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Single Crystal LaB6

by

Max Arnold Noack

ABSTRACT

Single crystals of LaB6 Qere prepared by float zone refining of
,hotvpressed blocks of LQB6; The orientations  studied weré (001),
(110), and a high index plane. The resulting crystals and the as-
received ﬁaterialrwere chemically analyzed by the following technigques:
vacuum fusion, combustion aﬁalysis, éelf-arc mass spectroscopy, and
wet chemical ahalysis.: The first twovtechniques pr;vided accurate
- analysis for 0, N, H, and C. The remaining elements except for La
and B were determined by mass spectroscopy. The wet chemical anélfées
. determined the B/La ratio. Two batches‘of as-réceived material had
B/La ratios of 6.0 and 5.8, respectively. Slightly lqwer.B/Lav;atibs
were obtained in the single crystals grown‘by the float zone technique
from these materials. The singlg cry;téls were further ghafactgrized'
by measurements of lattice parameter and dén;ity; _

The work function values were determined by thelFﬁRf me;hod aﬁd
the thermionic method. The work function measurements in c&njunction
with Auger analysis of these crystalé prp;ided‘iﬂsight infp tﬁev
electron emission character of LaBg - These results indicate thap for
'maximum emission from a crystal plane a proper heat treatment is

necessary,

*



The brightness of these crystals was measured in a Cambridge S-4
§canning electron microscope using a Broers type gun. The results
show that a brightness of‘106 amp/cm2 steradian (20kV) may be achieved

with a single crystal LaBg cathode operating at a tehperature of 1900°K

which corresponds to a lifetime greater than 500 hrs. for 1 mm éathodes.



INTRODUCTION

- It is recognized that the performance of most electron beam instru-
ments is limited by the brightness of the electron source. The bright-
ness of the source determines the maximum current available for a

focused beam diameter of a given divergence angle given by the following

relaﬁionship.
1 = erd’e?/c | (1)
where I = beam current
B = beam brightness
m™ = pi, a constant
d = beam diameter
o = beam divergence half angle

C = a constant

The briéhtness of a source is the current density per unit solid
angle '(amp/crh2 - steradian) supplied by the emitter. The brightness
of thermal cathode electron guns is given by thé following relationship -

vhich can be derived from the work of Langmuir (1).

B S -
_Tc ev, .~ "¢ 11,605V
B =3 a1+ KT~ w T (2)
where Jc = specific emission of the cathode
e = electron charge
V = accelerating potential
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Boltzmann's constant

=
1]

absolute temperature of the cathode

The cathode current density, Jc’ can be increased by an increase of the
cathode temperature according to the well-known Richardson-Laue-

- Dushmann equation.

3, = AT? (1-T) exp (-eg/KT) (3)

where A = universal thermionic constant
T = absolute temperature of cathode
T = reflection coefficient
e = electron charge

¢ = work function of cathode

oY
I

Boltzmann's constant

-

However, as the temperature is increased, the lifetime of the catﬁodg
becomes severely limited. The most widely used source, the tungsten
thermionic filament, has a cathode current density of about 1A/cm2 for
an acceptable lifetime of 30 hours. - |

The most.p:omising approach to simultaneously improving the
brightness and lifetime is the use of thermionic emitters with a lower
work function'than tungsten. Lafferty (2) investigated several materials

and recommended lanthanum hexaboride, LaB as a high brightness elec-

6’

tron emitter in '1951. He showed that higher ratios of electron emission

density to evaporation. rate exist for LaB6 than for tungsten, and that



" the electron emission from LaB6 is maintained under the usual vacuum
conditions (~10-6 mmHg) found in deﬁountable vacuum systems. Shortl&‘
thergaftér, many investigations of'LaB6 were repo;ted. Heemstra (3)
aﬁd“later Decker and Stebbins‘(4) measured the work function of LaB6
at Ames Laboratory, Ames, Iowa. The lqnthanum-boron phase diagram was
also determined there (5). Bertaut arnd Blum (6) measured the lattice
parameter of LaB6 prepafed by electrolysis of a fused salt bath. .
Post et gl. (7) measured the lattice pafameter of LaB6 prepared by
reduction of lanthanum oxide with boron powder. 4However, the use

of LaB6

immediately.

