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A high-temperature evaporating system was designed for use

with the Oregon State electron-diffraction apparatus. This system

has extended the upper limit of the useful temperature range of the

apparatus from 150° C obtainable with the standard nozzle to 1600° C.

The high-temperature system was used to investigate the vapor phase

structure of NiC1
2

at 800°C. Independent spectral evidence indicated

that NiC12 could decompose to give NiCl and C12. The presence of

chlorine in the high temperature tantalum cell forced consideration of

the possible presence of TaC1
5

as a consequence of reaction at the cell

wall. The final results indicated that TaC1
5

was present at the level

of a small impurity (X = . 034). The structure of TaC1
5

was fixed as

a trigonal bipyramid with axial Ta-Cl bonds of 2.33 A. and equatorial

bonds of 2.28 A in accordance with the results of an older



electron-diffraction investigation. All of the amplitudes of vibration

were assumed except the one associated with the Cla... Cle non-bond

distance. Its value was found to be .157 A (o- = . 050 A). The mole

fraction Xa, principle distance r a
and mean amplitude values

found in this study are these: dichloride: X = .491 (. 074), ra

(Ni-C1) = 2.073 A (. 013), r (C1... C1) = 4.175 A (.058),
0

./(Ni-C1) = . 066 A (. 013), (C1... C1) = . 079 A (. 055); monochloride:

X = . 354 (. 075), r(Ni-C1) = 2.278 A (. 168), 1 (Ni-C1) = . 08 A; and

chlorine: X = .123, r(C12) = 2.00 A, f (C12) = . 064 A. The values

reported above for r(C1... C1) and ./ (C1... C1) were evaluated using

a weighting function for r(C1... C1) which was a harmonic distribu-

tion in the angle about the nickel atom. The values found without this
O

distribution were these: r(Cl. C1) = 4.108 A (. 103) and

(C1... C1) = .113 A (. 039). Values for 1 (Ni-C1) in the monochloride,

r(C12), and (C12) were taken from spectroscopic data. The values in

parentheses are twice the standard error (except where noted) and

include estimates of system errors.
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ELECTRON-DIFFRACTION INVESTIGATION OF THE
MOLECULAR STRUCTURE OF GASEOUS NICKEL(II)

CHLORIDE (NiC12)
2

GENERAL INTRODUCTION

Recent years have seen a greatly increased interest in high

temperature species. At Oregon State extensive work has been done

on the infrared spectra of the transition metal halides in matrix isola-

tion, but the interpretation of some of these spectra has been com-

plicated by the fact that detailed structural information on the high-

temperature species has been lacking. It is just this type of

information that electron diffraction is capable of supplying and indeed

has been supplying for low-temperature species for a number of years.

The area of high-temperature work has been largely ignored by

workers using electron-diffraction methods with the exception of the

investigation of LiC1 by Bauer, Ino and Porter (1960), and the con-

tinuing work of Akishen, Rambidi and Spiridonov (1967). In hopes of

helping to fill this gap, it was decided to design and construct a high-

temperature nozzle for use in the Oregon State electron-diffraction

apparatus. The first part of this thesis describes the design of such a

nozzle. The second part of the thesis describes the determination of

the structure of NiC1
2

at about 800°C.
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PART I. OVEN DESIGN AND EXPERIMENTAL PROCEDURES

Introduction

There are four criteria which have had to be met in the design

of the high-temperature oven: 1) small size, 2) suitable shape,

3) simplicity of construction, and 4) adequate temperature range.

Since the oven was to be used with the existing electron-

diffraction apparatus, its overall diameter was limited to a maximum

of 4 in, the size of the nozzle entrance ports. (The alternative of

assembling the oven inside the main chamber was none too attractive

because of the limited access afforded by the chamber door. ) Also

to be included in the size criterion was the weight factor. It was

necessary to be able to move the oven so that its nozzle tip could be

positioned as close as possible to the electron beam. A low oven

weight was required by the design of an existing positioning apparatus

which, after some modification, it was felt would be adequate for the

purpose.

Shape was important only insofar as it could affect the diffrac-

tion process. The oven had to be designed so that the electron beam

can be passed close to the oven nozzle tip. If this distance were to be

too great, the diffraction maxima would be broadened with a resulting

decrease in the accuracy of the distances and amplitudes determined

by the experiment. If of is the change in the position of a
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maximum due to a divergent gas stream, an estimate of the distance

(d) that the nozzle can be away from the beam is given by

Al' = 2d tan a sin 20

where a is the angle of divergence of the gas jet from the axis of

the nozzle and 20 is the scattering angle. Assuming

All = 0.1 mm, a = 45° and a 20 = 20°, d is calculated to be

0.15 mm. In actual practice Al' > 0. 1 mm can be tolerated, but the

shape of the oven should be such that the electron beam can be placed

to within 0.3 mm of the nozzle tip. Because of the proximity require-

ment, the oven shape had to be such as to avoid interference of the

oven structure with the diffracted beam. If part of the diffraction pat-

tern were to be intercepted by the oven, shadows would appear on the

photographic plates, and reflection of the scattered electrons onto

some other part of the plate would occur. There is no means of cor-

recting such apparatus scattering. Thus, the oven had to be designed

such that the diffracted rays would not impinge upon it.

Simplicity is especially important in the case of an oven which

must be assembled and disassembled frequently. The oven design

should be such that any one wishing could put the system into operation

with a minimum of time and instruction.

The temperature range of the oven had to be such that it would

be useful with a wide range of compounds. The temperature range
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accessible with the conventional nozzle used with the OSU electron-

diffraction apparatus is about -100°C to +200°C. The upper limit that

has been reported for ovens used in electron-diffraction experiments

is 2500° C (Akishen, Rambidi and Spirdonov, 1967). The ideal was to

design an oven useful for the range 200-2500°C, but a narrower range

was felt to be acceptable.

Methods of Heating

There are three methods available for heating an oven under the

desired operating conditions of high vacuum and broad temperature

range: 1) resistance/radiant, 2) induction and 3) electron bombard-

ment.

Resistance /radiant heating, as the name implies, involves the

generation of heat in a resistance element and the transfer of this heat

by radiation. The system is very simple consisting of a resistive

coil or sheet and a current source. The current source can be

easily controlled by a variable transformer to give the desired rate of

heating. Since the power generated in the resistive element is given

by

W = I
2R

where I is the current and R is the resistance, the most efficient

means of increasing the heating ability and thereby the temperature is
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to increase the current. These devices are, therefore, typically run

at low voltages and high currents. Akishen, Rambidi and Spiridonov

(1967) have attained 1800°C using currents ranging up to 600 amperes

at 6 volts AC. There are disadvantages to this method of heating.

Even using a single sheet of tantulum, as the Russian workers did

(Akishen, Rambidi and Spiridonov, 1967), currents of this large

magnitude create large magnetic fields in the region of the electron

beam. Such a field distorts the electron-diffraction pattern to such an

extent that the heater must be turned off during exposures. Indeed, it

has been noted in this laboratory that as little as 1 ampere flowing

through a half-loop of wire (1/2 amp-turn) is enough to significantly

distort an electron beam passing perpendicular to the axis of the coil.

Another problem occasioned by the use of such high currents is the

size of the conductors needed to handle them without excessive thermal

loss. The allowable carrying capacity of the largest wire (0000)

listed in the National Electrical Code (Handbook of Chemistry and

Physics, 1965) is 325 amperes. This wire is 0.460 inches in diam-

eter. In order to carry the 600 amperes mentioned above, the cross-

sectional area of the conductor would have to be approximately double

that of 0000 wire, giving a diameter of 0.650 inches. The size could

be reduced somewhat if the conductors could be water cooled. This

same size limitation applies to the "feed throughs" necessary to carry

the current into the vacuum system. The necessity of using conductors
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this size leads to a cumbersome system. There is also a heat-

radiation problem. The input power not only heats the oven and sam-

ple but also other parts of the oven assembly and the diffraction

apparatus. Some of this stray energy can be regained by the use of

highly reflecting inner liners, but losses are still great. A final

problem is connected to the heat transfer. By Equation 16 (Appendix

II), the heat transferred by radiation is proportional to the difference

of the fourth power of the temperature of the two bodies.

4 = K(T4 T2)

As T2 (taken to be the sample temperature) approaches T1, the

rate of heat transfer decreases. At the same time, the rate of heat

loss from the sample to surroundings other than the heater increases.

This circumstance limits the maximum temperature than can be

reached by the system and must be kept in mind during design.

Induction heating, as the name implies, is heating due to resist-

ance to induced current passing through the object to be heated. The

heating is usually achieved by placing the object to be heated within a

coil through which an alternating current is passed. The most impor-

tant consideration from a design point of view is the skin effect: the

higher the frequency the more the heating is localized to the surface.

The effect is caused by the fact that the higher flux densities near the
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center of the object increase the impedance in this region causing

the majority of the induced current to flow at or near the surface.

The skin effect is of great design consequence when temperature con-

trol systems are incorporated in the design. The usual temperature

sensing devices (thermocouples and pyrometers) are surface or near

surface sensors, and when thermal conductivity is low, accurate tem-

perature control using surface sensors may be impossible. It is

therefore imperative that a frequency be chosen so that heating is

uniform throughout the object. The depth of current penetration p

in cms, p being the depth at which the surface current drops to

lie, is given by (Wilkinson, 1963)

1 p

P 2Tr p.f

where p is the resistivity in e.m.u.s. (109 x resistivity in

microhms-centimeters), f is the frequency in cycles per second

and µ is the effective permeability (equal to 1 for non-magnetic

substances). Solving for frequency yields

f=
4Tr2p

2p.

Using molybdenum as the object (p = 38 x 106 µS2 -cm) with a

desired penetration depth of 1 cm and p. = 1, the calculated fre-

quency is 962 cycles per second. Attention must also be given to the
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magnitude of the current necessary to reach the desired temperature.

If it is assumed that the oven will require 500 watts at maximum tem-

perature (present system dissipates 350-400 watts at 1400°C), the

current necessary can be calculated from (Wilkinson, 1963)

Solving for I

P = I 2
4Tr

2
n2 lrq7)17f x 109 watts

I =
P x 109 /2

4Tr2n2lr

P is the power dissipated, n is the number of turns in the coil,

1 is the length of the coil, r is the radius of the object to be

heated, p, p., and f are as above. Assuming f = 1000 cps,

p = 38 x 106 p.C2 -cm, = 1, r= 1 cm, 1= 2.54 cm, and n = 3,

then I = 300 amp. Such currents require very large size conductors

--a drawback mentioned in the discussion of the resistance/radiation

method of heating. Water cooling (Wilkinson, 1963) is necessary both

to dissipate the heat generated in the conductors and to protect the

induction coil, which is usually copper, from the heat due to radiation

from the hot object. The power source of the induction heater poses

still another problem. The usual sources are either motor-generator

sets or high-frequency power oscillators. The motor-generator set

consists of a motor running off standard line current and driving a

generator so constructed that its output is at the desired frequency.
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Some control of frequency is possible by varying the motor speed.

The output to the induction coil can be controlled by means of a vari-

able transformer. The whole motor-generator set is rather large and

can be rather expensive if a frequency is deisred which is not nor-

mally available. The power oscillator type of supply can be custom

designed to provide exactly the desired frequency. If a tube type

oscillator is used, the high-voltage signal can be stepped down to pro-

vide the desired current-voltage product for the application. Control

is easily provided by varying the plate voltage of the final power tube.

The drawback to this system is that it is essentially a radio transmit-

ter and great care must be taken to eliminate any possibility of stray

radio interference.

Electron-bombardment heating utilizes the heat generated by the

dissipation of the kinetic energy of electron beams in a target mate-

rial. (This type of interaction is the source of unwanted heat in

vacuum tubes. ) The oven design is simple, consisting of a metal

crucible which acts as the plate of a diode type tube and a filament

which acts as the source of electrons (cathode). A slightly more com-

plicated design utilizes a focusing shield outside the filament running

either at the same potential or a slightly more negative potential than

the filament itself. The maximum power that can be transferred by

electron bombardment is the product of the applied voltage and the cur-

rent flowing in the high voltage circuit. This maximum power can be
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decreased somewhat if either X-rays or secondary electrons are

produced at the crucible. The power requirments for an electron-

bombardment heater are modest. The accelerating voltage required

is 500 to 2000 volts DC at currents of up to 1 amp. The filament

requires a maximum of 30 volts at 15 amp. The filament supply can

be either AC or DC. Since the currents involved are low, leads can

be small, and there is no need of water cooling. The power supply

required is rather simple: a high- voltage transformer and rectifier

to supply the accelerating potential and a step-down transformer for

the filaments. No filtering of the DC voltage is necessary since small

fluctuations of the voltage are not critical. Primary control can be

accomplished by variable transformers in the primaries of both sec-

tions of the supply. The high-voltage Variac controls accelerating

potential. The filament Variac controls accelerating current by

changing the thermal emission of electrons from the filament. This

places the supply design problems between those of the resistance/

radiation heater and those of the induction heater. This heating

method is not without problems, however. Care must be taken to

insure that the filaments are wound in such a way that no external

magnetic fields are produced. There is also the possibility of dis-

turbance of the electron beam by the presence of the high-voltage field

of the electron-bombardment heater; however, such a disturbance may

be minimized by running the heater with the crucible at ground
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potential and the filaments at a negative potential with respect to

ground. Electron bombardment is a surface heating technique and

could suffer from the same control problems as induction heating at

high frequency. To a certain extent this problem is alleviated by the

necessity of having a conducting material for the crucible construc-

tion. Since most good electrical conductors are also good heat con-

ductors, the crucible could be expected to reach thermal equilibrium

rather quickly. Careful consideration suggested electron-bombard-

ment heating to be the best choice for use with the oven system because

of its fairly low power requirements, lack of water cooling, and rela-

tively simple control and supply system.

