1
A" 1 -1

The effect of this perturbation can be depicted graphically as shown in
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and L% transform

Akarey T A Y |

E(A%)

ALCA%sY Lyl AL

E (Am)

Figure 30. The angular momentum operators LZ’ Ly
like A", A" anda A/ , so that the matrix elements relevant in calculat-
ing &Ag's are
Al = - Maa(Le) A5
2 = "
E (ANw)
Ag, = - —AAILL AT
E(Aw)
and
A9, = - )\\(A’(z)lbﬂA')l1
4‘-

E (Awy)

AMABY [Ly) AT

E (A'w)

The following table is useful in evaluating the matrix elements,

g Ay g
Lz o 2wy
Lx ~uTdy, ¢ dy,
Ly VIS day - A

If the ground level is denoted by

N, 3?‘2-“' + N g (x4~) + N3 2x
and the coefficients Ny >Na >Ny | then
4 AN
8% = - E(Af)
thee - AT
e (T

This accounts for the experimental result

ir  BE(Kw) ~ E(N&).

A%, %0 and

olax
Cdne
-C'dyq

‘V‘E Gle\ ~ (,‘ dy\-.v,\-

325 %~ 14y
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