as a cathode material in electron guns did not follow

‘Because LaB, is a brittle material and quite chemically reaétive
at the temﬁerature of interest{ it requires an electron gun designﬁ
differeﬁt from the conventional tupgstén electron gun for its utiliéa-

“tion. The use of_LaB6 as a cathode mgteri§1 wag initia;ed primafily.
by thé Broers' gun Qesign in 1967 (8). Subsequent evalugtio# of LaB6:
as a cathode ip an electron gun revealed improyements with respect
to fhe'tungsteq haifpin cathode as regards brightness ahd cathode
lite (8,9,10,11).

Hoﬁever, there was disagreement among investigators about the
maximum brightness to be expected from LaB6 (12,13),‘ This wasla

result of the uncertainty in the knowlédge of the specific emission of

the LaB, cathode, 1In the Handbook of Thermionic PrOperfies by -

V. S. Fomenko (14), the effective'work functions listed range from



2.7 to 3.2 eV, Investigators even disagreed about the effect of vary-

ing the boron to lanthanum composition. In High-Temperature Compounds

of Rare Earth Metals with Nonﬁépgls, Samsonov (15) reports a work
function of 2.16 eV for LaB6 with an effective'compqsiti;n LaBlz.
This would imply an increase in boron content lowered the work fupction.
Howéver,.Ermakov gg al. (16) observed the opposite effect. For a given
purity of LaB6, they reported an increaée in work function with an |
increase in the boron content.

It was thought that the'disagreements and the large scatter of the
reported data were a re?ult pf using sinteréd L#B6 materials in these

investigations. The absence of large enough pieces of single crystai

LaB, to make complete cathodes was attributed by Broers' (17) as a

6 .
ﬁajér reason for the difficulty in obtainipg the maximum brightness.
He reported "lobes" of high electron emission were obtaingd with
sintered material. , |
The purpose of this investigation was to provide data on the

electron emission of LaB6. These data cbuld then provide reliable
information for‘qbtaining the maximum pe;fo;mance of LaB, as an elec-.
tron emitter. For this information to be reliable, it was ;hought'
thaf the measurements would need to be dpne on cgrefplly chgraqtgrized
single crystal material. |
This_project was ¢onduéted in four parts. First;‘single crystals

.of LaB6 that were large enough to make complete cathodes were produced.

Second, these crystals were characterized by purity, ‘boron and



lanthanum composition, melting point, density, lattice parameter; and
crystallographic orientation. Then, the brightness and lifetimes
were evaluated in an electron gun similar to Broers' design. Lastly,

the specific emission of the single crystal LaB, was measuredl.

1y cooperative arrangement with Dr. L. Swanson of Oregon Graduate
Center, Beaverton, Oregon, provided these measurements.



 EXPERIMENTAL WORK

A Float Zone Refining Techniqué
. For fefractory materials, float zone melting has been shown to be
a successful process for producing ultra-high purity material (18).
-In this process, the melted portion of a rod is held in place only by
ité own surface tenéion, theréby avoiding contamination by a cruciblé.
container. The small molten zone is passed along a vertical rod.
Very slow solidification rates can be achieved by controlling the
traverse rate of the molten zone along the rod. Single crystals are
likely to result from the slow solidification rate.
The method of heating to produce the molten zone varies. If
the material has a ;ow vapor pressure at the melting point, elgctron‘:
bombardment heating can be used. However, the high vapor pressugé of

LaB, excluded this method. Another common method of heating uses rf

6
induced éurreﬁt. This techniqpe was used by pthers (19,20,21) to.
produce large diameter rods of boride materials. However, the con-
trol of the'power output of rf generators is very sluggish. Also,
the force of the magnetic field'produced by the alternating currenf
has a tepdency to pinch ;he molten zone. Because of thgse charaé;er-
istics of the rf induction method, preparatidq_of a rod of suitable
‘uﬁifo¥m diameter was not deemed probable by this methodi‘ Laser beam
heating and the electric arc were considered to have a sufficient |

control of their power output to be usable for such small diameter

rods. Because of the greater simplicity, lower cost, and availability,



the electric arc was chosen as the method of heating.