The Oven

The design of the high-temperature oven itself was not a one

step process. Rather, it was the culmination of an evolutionary pro-

cess starting prior to 1965. In November of 1965, K. L. Castek

proposed a design of a high-temperature oven for operation in the

range 1500°K to 1700°K. No construction was attempted, however,

and in 1968 the project was revived again.

In the first designs, some type of mechanical flow control device

was incorporated. This was done in the hope that more precise con-

trol of the material effusing from the oven could be obtained than was

possible by controlling the temperature alone. Such control devices
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had not been incorporated in previously designed apparatus (Bauer,

Ino and Porter, 1960; Akishen, Rambidi and. Spirdonov, 1967). It

was decided not to pursue this line of endeavor when study showed it

led to systems which were too complicated (involving either sylphon

bellows or rotary vacuum feed throughs to actuate the valves) and

with theoretical heat losses in excess of what could be considered

reasonable.

The final design (Figure 1) represents a number of compro-

mises. In addition to the design criteria mentioned above, other fac-

tors had to be considered. Not the least of these was the incorpora-

tion of readily available aluminum oxide insulators. An intermediate

design called for custom made insulating materials, but the cost of

such items was prohibitively high. Consideration also had to be given

to electrical and thermal problems which were specific to a given

design.

Since the system was to run at voltages up to 2000 VDC, care

had to be taken to ensure that no arcing can occur between the crucible

and filament and that no appreciable leakage could occur through the

filament support member.

Using values for arc length versus voltage found in Handbook of

Chemistry and Physics (1959) and extrapolating to 3000 VDC gave a

minimum permissible gap between filament and crucible of . 24 cms.

Doubling this for safety forced the use of a filament support of .5 cm
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greater inner radius than the outer radius of the crucible.

The problem of current leakage through the filament support

member is compounded by the change of resistivity of aluminum oxide

which diminishes with increasing temperature. Figure 2 shows a plot

of log resistivity versus temperature for Coors aluminum oxide AD-99

(Coors Bulletin # 952). Unfortunately data are not available for tem-

peratures higher than 1050°C. If the extrapolation is assumed to be

reasonably correct, the minimum resistance between the filament and

ground at 1600° C is approximately 6 K ohms for this design, corres-

ponding to a leakage current of 1/3 amp at 2000 VDC. In actuality the

resistance seen by the filament is undoubtedly much greater since

contact is only at isolated points, and the full cross-sectional area is

not available as a current path. Leakage currents of this magnitude

have not been observed in any experiment with the completed oven

using a clean filament support.

The thermal problems comprised the thermal losses for the

given design. The possible loss paths in the system are many. The

principle ones to be considered were conduction by the ground lead of

the crucible, conduction by the crucible support, radiation from the

crucible to the outer oven shield and radiation from the crucible tip

to the cold trap. Any heat transfers within the oven itself were not

being considered. These are of a rather complex nature involving

both radiative and conductive mechanisms and temperatures whose
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values were not readily obtainable. In effect the interior of the oven

was taken to be an insulated black body.

Reasonably complete thermal-conductivity data were available

only for the aluminum oxide crucible support, but even this did not

extend to temperatures greater than 800°C (Coors Bulletin). Since

the curve appeared to be an exponential, a function of the form

Y = Aebx

was fitted using a least-squares program on an HP 9100 Calculator.

The best values for A and b were A = .06653 and

b = .001976. Figure 3 is a plot of this function and the experimental

points. For the niobium ground rod a value of .13 cal-cm/cm2-0C-sec

was used (Wah Chang). Calculations using Equation 19 (Appendix II)

and appropriate cross sectional areas, lengths, and thermal conduc-

tivities yielded Figure 4 which is a plot of heat loss (cal/sec) at any

temperature in the range 20°C to 1900°C.

The use of Equation 16 (Appendix II) to evaluate heat losses due

to radiation in any but the most symmetrical of configurations is diffi-

cult. For this reason the actual configuration of the oven was ideal-

ized and the system treated as follows. For the loss to the outer

shield of the oven, the system was regarded to be a cylinder within

a cylinder. The system for losses to the cold trap consisted of two

parts: 1) a cylinder (oven) within a cylinder (cold trap), 2) a cone
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(nozzle tip) radiating to a flat plate (end of cold trap). Where it was

necessary to evaluate cosines in Equation 16 (Appendix II) an average

cosine for the configuration was used. It was also assumed that the

colder body in the radiation process was at 20° C. In the case of the

cold trap, this is reasonable since it is water cooled. In the case of

the outer shield, however, 20°C represents a "worst case" approxi-

mation of its actual temperature; for example, after long periods of

operation at higher temperatures, the outer shield has been observed

to glow faintly red. Under these assumptions and conditions, the heat

loss curves shown in Figure 5 were calculated.

Using the curves of Figures 4 and 5, the heat losses at any

temperature can be calculated. In particular, at 1900°C, the total

predicted heat loss is 64 watts. Even if this estimate is in error by

an order of magnitude (i. e. 640 watts), this power input level is well

within acceptable bounds based on a power supply limitation of 1000

watts.

Since the preliminary calculations seem to show that an oven of

the design shown in Figure 1 was feasible, construction was started.

The heart of the oven is the crucible. The material chosen for

construction of this part must be a good conductor of both heat and

electricity, have a high melting or vaporization point, and be reason-

ably easy to machine. The list of available materials includes tanta-

lum, molybdenum, niobium, graphite and a range of machinable
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tungsten and tungsten alloys. The Research and Development section

of Wah Change Corporation, Albany, Oregon, was consulted to assist

in the final choice of materials. As a result of these consultations,

the first crucible (Figure 6) was constructed using molybdenum for the

actual nozzle section and graphite for the back piece. This choice of

materials was unfortunate in two respects. At elevated temperatures

graphite acts as a reducing agent to some compounds, and at tempera-

tures in excess of 1100° C, molybdenum carbides formed making it

impossible to remove the threaded graphite back from the nozzle sec-

tion. It was not until after several back pieces were broken that the

carbide formation was discovered. This first crucible design was

then dropped.

The second crucible design (Figure 7) involves the use of a

single material and two unthreaded parts. The material chosen was

tantalum. Since at elevated temperatures there is a tendency for

joined metals to form a type of weld due to atomic migration, a slot

was left at the base of the joint so that the crucible could be pried

apart. To date only moderate amounts of force have been necessary

to separate the cell parts even after extended periods at 1400°C.

The overall crucible design is a compromise between a true

Knudsen cell and the shape restriction mentioned in the introduction

to this section. The Knudsen conditions demand that the length and

diameter of the effusion orifice be small compared with the mean free
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path of the molecules in the evacuated section of the apparatus. The

mean free path of a molecule like nickel(II)chloride at a pressure of

105 mm is approximately 10 meters. The ideal situation would have

been to have a pin hole through a very thin sheet of material at the

nozzle tip. In the actual design the diameter of the orifice is approxi-

mately 0.3 mm and the length of the orifice is 0. 4 cm. This length

of orifice was necessary to insure that the molecules will be in ther-

mal equilibrium with the tip. The long "neck" of the crucible was

necessary to extend the tip far enough from the oven body so that it

will not interfere with the scattered electrons. The body section of

the crucible was made thick not only to accomodate the taper joint but

also to provide the crucible with a large heat capacity so that pictures

could be taken with the heater power off without an undue temperature

drop.

The crucible is supported at the rear by a 1.188 in length of

0.5 in I.D. Coors AD998 (99.8% A1203) tubing. This tubing has a

0.25 in hole drilled in its wall as an aid in evacuating the system. An

electrical ground for the crucible is provided by a length of niobium

rod threaded into the rear of the crucible which also acts to hold the

crucible in the aluminum oxide support. The ground-cold end of the

niobium rod is fastened to a graphite cap which closes the cold end of

the support member.

The crucible is surrounded by the filament support (Figure 8)
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which also acts as part of the inner oven liner. The filament support

is a 2.250 in piece of 1.125 in I. D. Coors AD998 tubing. This tubing

was obtained closed at one end, and it is this end that is used for the

filament support. A 0.375 in diameter hole centered in the end of the

tube allows for the passage of the crucible tip. The sides of the sup-

port are drilled to allow for the mounting of the filament. A 0.125 in

diameter hole is provided to allow the mounting of a thermocouple to

measure the temperature of the body of the crucible.

The design of the filament itself presented two problems. The

usual material that is chosen for filament applications is tungsten or

thoriated (2-4%) tungsten. Both of these materials were tried and

found to have suitable electron emission characteristics. Unfortun-

ately, both materials embrittled badly on heating, and even the most

gentle handling usually led to filament breaks after only one use.

Tantalum was finally selected as the filament material. It also shows

slight embrittlement in use, particularly if air is admitted to the sys-

tem before the oven is completely cooled, but reasonable care in

handling gives many runs to each filament.

The second problem concerned filament size and configuration.

Using tantalum as the filament material, 12 in of 0.010 in diameter

wire was found to give the desired current at less than 30 volts. The

actual length of filament exposed to the crucible is 8 in. This length

of filament was first laid out in four strands running parallel to the
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crucible axis and attached to the oven liner. The strands were inter-

connected by two loops of wire at the front of the liner and one loop at

the rear. The two free ends were brought out in aluminum oxide insu-

lators to the power leads. This arrangement worked well for heating.

Unfortunately, the two front loops acted as a partial inductive loop

and produced a magnetic field along the axis of the crucible. The

field strength was such that as little as 1 amp of filament current

would produce a distortion in the electron beam. To eliminate this

effect, the filament was reshaped so that it was wound in a non-

inductive manner. The filament now consists of two parallel spirals

starting from the same point at the front edge of the oven liner and

exiting through two holes at the rear as described before. The fila-

ment is attached to the liner by lengths of tungsten wire which pass

around the filament and through holes in the oven liner. These wires

are secured by twisting and then covered with Alundum cement to pre-

vent them from radiating electrons to the surrounding apparatus. The

rear of the oven liner is closed by a Coors AD998 disc which is 1.25 in

in diameter and has a 0.75 in hole drilled in its center to allow for

passage of the crucible support.

The whole oven is surrounded by a stainless steel shield (Figure

9) which is 2 in in diameter and 2. 625 in in length. The front 0. 625 in

is a truncated 45° cone. The bottom side of this cone and part of the

cylindrical section of the shield is cut away at a 45° angle in order to

insure that there would be no back scatter of any diffracted electrons

which might hit the shield. The shield is slotted at the rear to allow it
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to pass around the insulated lead-ins to the oven. There is also a

slot in the side to accommodate a thermocouple.

The various parts of the oven are held in place by the oven

adapter ring (Figure 10). This unit is a 2 in diameter stainless steel

block which has been machined so that the various oven pieces fit

into it. The crucible support and oven liner are each held in place by

three stainless steel set screws. The outer shield fits over the

adapter and is held by three stainless steel screws. The disc which

forms the rear oven liner fits into a recess and is held in place by the

oven liner. The rear section of the adapter fits over the oven support

and is fastened to it by three set screws. The oven in several stages

of assembly is shown in Figure 11.

The Oven Support

In the OSU electron-diffraction apparatus the electron beam is

constrained to follow the central axis of the diffraction chamber so

that the undiffracted beam can be intercepted by a beam stop. Thus,

it was necessary to provide the nozzle with some type of mechanism

for positioning the nozzle tip in its proper relation to the beam.

Figure 12a shows the outer end of the low temperature nozzle

assembly, the positioning mechanism of which is identical to the high

temperature positioning mechanism. The large flat plates provide for

horizontal and vertical movement. The inner aluminum plate is pinned

to the surrounding brass plate to allow movement in the horizontal
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plane. The amount of motion is controlled by the micrometer on the

left. Vertical adjustment is provided by movement of the brass plate

which is positioned by the right hand micrometer. The pivot plates

are held against the micrometers by spring tension, the springs being

placed between the pivoted plates and the base plate. In and out motion

of the nozzle is controlled by the knob in the center of the pivot plate.

This knob threads into a bushing which surrounds the outer nozzle

tube. The in and out motion of the knob is transmitted to the nozzle

by means of a bushing bearing which rides in the knob and bears on a

circular slot in the outer nozzle tube.