Apparatus

The essential components used in this arc float zone technique
are illustrated schematically in Figure 1. Stainless steel rods,
% inch in diameter, were machined with a longitudinal groove in the

ends to hold the starting rods of hot pressed LaB The rods were

6°
held in‘the grooves by a spring loaded tantaluﬁ cylinder. This
arrangement allowed for thermal exP;nsion of the rods while maint:ain-
ing the vertigal alignment. ihisiwas important when initiating
successive passes. Otherwise, thé thermal stress caused a large jog
" to result at the molten interface, a?d this.prevented further
traverse of the molten zone. The lower rod was‘attached to a micro-
manipulator. This allowed rods of different lengths between 20 ;nd |
50 mm to be used. The manipulator was also‘used when necessary to
éhaqge the sizé>of the ﬁolten zone by withdfa@ing or raising the
lower feed rod. |

The upper rod hol#er was attached to‘a singie crystal g§nipmeter.
This was used to hold the seed crystal or blank'rod; The goﬁiqmeter
was attached to the top of the chamber by means of a tbre;ded screw
which matched the locking nut of the goniometer. After attachgent,
tﬁe axis of the goniémeter was parallel to the growth'axis witﬁin 1°.
This assembly allowed the seed crystal to bé aligned with X-rgys.
using the same goniometer., This procedure eliminated a change of

alignment due to a‘physical transfer, C(rystals deviating by as much
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as 15° from the.desired crystal orientation could bé used as seed
crystals with this arrangement,

Tantalum wire was used exclusively as the eiectfode material.
;(Tungsten was also,tfied,-but spark initiation was more easily achieved
with tantalum;) A sharp conical-ﬁoint»was hand ground on each elec-
frode. Thelbéét electrode diameter was between 1.2 and 1.4 mm.
‘Smaller diameter e1ectrodeé were found‘to meit due to the high current.
Larger diameter'electrodes presentéd difficulty in establishing:an
arc. A set-screw was used to ﬁold;the electrode in place at the.fop
of a % inch diameter copper rod.

Traverse p£ ;he'molten zone was achieved by movement of the
taﬁtalum electrode. The solidification rate, i.e. the rate of with-
drawal of phe gobper rod, was controlled by the speed of the motor .
drive mechanism, Travel rates as low as 20 um/sec were achieved witﬁ
this érrangemen;. In all expgrimeﬁts, a travel rate of 50 pm/sec was
used, |

A small dc welder equippe& with an ac spark .gap upit was used to
initiate the dc arc. Double pole knifelswitches wired in pgréliel
with the dc welder Qere used to provide additional current frgm the
constant cﬁrrent dc power supplies. The yoltagé drop across the arc
was around 9 V, but it varied between 8 and ld V. This variability
was caused by thé aging of the electrode'tip. The current require-
ments were around 3%, 10, 20, and 40 amps for rods of ¥, 1, 1%, and:

2 mm diameter, respectively.
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- Preparation of starting materials -

All material used in this work was obtained from Cerac Incorporat-
'ed,'Milwaukee, Wisconsin, A, The quoted pﬁrity, percéntage of the X-ray
density, and the 1étter code are given in Table 1. The assigned letter
code given eaéh LaB6 crystal was used.to identify the hot pressed

block which was the source of the starting blank rods.