Figure 12b shows an inner view of the nozzle mechanism. The

small (0. 75 in) tube is the outer nozzle tube. A vacuum seal is pro-

vided by an 0-ring compressed between the two flanges at the front of

the bellows. The sylphon bellows permits the necessary positioning

motions while allowing for a good vacuum seal. The base plate (outer

plate in Figure 12b) is drilled to accommodate the locating pins and

cap screws which position the nozzle mechanism on the diffraction

chamber. The gas sample conduit is a small stainless steel tube which

runs inside the outer nozzle tube. This small tube terminates in a

metal standard taper joint at its outer end (Figure 12a) and is threaded

on the vacuum end to accept the actual 0. 3 mm nozzle tip.

Figure 12c is a view of the outer end of the oven support

assembly which works in exactly the same manner as the nozzle
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assembly. Some modifications were made to allow for the needs of

the oven system. The vertical adjustment micrometer was moved

from the top to the bottom of the outer plate. This was done because

the increased weight of the oven would be difficult to overcome by

means of a spring. The assembly on the lower right provides adjust-

able spring tension for the horizontal adjustment. A comparison of

Figure 12c with Figure 12a shows the differences in the outer nozzle

tube design. The one used in the oven support mechanism has been

lengthened to allow for the attachment of a ground strap for the oven.

It has also been threaded externally to accept a cap with water cooling

tubes to provide cooling for the support member and the oven adapter

ring.

The inner portion of the oven support mechanism is identical

with the low temperature mechanism except that the outer nozzle tube

has been shortened to allow for the length of the oven.

Figure 11c shows the oven support mechanism with the oven in

place. Also shown in this picture are the power lead ins on the

aluminum stand-offs and the thermocouple arrangement used for con-

trol and nozzle temperature.

The Power Supply and Temperature Controller

Figure 13 shows the basic circuit necessary to operate an

electron-bombardment heating unit. It may be broken into two smaller
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subcircuits: the high-voltage section and the filament section. The

high-voltage supply utilizes a Variac to control the accelerating

voltage, a high-voltage step-up transformer to provide the desired

maximum voltage, and a rectifier network to provide a DC output.

The high-voltage supply is coupled to the output of the filament supply.

This filament supply is simply a step-down transformer of the desired

range controlled by a second. Variac. The filament supply Variac

controls the actual heating current by controlling the emission of

thermal electrons from the filament. Care must be taken in choosing

the filament transformer to be sure that its insulation is sufficient to

isolate the maximum high voltage which will be reached in operation.

Figure 14 is the schematic diagram of the power supply used

with the OSU oven. The basic circuitry is unchanged from that shown

in Figure 13. The additional circuits and components were added for

ease and safety of operation. Four amber lights show proper func-

tioning of the supply. These indicate power on, interlock OK, high

voltage on, and filament on. Three red lights show either a malfunc-

tion condition or operation in an unsafe manner. They show interlock

fault, a high-voltage overload or manual interlock bypass condition.

The main operator safety feature is the interlock circuit. As a

second function, it protects the oven itself in case of a vacuum break.

This circuit consists of Molex connectors JK9 and JK10, switch SW5,

relay RY1 and indicator lamps NE3 and NE7. Jack JK9 is connected
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to the protected 120 VAC output of an Alfred. Electronics Model 101C

Ionization Gauge Control. The protected 120 VAC is connected in

series with two microswitches via jack JK10. The microswitches are

mounted on the plastic protective shield surrounding the high-voltage

feed through connections and on the main chamber door of the diffrac-

tion apparatus. Thus, either an overpressure in the tank or an

attempt to open the chamber door or remove the protective shield

results in a shut off of the 120 VAC from the interlock network and the

resultant opening of relay RY1. The interlock system can be over-

ridden by switch SW5 which will then supply relay RY1 with 120 VAC

current from the power supply input. An overpressure or unclosed

interlock which results in a complete shut down of power to the whole

power supply is indicated by NE3. An interlock override condition is

indicated by NE7 and can be obtained only by using a screw driver to

turn switch SW5.

Protection for the high-voltage section of the power supply is

provided by the overload relay RY2. This relay is actually two relays

in one. The overload relay which mechanically latches the armature

of the reset relay in the closed position is controlled by potentiometer

Rl. R1 is adjusted so that it provides the correct firing voltage to the

overload relay at the desired current level. An overload condition is

indicated by NE5. Reset is accomplished by push button switch SW6

and transformer T3 which provides 6 VAC to the reset relay.
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This type of overload protection is relatively slow acting but was

chosen since in most cases speed is not essential. The usual overload

condition occurs when, due to internal heating in the oven, the fila-

ment electron emissivity rises to a point where the high-voltage cur-

rent is excessive. This is usually a slow phenomenon and can usually

be caught by the operator before the 500 mA set point is exceeded.

The condition only becomes a problem when the oven must be operated

near the 500 mA maximum current allowed.

In order to control the temperature within set limits, a con-

troller has been inserted in the primary of the high-voltage circuit.

The controller and its associated electronics are discussed below.

Meters have been provided to monitor the voltages and currents

of the various circuits. In addition, connections have been provided

to use external meters in some locations.

Figure 15 is a schematic drawing of the temperature controller

circuitry. Both the controller and the millivolt indicator are manu-

factured by West Instruments. The controller, model 92200, is a

digital set point on-off proportioning type. The indicator module is a

model 96. Both units are calibrated for a 0 to 50 mV range. Milli-

volt calibration was chosen so that the controller could be used with

different thermocouples without the need of converting from the con-

troller calibrated temperature scale to the actual temperature of the

thermocouple in use. This choice also allows the controller to be
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used with any temperature indicating device which provides an analog

output.

Input to the controller is provided through jacks JK1-2 or

JK3-4; the active pair being selected by switch SW2. Jacks JK5-6 and

JK7-8 provide for parallel monitoring of the input signals.

The actual control circuit consists of the 6 VDC power supply

and relay RY1. The controller itself could not be used directly since

its on-off indicator light requires 120 VAC, and the HV power supply

is typically not run with 120 VAC on the primary of the transformer.

Switch SW3 allows the power supply to be run in either a manual

or automatic mode. The mode chosen is shown by indicator lamps

NE2 and NE3.

Photographic Plates

The usual method of recording an electron-diffraction pattern is

to use photographic plates. In high-temperature experiments some

means must be used to protect the emulsion from exposure to light

generated from the hot oven parts. One approach, adapted by Bauer,

Ino and Porter (1960), is to shield the oven so that a minimum of

light escapes its vicinity. Another, adapted by the Russian workers,

is to place some type of protective coating on the plate.

At the outset of the design phase of the OSU oven, it was decided

to protect the photographic plates by coating them. Borrowing from
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the Russian workers, various solutions of India ink with solvents

added were tried. To date the best results (still not really satisfac-

tory) have been obtained with 50% by volume mixture of methyl alcohol

and Higgins soluble India ink. The principle problem is to obtain even

coatings which do not craze crack and thereby let light through. More

work needs to be done to find the best coating material and technique.

The method of coating the plates is quite simple. A standard

photographic tray is filled to a depth of about 1/4 inch with the coating

solution. The individual plates are dipped into this and placed on edge .

in a rack to dry. After about 1 to 2 hours, the plates may be loaded

into the plate cassette of the diffraction apparatus and exposed in the

normal manner.

Thermocouples

The two temperature measuring thermocouples (one for the oven

tip and one for the body) were ordered from the Areo Research Instru-

ment Department of American Standard. Both thermocouples are

tungsten 3% rhenium /tungsten 25% rhenium (an alloy of tungsten with

3% rhenium versus an alloy of tungsten with 25% rhenium) surrounded

by beryllium oxide insulation enclosed in a tantalum sheath. The tip

thermocouple is 0.040 inches 0. D. while the one for the body is

0.0625 inches 0. D. These thermocouples were calibrated (Figure 16)

against a standard tungsten 3% rhenium/tungsten 25% rhenium
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thermocouple (Figure 17) which was spot welded to the crucible tip.

The standard thermocouple was supplied and calibrated by the U.S.

Bureau of Mines in Albany, Oregon.

Both thermocouples were coated for part of their length with

Alundum cement to insure that the thermocouples were measuring the

temperature of the crucible and not the heating due to radiation from

other hot bodies. It also provided insulation from the electrons

emitted by the heating system.

Special precautions were taken in the wiring of the thermocouples

to prevent them from acting as a ground return path for the high-

voltage supply which would lead to meaningless readings. One of the

thermocouples (. 0625 in) seems to be free of this problem, but the

other is in error by about 3 mV when the high voltage is on.

Experimental Procedures

The procedures for putting the high-temperature system into

operation are as follows:

1. Photographic plates are first prepared as outlined in the sec-

tion on photographic plates.

2. While the plates are drying, the diffraction apparatus is pre-

pared for use with the high temperature oven. This consists

of

a. replacing the short camera cold trap port cover with the
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nitrogen inlet valve,

b. attaching the shield /collimator holder support to the cold

trap, and

c. replacing either the long or middle camera nozzle port

cover with the high-voltage feed through assembly.

3. The power supply/controller is moved into position, and the

various power connections are made.

4. The crucible is filled with the sample and closed. If the

sample is air or moisture sensitive, the crucible can be filled

in a dry bag after the nozzle tip is sealed with naphthalene.

If the crucible parts tend to slip apart, the surfaces may be

roughened by lapping with 150 mesh Carborundum in oil.

5. The oven is assembled and attached to the support. Electri-

cal connections to the filaments are made by wrapping fila-

ment wire around copper lead in. These connections are

covered with asbestos caps.

6. The oven assembly is inserted into the apparatus. All neces-

sary electrical connections are made, and the thermocouples

are positioned.

7. The cold trap is inserted, and the shield and collimator are

positioned. All apertures, the nozzle and the beam stop are

roughly aligned.

8. The water cooling connections to the nozzle and cold trap are



30

made.

9. The photographic plates are loaded.

10. The apparatus is pumped down in the usual manner, and the

beam is aligned.

11. Heating is started and increased slowly up to the running

temperature so that all parts of the system will be outgassed.

12. The nozzle alignment is rechecked periodically, as it may

tend to shift on heating.

13. Exposures are made. The electron-bombardment voltage

must be off during exposures since it deflects the beam.

Long exposures must be made in 1 minute steps.

14. Pertinent temperatures should be recorded. These may be

read from the controller meter (Figure 18) or from a

potentiometer.

15. After shut down the oven is allowed to cool to about 200-300°C

before filling apparatus with nitrogen (used instead of air to

prevent reaction of materials with oxygen or water).

16. The system may now be disassembled.

17. The plates must be washed about 20 minutes to loosen the ink

coating. The ink is wiped off with a soft photographic sponge,

and the plates are developed in the usual manner.
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PART II. STRUCTURE OF NICKEL(II)CHLORIDE (NiC12)

Introduction

Since 1959 various investigators (DeKock and Gruen, 1966,

1967; Gruen, Clifton and. DeKock, 1968; Leroi, James, Hougen and

Klemperer, 1962; Milligan, Jacox and McKinley, 1965; Randall,

Green and Margrave, 1959; Thompson and Carlson, 1968) have

studied the spectral properties of NiC12. These investigations have

included both gas-phase and matrix isolation work and covered the

range from the far infrared to the ultraviolet. Absorption, emission

and fluorescence data were obtained. Some of these investigations

(Leroi et al. , 1962; and. Thompson and Carlson, 1968) have led to pro-

posals about the structure of the species present, but none have led to

values for any of the molecular parameters (i. e. bond distances

and/or angles).

For this reason and because NiCl2 seemed to fulfill the desirable

criterion of being arelatively simple molecule, it was chosen to test the

oven system.

Only a brief summary of the method used to obtain electron-

diffraction data will be given here. In the Oregon State apparatus, the

nozzle is positioned so that a stream of the vapor under study inter-

sects a vertical collimated beam of monoenergetic electrons. The

interaction of the electrons with the molecular potential field produces
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a symmetric scattering of electrons into cones coaxial with the undif-

fracted beam. The pattern is recorded on a photographic plate. A

rotating sector with an angular opening proportional to r 3 intercepts

a portion of the scattered electrons above the photographic plate.

This is done to compensate for the fall off of the intensity of scattered

electrons at higher scattering angles. The method of gathering data

from these plates is discussed in the data reduction section.

Experimental

The anhydrous NiC1
2

used in this series of experiments was

obtained by dehydrating NiC12 6H20 (J. T. Baker Chemical Co. ,

reagent grade) under a stream of dry HC1. The NiC1
2

6H20 was

placed in a porcelain boat in a Vycor tube which was fitted with ball

joints leading to valves which permitted the introduction of either

dry HC1 or N2. The Vycor tube and its contents were heated in a tube

furnace with a stream of dry HC1 flowing in the Vycor tube. The

initial heating was to 100°C at which temperature the sample was

allowed to stand for about one hour. The temperature was then slowly

increased to 400°C at which temperature the sample was maintained

for four more hours. It was then cooled to room temperature, placed

under an atmosphere of dry nitrogen, and the Vycor tube and its con-

tents transferred to a dry bag where the NiC1
2

was then transferred

to a sealed container. Since NiC1
2

is moisture sensitive, the crucible
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of the oven was filled from the container in a dry bag. The crucible

was sealed with naphthalene as described in the oven operation sec-

tion.

After assembling the oven equipment, the oven was brought to

temperature slowly to allow for outgassing of the sample. Proper

operating temperature was not calculated but was determined by

observing the scattering on a fluorescent screen located in the appa-

ratus. When the scattering was judged reasonable for exposure, the

temperature controller was set to maintain this temperature. Expo-

sures were then made with the oven off during exposure time to insure

that the beam would not be deflected by the fluctuating voltage. In all,

some 25 plates were exposed. Of these ten were judged suitable for

use in the structure refinement. Data relevant to these ten plates are

summarized in Table 1.

Data Reduction

A complete description of the data collection and reduction

procedure can be found in Gundersen and Hedberg (1969). Only a

brief outline of the method and the modifications necessitated by the

quality of some of the data gathered in this experiment will be given

here.

The selected plates were traced on a Joyce double-beam micro-

densitometer which has been modified for this purpose. The plates
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are usually spun about the center of the diffraction pattern at 2 cycles

per second during this operation to insure that emulsion irregularities

are averaged out. As noted in Table 1, some of the plates used in

this study were not spun. This was due to gross imperfections caused

by slight light leakage through the protective coating. These plates

were traced through those areas of the plate which appeared free of

imperfections. The output of the densitometer was recorded on

punched paper tape which was then used with the Teletype computer

terminal to file the recorded intensity data.

The data were "data reduced" utilizing the existing DATAR70

program. This program first converted the digital information to

density by comparing the data counts to counts corresponding to

known densities which were recorded at the time of the original trac-

ing. The program then found the center of the diffraction rings, and

the data points were assigned their appropriate s values

(s = 4irX lsin 0/2). These s values were interpolated to even inter-

vals of s (A s = . 25). Since the OSU apparatus includes a rotating

sector, the sector functions and the plane-plate correction were mul-

tiplied into the data. The final results of these operations were a set

of intensities as a function of s for each plate which represented

the total radiation striking the plate s
4

It.

This total intensity can be thought of as being made up of the sum

of two separate intensities, that due to molecular scattering I (s)
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(see Equation 3 Appendix I) and a background intensity (Be). The

background intensity contains the intensities due to atomic scattering,

inelastic scattering and various unknown apparatus scattering. For

the purpose of a structure determination only I (s) is of interest.

Thus, Bt must be eliminated.

The intensity curves obtained from the program DATAR70 were

plotted on large scale graph paper, and a smooth curve representing

Bt was drawn through each using the usual approximate criterion

that there should be equal areas above and below the background line.

The Bt curves were read from the graph, smoothed and subtracted
4from s It and the result multiplied by s to give the desired

sI (s) curves. These sI (s) curves were plotted, and the plots
m m

examined to see if the original criterion of equal areas was violated

in any significant way. When it was, the background was adjusted, and

a new sI (s) curve calculated.m

After no further adjustment was possible using the manual

method just described, a composite curve was made for the best

sI (s) curves, and values based on a simple linear model for NiC1
2

were supplied for the missing experimental values in the range

0 < s < 1. 0. This curve was converted to a "constant coefficient"

curve I' by multiplying sI (s) (composite) by Z.Z./A.A.
m m i j i i

where Z. and Z. are the atomic numbers of atoms i and j
1 J

and Ai and. A. are the scattering amplitudes for the same atoms.
J
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The nickel and chlorine amplitudes and the phase shifts (11) used in

the calculation of the theoretical intensity curves were obtained from

tables (Cox and Bonham, 1967) and interpolated as outlined by

Gundersen and Hedberg (1969). Since these tables do not contain val-

ues for tantalum, these values were taken from the International

Tables for X-ray Crystallography (1962). Comparisons of a few scat-

tering amplitudes which do appear in both Cox-Bonham tables and the

International Tables showed the values to be in essential agreement.

These values were not interpolated to the voltage used in the NiC1
2

experiment since the International Tables list values for only one volt-

age. The phase shifts presented a problem since plots of them similar

to those mentioned for amplitudes showed the values of the Interna-

tional Tables to be markedly different from those of Cox and. Bonham.

Since it is A /1.01-n.) that is actually used in the calculation of the
13 1

theoretical intensities, All_ 's were calculated for chlorine and vari-

ous heavy atoms (Cl-M) using values from both Cox-Bonham and the

International Tables. The values of t 11 from Cox-
(ChM)

Bonham were taken to be correct, and the heavy metal atom (M) of

the International Tables pair was changed until the A agreed

(i. e. , for agreement with riXeC1
from the Cox-Bonham table the

values of ripm from the International Tables must be used in place

of liXe). This led to the use of the values of 11 for mercury in

place of those for tantalum. The values for the scattering amplitudes
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and phase shifts are tabulated in Table 2. The Fourier Transform of

I' was calculated to give D(r), the probability distribution of

interatomic distances. In its exact form, this transform is given by

oo

D(r) 2 ,c I' sin rsd.s
it m

0

but for computer use the approximate form

,6, s
D(r)

2

Tr

max

s =smin

I' a
-bs 2

sin rsm (1)

was used. The exponential term was introduced to minimize series
2

termination error. The constant b was chosen so that I' e-bs

was approximately 0.1 I' at smax

m

In theory D(r) should be

essentially zero except for that region about an interatomic distance.

Any marked deviations from zero were retransformed giving a func-

tion comparable to I' which was examined for indications of errorsm

in sI (s) source. Most of these errors proved to be of a type

attributable to noise in the original data, but some gave indications of

desirable changes to the background. These changes were made, and

the Fourier Transformation repeated. The process was repeated until

no more meaningful background changes could be made.

As a final check on background, a reasonable model based on
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the parameters suggested by the radial distribution curve was

assumed, and a least-squares refinement (Hedberg and Iwasaki, 1964)

was calculated based on the sI (s) curves. The difference curvesm

(sI (s) - Itheor) were plotted and examined for errors which could

be attributed to background. Final adjustments were then made in the

background. The final sI (s) curves for each plate are shown in

Figure 19, and the values are tabulated in Table 3.

Throughout the whole background adjustment procedure great

care was taken to insure that the backgrounds remained smooth and

that no prejudice was introduced which could effect the structural

results.

Preliminary Structure Analysis

The final sI (s) curves were combined into a compositem

curve with an inner peak taken from a theoretical curve, as described

above. This curve was converted to a "constant coefficient" curve as

before, and the Fourier Transform was calculated using smax = 23

(the data appeared to be badly deteriorated at higher s values). The

value of b in Equation 1 was set at 0. 004. The results of this

transformation (the radial distribution curve, D(r) ) is shown in

Figure 20.

There are three distinct peaks in the radial distribution curve

implying that the molecular system has a minimum of three
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interatomic distances. On this basis, it must be concluded that NiC12,

which would give only two peaks, cannot be the only species present.

Thompson and Carlson (1968) assumed that vapors of NiC12

contain NiC12 and (NiC12)2, and they proposed a D2h
structure for

the dimer. Based on this assumed structure and using the position of

the maximum of the first peak in the D(r) curve as the Ni-Cl bond

distance, the dimer should contribute peaks (distances) to the radial

distribution curve at 2.1 A (Ni-Cl bond), 3.0 A (Ni... Ni, Cl... Cl

across the ring), 3.7 A (Cl ring... Cl terminal), 5.0 A (Ni... Cl

terminal, opposite side) and 7.1 A (C1 terminal... Cl terminal). By a

slight lengthening of the Ni-Cl bond distance (a not unreasonable

change in light of the skewed shape of the first peak) the second two

distances could be made to coincide with peaks in the transform.

What was extremely damaging to the D 2h
model was the complete

lack of any indication of distances beyond 4.1 A. in the radial distribu-

tion curve. Conceivably, vibrations of very large amplitude could be

responsible for "washing out" these distances, but the large magnitude

required (1 Cl... Cl 0.8 A for the terminal pair, as ascertained

by calculation of theoretical radiaLdistribution curves) was completely

unreasonable. It was thus concluded that the species (NiC1 2)2 did not

exist under the conditions of the experiment.

Leroi et al. (1962) in studying this same system in the gas

phase reported an absorption at 417 ± 10 cm 1, which they attributed
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to the dimer species (NiC12)2. Thompson and Carlson (1968) reported

a value of 440 cm 1 in the matrix isolation work. In both investiga-

tions this transition was assigned to the asymmetric stretch of the

terminal chlorine atoms. The shift from 417 cm 1 in the gas phase to

440 cm 1 in the matrix can not be reasonably explained in terms of a

matrix shift, and the assignments are thus incompatible. Herzberg

(1950) reported a value of 420 cm-1 as the stretching frequency of

NiCl. Therefore, it seems reasonable to assume that Leroi et al.

(1962) were actually seeing the NiCl absorption.

The possible existence of NiCl in the emergent vapor stream in

the electron-diffraction experiment implied a reaction of the type

2NiCl2 2NiC1 + C12.

The existence of chlorine in the crucible led to speculation that the

vapor under investigation might contain TaC1
5

from the reaction

(Alexander and Fairbrother, 1949)

2Ta + 5C1
2

2TaC1
5

occurring at the crucible walls. The final system would then contain

NiC12, NiC1, C12 and. TaC15. Such a system can be completely

described by the parameters shown in Table 4. This table will also

serve as a definition of abbreviations used later.
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Before a least-squares procedure could be used to obtain a final

fit to the data, some reasonable starting values had to be found for the

molecular parameters. Tantalum pentachloride was the most com-

plicated molecule in the system but the easiest for which to find

approximate starting parameter values. Skinner and Sutton (1940)

investigated this compound by electron diffraction. They found a

trigonal bipyramid structure with a Ta-Cl bond distance of
O

2.30 ± .02 A. Since this work was done by the correlation method,

no amplitudes were reported. The model for TaC1
5

was modified

somewhat in view of the general acceptance of the fact that in com-

pounds of this type the axial bonds are longer than the equatorial ones.

The 2.30 A distance was treated as an average distance and a split

(axial bond-equitorial bond) was introduced. The other distances in

TaC1
5

were calculated from these bond distances and. Skinner and

Sutton's model. The results of work done in this lab (Gilbert, 1971)

on VF5 were used to estimate values for the amplitudes for TaC15.

It was assumed that the Ta-Cl bond amplitude would be close to the

bond amplitude in NiC12. The two Ta-Cl amplitudes were assumed to

be equal. The remaining amplitudes were calculated using the same

progression of amplitudes that was found for VF5.

The nickel dichloride presented a somewhat more difficult prob-

lem as no gas phase structure determination has been done. From the

infrared work it can be inferred that the molecule is linear or at least
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very close to linear, there being no evidence of v1 in any of the IR

spectra. It seemed reasonable to assume that NiC1
2

would be the

major contributor to the scattering which makes up the first peak of

the radial distribution curve (Figure 20). On this basis the maximum

of the first peak (2. 07 A) was taken to correspond to the Ni-C1 dis-

tance in NiC12. The linear configuration requires that the Cl... C1

distance be at twice the Ni-Cld distance, namely, at about 4.14 A.

close to the peak at 4.10 A. The question of what amplitudes to assign

to these distances could not be answered from the experimental results

since there were other distances from different species closely asso-

ciated with both NiC1
2

distances which prevented using the half width

of the peaks at half height in the usual estimate of the amplitude.

Cyvin (1969) has done a series of calculations to estimate the ampli-

tudes in linear triatomic species at various temperatures and has

reported values of .075 A and .106 A for the bonded and non-bonded

amplitudes in NiC12 at 1000°K; these were used as starting values for

these parameters.

The only "structural" parameter available for NiC1 was the

bond-stretching frequency taken from band head measurements in an

emission spectrum by More (1938) and reported by Herzberg (1950):

the value is 420 cm 1. Using this frequency and applying Badger's

rule for calculating bond lengths, the Ni-Cl distance in NiC1 may be

calculated to lie in the range 2.20 A to 2.40 A, depending on the
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constant chosen for use in Badger's equation. The amplitude of vibra-

tion calculated from this frequency is .08 A at 1000°K.

The interatomic distance (re) for Cl2 is 1.98 A (Herzberg,
0

1950). The amplitude for C12 at 1000°K was calculated to be .064 A

based on a stretching frequency of 465 cm 1.

An estimate of mole fractions was necessary to complete the

list of starting parameters. If it is assumed that only one distance

contributes significantly to each of the second two peaks in the radial

distribution curve (Figure 20) and that these distances are

Cla... Cle (TaC1 5) for the 3.20 A peak and Cl... Cl (NiC12) for the

4.1 A peak, then an estimate of the relative mole fractions of TaC15

and NiC1
2

can be obtained from the equation

nZ.Z.
A = 1 x(X)r.,

which gives a rough approximation to the area of any peak in the radial

distribution curve. In this equation n is the multiplicity of the dis-

tance, Z. and. Z. are the atomic numbers of the atoms involved
1

in the distance, X is the mole fraction of the molecular component

in which the distance occurs and r.. is the interatomic distance.

Using this equation with measured areas of the two peaks in Figure 20,

the ratio of NiC12 to TaC15 was found to be 17 to 1. The mole frac-

tions of NiC1 and. C12 could not be estimated with any accuracy; their
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presence in the sample could be revealed only by the area of the
O

2. 07 A peak in the radial distribution curve, which is dominated by

the Ni-Cl distance (in NiC1 2) and the Ta-Cl distances. Therefore,

the mole fraction of the NiC1 was taken as a parameter subject to the

restraint

Xd + XTa + Xm = 1 (2)

where d, Ta, and m refer to dichloride, TaC1
5

and monochloride

respectively. Equation 2 does not contain a mole fraction of chlorine

(X
C12).

The program used to calculate the least-squares refinement

can handle only three molecular species, and. Equation 2 is the

restraint that was placed upon the refinements. In order to include

chlorine, the amount of chlorine was taken to be a fraction of the NiC1

present. The actual equation for the mole fractions of the system is

Xd
+ XTa + Xm(l+f) = (l+fXm) = Xd

+ XTa + Xm+ XC12

where f is the fraction of chlorine (f < . 5). This equation does

not reduce to Equation 2 since the quantity (l+fXm) is a calculated

value and not an algebraic expression. In the final results the mole

fractions must be normalized by dividing by (l+fXm).

A complete list of starting parameters is shown at the start of

Table 5.
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Structure Refinement

From the first column of Table 5, it was obvious that the first

parameters which needed definition were the mole fractions of the

various components. In order to obtain suitable values for these mole

fractions, the mole fraction of monochloride was set at some arbitrary

value in the range shown, and the other mole fractions were calculated

subject to the constraints imposed by Equation 2 and ratio X
d

/XTa.

The mole fraction of NiC1 was held constant as were its distance and

amplitude. All othe parameters were refined by the least-squares method

outlined byHedberg and Iwaskai (1964). A. typical result is shown in

Table 5 under LS1 in which no chlorine had been introduced. The R

value reported at the bottom of the table and defined therein is a

mathematical indication often used in structure work of how well the

refined model fitted the experimental data. The smallness of this R

value together with the transforms of the theoretical intensities from

least squares were used to evaluate the fit of the refined model.

The results of LS1 showed the Ta-Cl distance moved far down-

ward from the starting value of 2.30 A. It was felt that this excursion

was completely erroneous in light of the previous electron-diffraction

work. Therefore, in subsequent refinements the value of the average

Ta-Cl distance was held constant at 2.30 A. This also served to fix

the other distances in TaC15. LS2 shows a result with this constraint
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placed on the system. The fit is worse, as would be expected, since

the number of parameters available to fit the model have been de-

creased.

As the least-squares refinements were continued, it became

necessary to fix the two amplitudes i since they wereTa-Cle, a
refining to values which were felt to be much too high for bond ampli-

0

tudes. The value 0.067 A was chosen since it was felt that the bond

vibrations in TaC15 would not differ significantly from those in NiC12.

A typical result obtained under these conditions is shown as LS3 in

Table 5 where chlorine has been included as a fraction of the NiC1

present. This fraction could be as high as 0.5 of the amount of NiC1

present if no TaC1
5

were present.

LS4 shows the results when the mole fraction of NiC1 was .50

and the Ni-Cl distance was allowed to refine. In LS5 all three molem

fractions were refined.

Throughout all of the preceding refinements the Cl... Cl distance

was held at twice the bond distance in NiC12. LS6 is the result of

allowing C1... C1 to refine as an independent parameter.

If the C1... C1 (4. 1 A) peak is examined in Figure 20, it will be

noted that the peak is skewed toward shorter distances. This could

be explained in terms of a harmonic distribution in the bend about the

nickel atom in NiC1
2

since the contribution of the 3. 94 A. distance in

TaC1
5

is too small to completely account for the skewed shape. Any
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change in this angle has the tendency to shorten the Cl... Cl distance.

Such a distribution could be accounted for by using several closely

spaced distances so weighted that their contribution to the area under

the radial distribution curve was the same as that of a single distance

coinciding with the peak maximum. In this case, the Cl... Cl distance

was described by ten distances starting at twice Ni-Cld and decreas-

ing in 0.04 A steps. These distances were weighted by the function

2A0W. = 2N exp(-A0.2/ 2
W )

where 6,0. is the angle necessary to produce the shortening of the

C1... C1 distance, A 02 is calculated from the bending frequency

(85 cm-1), and N is a normalization constant chosen such that

= 1

The results of applying the harmonic distribution to Cl... Cl and

allowing the distance to refine as an independent parameter are shown

in LS7. Note that in this refinement the amplitude of the axial chlorine
0

distance in TaC1
5

was changed to . 09 A--a value which was felt to be

justified since the motions of these chlorines are similar to those in

NiC12. This had little effect on the results since the peak at 4. 66 A

due to Cla... Cla in TaC1
5

was so insignificant.
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LS7 not only gave the lowest R value of the last group of

refinements, but the corresponding radial distribution curve showed

better correspondence with the experimental curve. For this reason

it was chosen as the basis for tests on the effect of variation of parm-

eters which had been held fixed.

Of great interest was the length of the NiCl bond in the monomer.

It was thought possible that the least-squares result might not be a

true measure of this distance. As a test of the effect of moving this
0 0

bond distance, it was held constant at 2.20 A and than at 2.07 A during

a series of refinements in which mole fractions were refined in some

cases and in some cases held constant at plausible values. In no case could

the least squares procedure be made to converge with the Ni-Cl dis-
co

tance at 2.07 A. Convergence was obtained for both cases using
0

2.20 A, but the fits as shown by both the R values and the radial

distribution curves were very bad and promised no reasonable hope of

improving with manipulation of input parameters. This placed the

Ni -C1 bond distance for the monochloride in the approximate range 2.25

2.29 A as the best that could be done to fit this parameter (LS8 + 9).

The bond distance in C12 was corrected from the spectroscopic
O

value of 1.98 A to a value which reflected the conditions of this experi-
0

ment (2. 00 A) starting with LS8; earlier refinements had used the

1.98 A value.

To test the effect of changes in the TaC1
5

average bond length,
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refinements were carried out with the assumed value for this distance

changed, first to 2.27 A and then to 2.33 A. In the case where the
C

bond length was 2. 27 A, no convergence could be obtained. The value

of 2.33 A gave the results shown in LS10. The corresponding radial

distribution curve represents a good fit with the exception of the

Cla... Cle region where the theoretical peak is shifted to too high an

r value in comparison to the experimental value. Thus, Skinner and.

Sutton's value of 2.30 ± .02 A seemed to be as good a choice as could

be made and the remaining refinements were based on it.

Of the unrefined amplitudes in TaC1
5,

the only ones of impor-

tance were Ta-Cl and Ta- Cl. It was felt that any change in
a e

the other amplitudes would cause insignificant changes in the final

model when compared to the major contribution from NiC12. The

TaC1
5

bond amplitude was set to 0.057 A and 0.077 A in two succes-

sive refinements. LS11 and LS12 show the changes resulting from

this amplitude change. As indicated by the R values, L511 was a

slightly poorer fit to the experimental data and. LS12 was about the

same as LS7, the best so far obtained. This was confirmed by a com-

parison of the radial distribution curves and seemed to place the bond

amplitude for TaC15 in the range .067-.077 A.

The question of the TaCla-TaCle split appropriate for the two

symmetrically different bond distances in TaC1
5

was tested by LS13

and LS14. In these two refinements the split was changed from 0.05
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to 0.02 in LS13 and to 0.08 in LS14. The results show that LS7 and/or

LS12 gave a slightly but not markedly better fit.

An apparently safe conclusion from the results of making these

small and reasonable changes of the parameters of TaC1 5
was that,

due to its low concentration, such changes were going to have little

effect on the final model for the system as a whole. Indeed, if only

those models in which the harmonic distribution was applied to the

C1... C1 distance in NiC1
2

were considered, there were at least four

models whose parameters differ from each other by less than the

standard errors calculated by least squares. These four models are

presented in Table 6 along with an average of the important param-

eters.

Some parameter values were not tested but were taken from

other work. In all such cases the values of these parameters were of

low weight and, thus, could not be profitably studied; small errors in

them could not appreciably affect the results.

Since the least-squares program used for the foregoing refine-

ments could handle only three different molecules at one time, the

amount of C12 present was placed at some fraction of the amount of

NiCl. The best value of this constant was found to be 0.35 which cor-

responds to a mole fraction of C12 of 0.14. Using the refined mole

fractions of the other species led to a calculated value for the mole

fraction of C12 of 0.143. Since the sum of the mole fractions including
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C12 added to greater than one, they were corrected downward by

dividing each by that sum. These final values of the mole fractions

are shown in the last column of Table 6. Figure 19 shows the final

composite intensity curve, the theoretical intensity curve calculated

from the average values of Table 6 and their difference. Figure 21

shows the corresponding radial distribution curves. The molecular

models which fit the resluts of Table 6 are shwon in Figure 22:

NiC1
2

is a linear triatomic molecule (D ), TaC15 is a trigonal

bipyramid (D ) and NiC1 is a diatomic molecule (C ).

Discussion

This investigation was intended to be a determination of the

molecular structure of NiC1
2.

Through an unforeseen set of circum-

stances TaC15 was introduced as an impurity in the system, and as

such the structure of TaC15 could not be determined. The fact that

TaC15 could be present in the vapor stream was not anticipated at the

start of the experiment. In the course of attempts to account for the

peak at 3. 2 A in terms of a rather bizarre dimer of NiC1, the possible

TaC1
5

impurity was suggested by C. W. De Kock (1971). Later in

attempting to duplicate the conditions of the electron-diffraction experi-

ment in a matrix isolation experiment, De Kock (1971) effused NiC12

from a tantalum double oven. The resulting IR spectra showed

features below 400 cm-1 which had previously not been seen for the
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NiC1
2

system. It was first believed that these might be due to the

dimeric NiC1 species. Further experiments using a graphite oven

eliminated the features below 400 cm 1. This result and a re-

examination of the first spectra led to the conclusion that the features

of the IR spectra and some of the features of the radial distribution

curve of the electron-diffraction data were compatible with the pre-

sence of TaC15.

There was indirect evidence that NiC1 could have been present

in the electron-diffraction sample. The previously cited work of

Leroi et al. (1962) with an absorption at 417 cm 1 (which was possibly

misinterpreted as a dimer mode) suggests the possible presence of

NiCl in the vapors over NiC12. Schoonmaker, Freidman and Porter

(1959) in a study of the thermodynamics of transition metal dihalides

found an appreciable amount of NiCl+ in the mass spectra which they

attributed to the dissociation ionization of NiC12 in the mass spectro-

meter. Additional evidence was provided by De Kock (1971) who found

a peak at 411 cm 1 (with a satellite at 403 cm 1) in the matrix isolated.

IR spectra of NiC12. This is a reasonable matrix shift from the

reported 420 cm-1 value for NiCl. In addition, the 403 cm
1 satellite

was in the correct position for the chlorine isotopic shift expected for

NiC1
37. In view of these facts, it is reasonable to suppose NiCl to be

present in the system.

Using covalent radii and the Shoemaker-Stevenson rule for bond
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length correction due to electronegativity gives a value of 2. 03 A for

Ni-Cl distance in NiC12. This compares well with the value of 2.072 A.

which was refined from the electron-diffraction data. Cyvin (1969) has

calculated values of 0.075 A and 0.106 A for the bond and non-bond

amplitudes of NiC12 at 1000°K. The results of this investigation were

0.066 A and 0. 113 ± .014 A where the non-bonded amplitude has been

taken from the results of LS6. (The amplitudes reported with the

harmonic weighting of the non-bond distance can not be treated as

true vibrational amplitudes. ) Cyvin (1969) also calculated the shrink-

age of the Cl... Cl distance in NiC1
2

at 1000°K to be 0. 269 A. The

current work showed a value for this parameter of 0.036 A, again

using the values of LS6 for the non-bonded distance. On the whole,

the agreement between experimental and calculated parameters for

this species was quite good.

To complete the picture on the significance of the results of this

experiment, a correlation matrix is presented in Table 7 which shows

the interdependence of the refined parameters. There are also some

correlations between unrefined parameters which were changed

manually that are worthy of note. The bond distance in TaC1
5

had an

effect on the bond distance of NiC1 as evidenced in LS10 when a change

of 0.03 A. in TaC15 caused a change of 0.01 A in NiCl. The Cle... Cla

amplitude was strongly correlated to the mole fraction of TaC15

throughout all of the refinements. In interpreting these results, these
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interrelationships must be taken into account.

In conclusion, the assumptions which went into these results

must again be restated. From the outset of this refinement phase, the

structure of TaC1
5

was assumed, and no attempt was made to change

this symmetry. The bond amplitude of TaC1
5

was assumed to be the

same as that in NiC1
2 and the other amplitudes were estimated using

information for VF
5. The only refined value was that of

Cl Cle... a
In NiCl the bond distance could not be accurately determined

though a likely range of bond distances was calculated. The ampli-

tude of this molecule was calculated from spectral data and was not

changed in the refinements.

The complete structure of C12 was assumed to be known.

Under these assumptions, the results in Table 6 were obtained,

and their agreement with what was known from other sources was on

the whole quite good.
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APPENDIX I

Scattering Equations

The expression for the scattering of electrons by randomly

oriented molecules (see L. 0. Brockway, 1936) is

2 2 A.A.
0 IT M E G 1 11

I -= ( sin r..s
h

5 13r..s
i j 13
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(1)

where E is the electronic charge, A is the scattering amplitude,

r.. is the interatomic distance and s is given by

4.rr 0s = sin-

where

X

X. is the wave length of the diffracted electrons and 0 is

the scattering angle.

The treatment leading to Equation 1 had implicit in it a rigid

molecule model. This is not the case with gas molecules as James

(1932) has pointed out. James' study was for X-rays, but the conclu-

sions also apply to electron diffraction. The effect of thermal vibra-

tions takes the form of a damping factor

e

48.72a ri2 sin 0/2\2]
j X

= e



58

where a r.2 is the mean square change due to thermal vibration in
2

the distance r., and w.. = 8 r.. /2. The scattering equation
1J 1J 1J

becomes

I = K
A.A. -a..s2

r..s 5
sin r..s (2)

Glauber and Schomaker (1953) drew attention to another fault of

the scattering equation as defined by Equation 2. The first Born

approximation was u sed in the development of Equation 2, and this

approximation works well if the atomic numbers of the atoms involved

do not differ by much. If the atomic numbers do differ substantially,

Glauber and Schomaker (1953) point out that A. should be replaced
ill.

by A.e 1 where is a phase shift. If this expression is intro-
].

duced into Equation 2, the result is

where

I = K'

- a.. s
2

A.A.e
3

5
cos (An..) sin r..s

r..s

87r
2

mE
2

2K' = 2( and
11-r

LT1.. =
13 1

The usual form of this equation which is used is

I (s) = s4I= K'm

2-a..s
Ai Aje

r..s cos (An..) sin r..s (3)
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APPENDIX II

Heat Transfer Equations

The purpose of this appendix is to develop the heat transfer

equations used in the body of this thesis. Since the experiment was

carried out in vacuum, only two transfer mechanisms are of interest:

radiation and conduction.

The total emissive power from a black body radiator is charac-

terized by the Stefan-Boltzmann law:

E = o-T4
b

where Eb is total emissive power for a black body, Cr is the

Stefan-Boltzmann constant (1.3545 x 10-12 cal/(cm 2
deg

4 sec) and

T is temperature in degrees Kelvin. If a real system (non-black

body) is to be considered, then Kirchhoff's law must be applied. This

law states that the total emission of a real body is always less than

that of a black body. The ratio of the actual emissive power (E g)

to the black body emissive power at a given wave length is the

emissivity (E ),
g

E/E13 = E
g g



The Stefan-Boltzmann law therefore becomes

E = crE T4
g g
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(1)

Now, consider the spacial distribution of E coming from a

surface element dA, (see Figure 23). The hemisphere will inter-

cept all radiation of dA1, but, in all locations except directly

above dA1, the radiating area appears distorted. If ct. is the

angle between the perpendicular to dA
1

and the obiervation point

on the hemisphere, then dA
1

appears as the projected area

dA
1

cos 41.

The term "intensity" (I) must now be introduced. Intensity

may be defined as the radiant energy (dq1_2) propagated in a

particular direction per unit solid angle (du>
1)

per unit of area dA
1

as projected perpendicular to the line of propagation (dA
1p

or

dA
1

cos (0).

I = dqi_z /(dAipdw 1) (2)

From Figure 23, it can be seen that:

do.)
1

= dA2/r2

where r is the radius of the hemisphere. Thus,

(3)



= I cos 4 dA1dA2/r 2

If a unit emitting area is considered, the total emissive power is

given by

E Sdc11-2
A2

By Equation 3 and the relation:

cos 4 dA2 /r2

do.) = sin 4 dtlx14)
1

2-rr ir/2
E= I sin 4 cos 4 (i),

0 0

which upon integration gives
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(4)

E = TrI (5)

Up to this point only radiation from one surface has been con-

sidered. To extend this to a practical situation, the exchange energy

between surfaces must be determined. To do this, consider dA
1

and dA
2

(Figure 24). From Equation 2 the energy is

dc11--2 = I1 cos 41dA

where

(6)



dco 1-2 = cos 4 r.
2
dA /2

Substituting 5 and 7 into 6,

cos 41.1 cos (02 dA
dq 1_2 = E lbdA

1
(

2
71-1"

Similarly for dA
2

radiating to dA
1

cos 42 cos (pi
dA (zb 2 2

Trr
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(7)

(8)

(9)

By combination of 8 and 9 and application of the Stefan-Boltzmann law

cos cl:). cos 42 dA dAz
=

dq1;-_.2 dq 1
(E lb -E2b)

2 dq2-1 2

= o-6(T'4
4

- T2)
cos (1)1 cos (1)2dA dA2

2
irr

nr

The total energy exchanges for a black body is given by

Q = T
4-T 4
1 2 ) SI

cos (pi cos (I) dA dA2
o-(

2
Trr

where Q is in calories per second.

(10)

For a non-black body the development is as follows. The energy

emitted by dAl which is absorbed by dA2 is given by



I
1
dA

1
cos ()idwi-2dql_2 E

2
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(12)

where E is the emissivity of dA2. If Equations 7, 1 and 5 are

substituted into Equation 12, the result is

4
cos 4)1 cos 4)

2
dA

1
dA

2
=

lE 2
o-T

1 2
Trr

A similar result is obtained for radiation of dA
2

to dA
1.

cos 41 cos4) dA dA
2

cla-2-1 1E 20-T2 2
Trr

By subtraction (13-14), the net energy transfer is

4 4
cos 41 cos..

2
dA

1
dA

2

dq1=2 0-y2(T, -T2)
2

Trr

The total energy is obtained by integration of 15.

Q =
4_1, 4

1j
(ic cos 04), cos ()2dA dAz

1.2 1 2 1 2
2

Trr

(13)

(14)

(15)

(16)

Equation 16 is the equation used to evaluate all radiant heat losses in

this experiment.

The second mechanism of heat transfer to be considered is

conduction. Fourier stated that the rate of heat flow by conduction is
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given by the product of three terms: K, the thermal conductivity;

A, the cross sectional area perpendicular to the heat flow, and

dT/dx, the temperature q gradiant (Kreith, 1958). Thus, for

steady state conditions,

4 = KAdT /dx (17)

By separation of variables, Equation 17 may be rewritten

= KdT (18)

Integration of Equation 18 over suitable limits yields

or

AL = K(THOT-TCOLD)
A

4 = AK/L(TH-Tc) (19)

Equation 19 is used to evaluate all conductive heat losses in this

experiment.



65

APPENDIX III

Suggestions for Future Work

The high-temperature system as it now stands is usable, but it

does have two deficiencies that should be corrected when redesign is

undertaken.

Perhaps the most glaring deficiency is the deflection of the

electron beam by the field of the oven. While the Russian workers do

not say so, the configuration of their oven would seem to present, at

the worst, a radially symmetric electric field to the electron beam.

As long as the beam is confined to the axis of this field, deflection

should be held to a minimum. If the oven is redesigned, some thought

should be given to extending the hot zone past the beam area in an

attempt to establish a more symmetric field.

The second deficiency is in the temperature measuring and con-

trol system; in particular in the use of thermocouples as temperature

sensing elements. In regions of high electron density, currents are

induced in the thermocouples by electrons attempting to use the

thermocouple as a ground path. This effect has been minimized by

covering the outer sheath of the thermocouple with aluminum oxide,

but the effect is still present, and accurate temperature readings can

be obtained only when the oven's high voltage is off. A temperature

measuring device is available (Honeywell) which consists of a



Table 1. Data for electron-diffraction photographs used for the structure determination of NiC12.

Plate
I. D.

Plate
a

Size
(in)

Accelerating
Voltage
(Volts)

Wavelength
b

(X)

Exposure
Time
(Min)

Beam
Current

(ILA)

Ternperaturec
Range

Nozzle-to-
Plate

Distance
(cm ) s Range

Low High

(°C)

2-2-1d 8 x 10 43739 . 057424 2.0 . 78 650 805 74.614 1 00-12.50

2-2-4d 8 x 10 43862 . 057340 2.0 . 80 590 650 74.511 1 00-11.50

2-2-6 8 x10 43885 . 057324 3.0 . 80 590 650 74.511 1 00-11.75

2-3-1 8 x 10 43714 . 057441 2.5 . 56 775 820 74.645 1 00-11.50

2-3-4 5x7 43715 . 057440 0.5 . 52 775 820 74.645 1 00-7.75

2-1-9 5x7 43730 .057430 5.5 .46 718 747 29.725 6 00-18.75

2-1-10 8 x 10 43739 . 057424 6.0 . 46 718 747 29.725 6 00-19.00

2-4-2d 5 x7 43721 . 057436 4.0 . 50 725 813 29.594 6 00-18.75

2-4-3 8 x 10 43752 . 057415 4.5 . 50 725 813 29.594 6 00-28.50

2-4-4 5x7 43762 .057408 5.0 .50 725 813 29.594 6 00-18.50

aKodak process plates.
b Wavelengths were determined from accelerating voltage which was calibrated against diffraction

patterns of gaseous CO2.
Temperature range of nozzle due to heating voltage being off during exposure.c

dPlates not spun due to gross imperfections.
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Table 2. Scattering amplitudes (Ai) and phase shifts (iii) for
tantalum, nickel and chlorine.\ D s . 00 . 25 . 50 . 75

2
A. (s)s for tantalum taken from the International Tables

i
0.00 0 .9797 3.6663 7.7094
1.00 12.7635 18.4911 24.5730 30.7036
2.00 36.5819 42.0015 46.8816 51.2573
3.00 55.2591 59.0274 62.6491 66.1464
4.00 69.5312 72.7783 75.9035 78.9180
5.00 81.8485 84.6644 87.3868 89.9905
6.00 92.5082 94.9048 97.1795 99.3104
7.00 101.3070 103.1949 105.0955 106.9960
8.00 108.9178 110.7917 112.5826 114.2249
9.00 115.8083 117.3047 118.8252 120.2613

10.00 121.6909 122.9755 124.2416 125.4606
11.00 126.7691 127.9360 129.0600 130.1094
12.00 131.2371 132.4038 133.6417 134.7309
13.00 135.8100 137.0250 138.4111 139.7530
14.00 141.0079 142.0345 143.0589 144.2083
15.00 145.6199 146.9745 148.3511 149.4677
16.00 150.3555 151.0656 151.8158 152.3947
17.00 153.0451 153.5777 153.9992 154.6017
18.00 155.4487 156.4204 157.3104 158.0258
19.00 158.7012 159.6773 161.0443 162.4792
20.00 163.4236 164.0348 164.3900 164.9050
21.00 164.9881 167.0047 167.9090 168.7107
22.00 169.2702 169.8333 170.8820 172.0528
23. 00 173. 3898 174. 1930 174. 71 25 174. 7788
24.00 175. 2818 176.3948 177.9543 178.9831
25.00 179.9722 180.2425 180.2897 180.4144
26.00 180.8537 181.4746 182.6777 183.4695
27.00 183.8314 183.9851 184.2308 184.7752
28.00 185.5695 185.4974 185.2484 183.8475
29.00 182.3026 179.6681 179.8693 179.2721
30.00 179.3023

A. (s)s2 for nickel taken from the Cox tables
1

0.00 -0.0015 . 4331 1.6899 3.6035
1.00 5.9334 8.6695 11.9580 15.4736
2.00 18.6328 21.2964 23.5546 25.7267
3.00 28.2385 30.9553 33.5159 35.9526
4.00 38.3538 40.6967 42.9795 45.1961
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Table 2. Continued.

s \iss . 00 . 25 . 50 . 75

5.00 47.3440 49.4174 51.4143 53.3301
6.00 55.1643 56.9139 58.5931 60.1391
7.00 61.4745 62.9676 65.0293 67.1789
8.00 68.7213 69.5074 69.6949 69.8976
9.00 70.6748 71.7470 72.7290 73.6195

10.00 74.4072 75.0375 75.5229 75.9842
11.00 76.5388 77.1398 77.7139 78.2488
12.00 78.7383 79.1971 79.6473 80.0881
13.00 80.5170 80.9343 81.3392 81.7348
14.00 82.1251 82.4968 82.8371 83.1663
15.00 83.5110 83.8764 84.2568 84.6285
16.00 84.9712 85.2980 85.6251 85.9509
17.00 86.2732 86.5917 86.9057 87.2155
18.00 87.5217 87.8253 88.1269 88.4257
19.00 88.7206 89.0140 89.3086 89.6030
20.00 89.8949 90.1814 90.4601 90.7339
21.00 91.0067 91.2713 91.5200 91.7923
22.00 92.1119 92.4967 92.9262 93.1276
23.00 92.8600 92.0467 90.7797 89.6755
24.00 89.3538 89.9973 91.5182 93.3110
25.00 94.7028 95.5302 95.8230 95.8364
26.00 95.8959 96.0393 96.2497 96.4923
27.00 96.7059 96.8981 97.0802 97.2590
28.00 97.4438 97.6371 97.8379 98.0398
29.00 98.2354 98.4233 98.6039 98.7801
30.00 98.9555 99.1299 99.3019 99.4745

A. (s)s 2 for chlorine taken from the Cox tables
i
0.00 . 0044 . 3090 1.2601 2.7588
1.00 4.7089 7.0095 9.5411 12.1915
2.00 14.8590 17.4637 19.9429 22.2575
3.00 24.3818 26.3090 28.0389 29.5834
4.00 30.9559 32.1760 33.2621 34.2344
5.00 35.1106 35.9081 36.6423 37.3260
6.00 37.9711 38.5859 39.1786 39.7549
7.00 40.3215 40.8811 41.4371 41.9892
8.00 42.5384 43.0854 43.6329 44.1793
9.00 44.7244 45.2662 45.8044 46.3391

10.00 46.8712 47.3981 47.9181 48.4293
11.00 48.9311 49.4243 49.9109 50.3887
12.00 50.8557 51.3116 51.7577 52.1931
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Table 2. Continued.

s As .00 . 25 .50 . 75

13.00 52.6168 53.0278 53.4260 53.8134
14.00 54.1913 54.5578 54.9111 55.2536
15.00 55.5874 55.9120 56.2264 56.5278
16.00 56.8142 57.0894 57.3582 57.6198
17.00 57.8717 58.1123 58.3412 58.5624
18.00 58.7794 58.9887 59.1866 59.3769
19.00 59.5645 59.7496 59.9308 60.1036
20.00 60.2649 60.4172 60.5635 60.7046
21.00 60.8415 60.9750 61.1057 61.2318
22.00 61.3515 61.4646 61.5717 61.6744
23.00 61.7745 61.8727 61.9692 62.0645
24.00 62.1587 62.2520 62.3444 62.4356
25.00 62.5251 62.6126 62.6979 62.7782
26.00 62.8508 62.9151 62.9720 63.0257
27.00 63.0812 63.1396 63.2012 63.2656
28.00 63.3319 63.4003 63.4702 63.5389
29.00 63.6036 63.6633 63.7179 63.7680
30.00 63.8142 63.8568 63.8961 63.9342

Ti(s) for mercury taken from the International Tables
0.00 . 2690 . 2819 .3012 .3252
1.00 .3524 .3805 . 4090 . 4390
2.00 . 4705 .5024 . 5362 .5733
3.00 . 6100 . 645 7 . 6833 . 7205
4.00 .7590 .8000 .8390 .8805
5.00 . 9233 . 9676 1.0090 1.0476
6.00 1.0833 1.1205 1.1590 1.2000
7.00 1.2410 1.2795 1.3176 1.3529
8.00 1.3871 1.4233 1.4610 1.4952
9. 00 1.5310 1.5643 1.5957 1.6300

10.00 1.6643 1.6957 1.7300 1.7643
11.00 1.7967 1.8286 1.8614 1.8933
12.00 1.9267 1.9595 1.9910 2.0200
13.00 2.0500 2.0800 2.1100 2.1400
14.00 2.1700 2.2000 2.2300 2.2610
15.00 2.2895 2.3167 2.3433 2.3705
16.00 2.4000 2.4295 2.4567 2.4833
17.00 2.5105 2.5400 2.5695 2.5967
18.00 2.6243 2.6500 2.6757 2.7043
19.00 2.7310 2.7552 2.7810 2.8033
20.00 2.8271 2.8529 2.8767 2.9000
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Table 2. Continued.

s As .00 .25 .50 .75

21.00 2.9243 2.9467 2.9695 2.9910

22.00 3.0090 3.0305 3.0533 3.0767

23.00 3.0995 3.1210 3.1400 3.1600

24.00 3.1800 3.2000 3.2200 3.2400

25.00 3.2600 3.2790 3.3005 3.3233

26.00 3.3467 3.3695 3.3910 3.4100

27.00 3.4300 3.4510 3.4695 3.4867

28.00 3.5033 3.5205 3.5390 3.5600

29.00 3.5800 3.6000 3.6200 3.6400

30.00 3.6600

i.(s) for nickel taken from the Cox tables
i

0.00 .1498 .1511 .1553 .1622

1.00 .1714 .1800 .1961 .2355

2.00 .2732 .2828 .2843 .2889

3.00 .2965 .3125 .3312 .3483

4.00 .3650 .3815 .3977 .4137

5.00 .4295 .4453 .4609 .4765

6.00 .4921 .5077 .5233 .5390

7.00 .5547 .5706 .5865 .6025

8.00 .6186 .6347 .6509 .6672

9.00 .6836 .6999 .7162 .7327

10.00 .7491 .7655 .7818 .7981

11.00 .8143 .8304 .8465 .8625

12.00 .8784 .8941 .9097 .9252

13.00 .9404 .9556 .9706 .9854

14.00 1.0001 1.0145 1.0287 1.0428

15.00 1.0567 1.0704 1.0839 1.0972

16.00 1.1104 1.1233 1.1361 1.1487

17.00 1.1610 1.1732 1.1853 1.1971

18.00 1.2088 1.2204 1.2317 1.2429

19.00 1.2540 1.2649 1.2756 1.2862

20.00 1.2967 1.3070 1.3172 1.3273

21.00 1.3372 1.3471 1.3568 1.3664

22.00 1.3759 1.3853 1.3946 1.4038

23.00 1.4130 1.4220 1.4310 1.4398

24.00 1.4486 1.4573 1.4659 1.4744

25.00 1.4829 1.4913 1.4996 1.5078

26.00 1.5160 1.5242 1.5323 1.5403

27.00 1.5483 1.5562 1.5641 1.5719
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Table 2. Continued.

NAs .00 .. 25 .50 75

28.00 1.5796 1.5872 1.5950
29.00 1.6101 1.6176 1.6251
30.00 1.6399 1.6473 1.6546

ri.(s) for chlorine taken from the Cox tables

1.6026
1.6325
1.6619

0.00 .1174 .1179 .1196 .1223
1.00 .1261 .1311 .1371 .1441
2.00 .1521 .1611 .1711 .1819
3.00 .1936 .2060 .2191 .2329
4.00 .2472 .2619 .2769 .2922
5.00 .3077 .3231 .3386 .3539
6.00 .3690 .3839 .3984 .4127
7.00 .4266 .4401 .4533 .4659
8.00 .4782 .4902 .5017 .5129
9.00 .5237 .5342 .5444 .5544

10.00 .5640 .5735 .5827 .5918
11.00 .6006 .6093 .6179 .6263
12.00 .6345 .6427 .6508 . 6588
13.00 . 6668 . 6746 . 6824 . 6901
14.00 . 6977 .7053 .7129 .7204
15.00 .7279 .7354 .7427 .7501
16.00 .7574 .7647 .7720 .7792
17.00 .7864 .7936 .8007 .8078
18,00 .8149 .8219 .8289 .8359
19.00 ,8428 .8496 .8566 .8634
20.00 .8701 .8769 .8836 .8903
21.00 .8970 .9036 .9101 .9166
22.00 .9231 .9296 .9360 .9424
23.00 .9487 .9550 .9612 .9674
24.00 .9736 .9797 .9858 .9918
25.00 .9978 1.0038 1.0097 1.0155
26.00 1.0213 1.0271 1.0328 1.0385
27.00 1.0442 1.0498 1.0553 1.0609
28.00 1.0664 1.0718 1.0772 1.0826
29.00 1.0879 1.0932 1.0984 1.1036
30.00 1.1087 1.1139 1.1190 1.1240
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Table 3. Experimental intensity curves [sIm(s)] for NiC12.

Long camera distance (75 cm) Plate 2-2-1

1.00 .26 .64 -1.08 -2.50
2.00 -3.74 -4.58 -4.87 -3.18
3.00 .37 6.66 12.34 13.58
4.00 11.29 4.20 -3.07 -11.43
5.00 -14.57 -17.50 -14.87 -7.11
6.00 3.00 15.71 18.76 24.61
7.00 14.49 2.06 -10.48 -16.41
8.00 -17.60 -17.11 -17.63 -9.14
9.00 -1.60 12.45 18.09 13.73

10.00 17.97 14.62 6.81 -4.45
11.00 -12.62 -13.34 -4.95

Long camera distance (75 cm) Plate 2-2-4
1.00 .13 . 90 -0.46 -1.45
2.00 -2.19 -3.50 -4.33 -2.24
3.00 .68 9. 01 14.78 15.32
4.00 11.33 2.81 -5.87 -14.60
5.00 -17.28 -20.27 -17.88 -6. 56
6.00 3.15 23.58 31.26 30.19
7.00 18.75 2.51 -7.23 -17.10
8.00 -21.45 -16.51 -17.41 -6.26
9.00 5.50 4.48 15.34 23.50

10.00 14.91 8.82 1.60 -10.64
11.00 -15.35 -9.54 2.76

Long camera distance (75 cm) Plate 2 -2-6
1.00 . 24 .50 -0.57 -1.38
2.00 -2.16 -2.95 -3.34 -1.24
3.00 2.01 7.50 12.27 13.62
4.00 10.37 3.34 -4.60 -12.26
5.00 -18.93 -20.97 -18.80 -9.48
6.00 2.21 16.02 22.53 21.42
7.00 12.73 1.91 -9.82 -17.87
8.00 -21.70 -19.68 -15.20 -10.56
9.00 -1.08 11.51 19.57 21.43

10.00 17.81 8.77 -0.69 -4.46
11.00 -14.60 -14.87 -16.47
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Table 3. Continued.

s \As .00 . 25 .50 .75

Long camera distance (75 cm) Plate 2-3-1

1.00 1.48 .72 -0.48 -2.02
2.00 _3.68 -5.54 -6.39 -4.99
3.00 -1.18 5.53 11.2,8 13.13
4.00 9.90 4.88 -2.85 -8.09
5.00 -12.65 -15.98 -15.14 -8.61
6.00 1.14 12.98 21.40 21.52
7.00 14.27 4.26 -6.33 -14.02
8.00 -17.27 -18.88 -15.03 -10.00
9.00 1.62 11.19 25.56 28.02

10.00 21.95 17.56 4.66 1.80
11.00 -3.53 -4.48 1.67

Long camera distance (75 cm) Plate 2-3-4

1.00
2.00
3.00
4.00
5.00
6.00
7.00

3.12
-5.65

. 29
16.82

-26.60
8.46

21.97

1.89
-8.49
11.06
6.14

-31.65
31.96
3.96

-0.19
-9.68
20.10
-5.88

-27.81
41.90

-18.04

-2.87
-7.22
22.3-3

-16. 9)
-14 06
39.84

-30.73

Middle camera distance (30 cm) Plate 2-1-9

8.00 -92.58 -71.24 -58.02 -11.54
9.00 21.10 94.06 137.00 143.84

10.00 101.58 18.60 -37.29 -76.91
11.00 -90.15 -105.27 -131.99 -72.38
12.00 -2.46 47.58 87.05 106.94
13.00 109.35 72.21 -3.23 -29.64
14.00 -83.05 -94.62 -157.00 -113.81
15.00 -60.13 31.40 56.60 114.57
16.00 125.22 64.64 4.38 29.83
17.00 -26.58 -50.87 -66.05 -2.55
18.00 -22.69 -18.65 83.24
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Table 3. Continued.

s\1N S . 00 ..25 .50 .75

Middle camera distance (30 cm) Plate 2-4-2

8.00 -103.74 -108.76 -101.48 -106.07
9.00 13.93 90.19 160.20 197.24
10.00 141.71 44.32 2.34 -53.49
11.00 -111.45 -147.76 -166.33 -128.34
12.00 -41.41 32.33 124.07 151.63
13.00 131.79 95.62 31.34 -45.22
14.00 -70.67 -108.72 -122.70 -102.03
15.00 -67.75 32.42 52.31 155.50
16.00 157.27 125.16 22.12 9.32
17.00 -80.09 -88.85 -118.90 -102.84
18.00 -78.81 -60.51 -17.39

Middle camera distance (30 cm) Plate 2-4-3

8.00 -109.87 -119.17 -92.81 -65.58
9.00 -20.03 31.96 87.03 117.47
10.00 111.65 72.04 15.36 -27.68
11.00 -61.05 -70.63 -83.21 -65.14
12.00 -31.48 16.61 74.76 98.14
13.00 93.09 61.03 33.76 -15.86
14.00 -73.30 -98.29 -118.66 -95.81
15.00 -55.59 15.54 77.45 89.41
16.00 100.50 71.51 35.02 -10.81
17.00 -32.52 -66.88 -84.68 -114.37
18.00 -43.05 -19.57 35.87 74.58
19.00 84.01 60.97 36.44 5.22
20.00 -24.54 -72.07 -66.82 -54.47
21.00 -48.51 -5.00 41.40 54.11
22.00 74.06 98.81 51.97 28.28
23.00 -41.98 -17.61 -40.01 -64.11
24.00 -81.15 -41.15 -22.55 29.05
25.00 75.20 62.84 1.35 31.50
26.00 29.85 23.36 17.89 53.46
27.00 -15.84 28.67 13.14 39.67
28.00 20.69 .95 3.28
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Table 3. Continued.

s\As .00 .25 .50 .75

Middle camera distance (30 cm) Plate 2-4-4

8.00 -105.20 -101.54 -82.71 -55.27
9.00 -2.75 64.37 135.80 167.53

10.00 95.96 57.01 -8.08 -59.63
11.00 -96.07 -119.84 -117.62 -97.18
12.00 -25.44 18.26 58.54 107.54
13.00 100.20 59.60 21.95 -17.46
14.00 -52.49 -78.01 -87.54 -77.49
15.00 -35.21 11.42 86.60 80.02
16.00 92.42 32.19 2.52 -15.89
17.00 -50.83 -49.43 -60.63 -54.40
18.00 -30.87 -8.85 80.01

Middle camera distance (30 cm) Plate 2-1-10

8.00 -103.64 -80.57 -57.21 -16.42
9.00 25.39 55.93 97.61 95.61

10.00 60.47 16.11 -47.78 -77.85
11.00 -78.90 -72.68 -53.71 -35.53
12.00 -12.91 28.37 68.00 64.36
13.00 48.56 37.03 13.82 -15.70
14.00 -32.77 -44.05 -60.87 -46.25
15.00 -28.83 10.33 37.80 35.07
16.00 62.43 25.10 28.25 8.27
17.00 -28.98 -24.01 -65.01 -26.74
18.00 -23.54 -20.47 -9.77
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Table 4. Parameters necessary to describe NiC12/NiCl/TaC15 /C12
system.

Type of
Parameter

Bonded:

Species
NiC1

2
NiC1 TaC15 C12

Distances Ni -C1 Ni -C1Ni-Clm Ta-Cl C1axial(a) 2

Ta-C1equatorial(e)

Amplitudes .e .eNi-Cld m Ta-Cl C12
a

/Ta-C1
e

Non-Bonded:

Distances C1... Cl Cl ...Cla e

Cl...Cl
e e

Cl... Cla a

Amplitudes ia-eCl... Cl

e-e
/a-a

Mole Fraction Xd. Xm XTa XC12
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Table 5. Starting values and typical least squares results.

Basic Run Number
Parameter Modelb LS1 LS2 LS3 LS4 LS5 LS6

Xd 17 X
Ta . 577 .637 . 431 . 443 . 536 . 540

XTa XTa .223 . 163 .069 . 057 .051 .043

X
m

X
m

[ 20] [. 20] [. 50] [. 50] . 413 .416

Ni-Cl
d

2.07 2.061 2.061 2.053 2.060 2.067 2.070

Cl... Cl 4.14 4.122 4.123 4.106 4.120 4.134 4.108

f
Ni-Cld

.075 .055 .066 .047 .049 .060 .062

/ 106 111 100 108 113Cl... Cl . .095 . .098 . . .

Ta-Cle 2.28 2.201 [2.28] [2.28] [2.28] [2.28] [2.28]

Ta-Cl
a

2.33 2.251 [2.33] [2.33] [2.33] [2.33] [2.33]

Cla... Cle 3.26 3.148 [3.26] [3.26] [3.26 ] [3.26] [3.26]

Cle.. . Cle 3.94 3.812 [3.95] [3.95] [3.95] [3.95] [3.95]

Cla... Cla 4.66 4.502 [4,66] [4.66] [4.66 ] [4.66] [4.66]

/ 075 140 130 [. 067] [. 067] [. 067] [. 067]Ta-Cl
e

, . .

.e .075 .140 .130 [.067] [.067] [.067] [.067]Ta-Cla

f
a-e .168 .253 .260 .181 .172 .165 .164

/
e-e .206 . 178 . 162 . 160 . 138 . 130 [.160]

/
a-a . 131 [. 150] [. 150] [. 150] [. 150] [. 150] [. 150]

Ni-Clm 2.20 [2,20] [2.20] [2.20] 2.222 2.257 2.267

f
m . 080 [. 08] [. 08] [. 08] [. 08] [ 08] [. 08]

XC1
2

0.0 .100 .150 .124 .146

CL
2

1.98 [1.98] [1.98] [1.98] [1.98]

C12 .064 [.064] [.064] [.064] [.064]

Ra 13971 . 17449 . 15674 . 15326 14701 . 14482
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Table 5. Continued.

Parameter
Run Number

LS7 LS8 LS9 LS10 LS11 LS12 LS13 LS14
X

d
543 . 433 .388 555 . 551 567 . 554 . 566

XTa .040 .072 .062 027 .032 .041 .036 .040

Xm .415 .495 [. 55] .418 .417 .393 .409 .394

Ni-Cld 2.072 2.055 2.055 2.076 2.073 2.073 2.072 2.073

Cl. .. Cl (4, 176) (4, 170) (4. 167) (4. 172) (4. 167) (4. 176) (4. 174) (4. 176)

/
Ni-Cld

.063 .047 .043 .068 .066 .068 .066 .068

1 (.078) (.064) (.061) (.083) (.079) (.080) (.080) (.079)Cl... Cl

Ta-Cl
e

[2, 28] [2,28] [2. 28] [2. 31] [2, 28] [2.28] [2. 292] [2, 268]

Ta-Cl
a

[2, 33] [2.33] [2. 33] [2. 36] [2, 33] [2. 33] [2. 312] [2. 348]

Cl
a.

Cle [3,26] [3.26] [3.26] [3.30] [3.26] [3,26] [3,256] [3.265]

CIe... CI
e

[3. 95] [3. 95] [3. 95] [4.00] [3, 95] [3. 95] [3. 970] [3, 928]

Cla. . . CI
a

[4.66 ] [4, 66 ] [4.66 ] [4, 72 ] [4, 66 ] [4, 66 ] [4, 624] [4.696 ]

[.067] [. 067] [. 067] [.067] [.057] [. 077] [ 067] [, 067]Ta-C1

Ta-Cla [. 067] [ 067] [. 067] [. 067] [. 057] [. 077] [. 067] [. 067]

12

a-e .164 . 183 . 178 . 143 . 138 . 159 . 149 . 158

1
e-e [.160] [. 160] [. 160] [ 160] [. 160] [. 160] [160] [. 160]

/
a-a [. 090] [ 090] [. 090] [. 090] [. 090] [. 090] [. 090] [. 090]

Ni-Clm 2.272 [2.20] [2, 20] 2. 291 2.279 2. 282 2.278 2. 281

[.08] [ 08] [08] [ 08] [08] [ 08] [08] [.08]

XC1
2

145 . 173 . 193 146 146 . 137 . 143 . 138

C12 [1. 98] [2.00] [2.00] [2.00] [2.00] [2.00] [2.00] [2.00]

C12
[.064] [. 064] [ 064] [. 064] [.064] [. 064] [ 064] [. 064]

R
a

14464 16070 . 16495 . 14564 . 14781 . 14464 . 14613 . 14508
Notes: [ ] indicates a parameter held constant during a refinement.

( ) indicates values obtained under the harmonic weighting scheme (see text).

w . 2 /Z (A),I2(obs)]1 /2a R = where A . = I.(obs) - ycalc)
i i

b These values used as starting values in the majority of the refinements.
Mole fractions to be chosen subject to Equation 2.
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Table 6. Four best least-squares refinements and their average.

Parameter

Run Number
LS7 LS12 LS13

Value cr

2 Std.
Error Value a-

2 Std.
Error Value CT

2 Std.
Error

X
d

.545 .037 .075 .567 .038 .071 .554 .040 .080

Ni-Cld 2.072 .004 .012 2.073 .004 .012 2.072 .005 .014

Cl... Cl 4. 176 .020 .058 4. 176 .020 .056 4. 174 .021 .059

.012 .066 .005 .014
Ni-Cld

.063 .005 .013 .068 .004

.080 .020 .056
Cl ... Cl .078 .020 .056 .080 .019 .054

XTa .040 .012 .025 .041 .014 .027 .036 .013 .026

Ta-Cl
avg

2. 30 2.30 2.30

Splits .05 .05 .02

/ .067 .077 .067Ta-Cla,
e

/
a-e .160 .048 .159 .049 .149 .053

e-e 160 . 160 . 160

a-a
.090 .090 .090

Xm .415 .036 .072 .393 .040 .079 .409 .035 .070

Ni-Clm 2. 272 048 164 2. 282 . 049 . 166 2. 278 . 053 . 176

m .080 .080 .080

XC1
2

.145 .137 .143

C12 2.00 2.00 2.00

.064
C1

2

.064 .064



81

Table 6. Continued.

Parameter

Run Number

Corrected
Value

LS14 Average

Value v
2 Std.
Error Value Cr

2 Std.
Error

X
d

Ni-Cld

Cl... Cl

Ni-Cld

Cl... Cl

XTa

Ta-Cl
avg

Splits

I
Ta-C1a, e

1
a-e

e-e

a-a

Xm

Ni-Clm

m

XC1
2

C12

1
C12

.566

2.073

4.175

.068

.079

.040

2.30

.08

.067

.158

.160

.090

.394

2.281

.080

.138

2.00

.064

.036

.004

.020

.004

.019

.014

.050

.040

.050

.073

.012

.057

.013

.054

.027

.079

. 168

. 558

2.073

4.175

.066

.079

.039

2.30

.05

.072

.157

. 160

.090

.402

2.278

.080

.140

2.00

.064

.037

.004

.020

.005

.020

.013

.02

.03

.005

.050

.038

.050

.074

.013

.058

.013

.055

.026

.075

168

.491

.034

.354

. 123

a
Split is the difference between Ta-Cl

a
and Ta-Cl

e,
and Ta-Cl

avg
is an average of these two

distances.
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Table 7. Correlation matrix showing interrelations of refined param-
eters. Matrix is symmetric, From LS12.

XTa Xm
Cl.Cl...C1

i-Cld Cl...C1 Ni-C1m

1.00 -.61
1.00

.33

-.69
1.00

.96
-.57

. 20

1.00

.24

-. 11

. 04

.24

1.00

.80

-.86
. 58

.77

. 18

1.00

-.03
.07

-. 05

-.04
-.02
-.04
1.00

-.28
.47

-. 32

-.26
-.04
-.40

. 01

1.00
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V

TANTALUM

STAINLESS STEEL

GRAPHITE

ALUMINUM OXIDE

Figure 1. Cross section of the final oven design. Details of the oven
components are described in text.
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Figure 2. Plot of log resistivity (ohms-cm) of aluminum oxide versus
temperature.
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Figure 3. Plot of thermal conductivity (cal/cm-sec-°C) of aluminum
oxide versus temperature.
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1:1 Columbium Ground Rod

0 A1205 Crucible Support
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TEMPERATURE ( C x10-2 )

Figure 4. Plot of conductive power loss (cal/sec) of final oven design
versus temperature.
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Figure 5. Plot of radiation power loss (cal/sec) of final oven design
versus temperature.
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MOLYBDENUM

InGRAPHITE

Figure 6. Original crucible design utilizing two parts which screwed
together.

Figure 7. Second crucible design utilizing a tapered joint for joining
the two parts.
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Figure 8. Side view of the filament support. Holes for fastening the
filament to the support are omitted for clarity. Perpen-
dicular cross section is circular.

O

Figure 9. Side and front views of outer shield.
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1111

tt
fIIM 4IM --- 114111

I1 OM IND J..

Figure 10. Side view of the oven adapter ring. Tapped
holes for set screws omitted for clarity.
Perpendicular cross section is circular.





Figure lla. Oven adapter ring in place on oven support.
Rear oven liner, crucible support and crucible
are in position.

Figure 11b. Filament support in position and leads connected
to power input leads.

Figure 11c. Oven completely assembled with thermocouples
in position.



Figure 12a. Outer end of low temperature nozzle showing
positioning mechanism.

Figure 12b. High vacuum side of nozzle mechanism.

Figure 12c. Outer end of oven support mechanism.
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Figure 13. Basic power supply circuitry for electron-bombardment heating.
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Figure 14. Schematic of power supply used with the high-temperature oven.
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Figure 15. Schematic of temperature controller.
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9101112 A 14 15 16
mV

Figure 16. Calibration curves for tip thermocouple (.040")
and body thermocouple (.0625").

16 ID 20 22 24 26 20 30
mV

Figure 17. Calibration curve for standard thermocouple
provided by U. S. Bureau of Mines.
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Figure 18. Calibration curve for indicator meter.
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Figure 19. Experimental intensity curves [sIm(s)] presented in
order of Table 3. Composite experimental curve.
Theoretical intensity calculated from values of Table 6.
Difference between experimental and theoretical intensity
curves.



a

1 2 3 6 7 A

Figure 20. Early radial distribution curve calculated from composite intensity curve (Figure 19)
with inner peak (0 < s < 1. 75) based on linear NiC1

2
model. B = 0. 004.___
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EXPERIMENTAL

, .

THEORETICAL

. .

DIFFERENCE--- ______,...-- ,

2 3 4 S A

Figure 21. Final experimental radial distribution curve calculated
from composite intensity curve (Figure 19) with inner
peak (0 < s < 1.75) from theoretical curve (Figure 19).
Theoretical radial distribution curve calculated from
theoretical intensity curve (Figure 19). Difference curve
(experimental - theoretical). B = 0.004.
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NiCI 2

Ta CI5

NiCI

Figure 22. Molecular configurations of three species present in
NiCl2 vapor.
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