Table 1. Hot pressed materials used

Letter code . Cerac lot # Quote purity Density
‘MA - 4670 ' 99.9% typ 929,
MB - HP-5154 . 99.9% min . 91% -
MC | H-5836 T 99.9% typ 94.3%
MD . H-6772-A-lc 99.9% typ 91%

The starting blank fods were fabricated by electroﬁ discharge
machining (EDM) of hot pressed blocks. The EIM uses a dc arc between
a copper wire and the sample to volatilize the material. This wés
done uﬁder an oil bath to reduce oxidation and to cool the sample,

For cathodes, the starting blanks were cut into 1.04 to 1,07 mm
square rods approximately one inch in 1epgth. The blanks were ultra-
sonically cleaned in acétone and frebn to degrease- them. These

- blanks were thep ground to 1.00 mm square on 100 grit paper. The

grinding removed the damaged region caused by EDM,.and provided a-
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uniform'cfoss-section for float zone refining. The blénks were given
a final degreasing ultraéonically in solutions of acetone, freon,
and finally methyl-aléohol;' Just before a blank was to be uséd in
the Zoﬁe melter, it was electrOpoliShed for one minute to remove any
surface contamination., The electrépolish solution of 10 ml of
perchloric acid in 225 ml of methanol was‘céoled to between -60 aﬁd‘f
-65°¢C ﬁrior to use, A stainless steel beaker.was used as the cathode
with 30 to 35 V dc applied between it-andvthe LaB6 blank.

Starting seed crystals were obtained from the zone melting of
two blank rods. The seed crystal was oriented using a back-;eflection
Laue camera, The X-ray.beam was parallel-to the gonipmeter.axis and
thus the growth a#is. Alignmené of tthseed crystal w;; ébtained with

s o
a precision of + %, -

Growth of single crystal rod

The goniometer with the seed crystai and blank rod were placed"
inside the chamber of the zone melter, Viton O-rings provided vacuum
and pressure seals. The chamber was evacuated to a pressure of

6 to 5 x 10-6 mmHg with a baffled oil diffusion pump. The

2 x 10°
chamber was then backfilled with argon to a positive gauge pressure of
12 psi. - Argon of two purity levels was used, éqmmercigl and ultra
zero. The positive pressure of argon was helpful in reéucing'fhe
vaporization lpss of LaB6. A significant weight loss was'measured,

and the inside of the chamber was coated with a blue-purple deposit,

The deposit was later confirmed by a powder pattern to be LaB6.
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The growth process was carried out as follows. The electrode was
moved into position by engaging thé motor drive until the electrode
was opposite the top of the lower blank rod. The gap between the
electrode and.the rod was adjusted by rotation of the copper rod
holding the electrode. After a gap of approximately 0.2 mm was set, .
the ac épark initiator was turnéd on to obtain an eléctric arc. Then
the dc welder waé turned on to oﬁt;in a dc arc between the electrode
and blank rod. Establishment of the dc arc was confirmed by a sudden
increase in tempefature. The ac spark initiator could then be turned.
off. The arc gap was increased to approximapely 1 mm, Otherwise, the
pressure'of’the arc wou1d push the molten zoﬁe so far off axis that .
the multiple zone passes’ were impossible,

A traveling telescope, with a darkened g;ass shield coveriﬂg the
front, was used to observe the arc and rods. The curfent.was increﬁéed
gradually, switching in power supplies as required, until a molten
zone was established beﬁween the blank and the seed‘crystal across
the whole diameter. The zone could be observed in the telescope due
to a change in emissivity between liquid and solid.' The liqﬁid
appeared brighter. -Once the molten zone was established, it was moved
slightly upward into the seed crysfél épd(then traversedldownward_by
engagement of the motor drive mechanism.

The molten zone was continuously observed with the telescopé
during its passage. Minor adjustments in the molten zone were made

during the passage of the zone based on experience of previous
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observations. Adjustment of the molten zone could be achieved with
_eifher current control of the dc arc, or by the movement of ﬁhe iowér
blank rods. The movement of the lower blank rod usually resulted in
a_ﬁon-uniform diameter. ASo, only the initiai adjustmenﬁ of the |
molten zone was done with the lower feedlrod. Thereafter, during the
zone travefse; adjustment was done with the current control, If the
proper conditions were used, no adjustments were necessary during
the passage of the molten zone. Under these cbnditions,‘crystal rods
20 mm and loﬁggr in length, havihg a constant diameter + 0.02 mm,
Awere produced,

Thé'most frequent causé for failure of a zone passage was'the
use of excessive current, Very small changes, 0.1 amps for 1 mm
diameter rods, capsed significant changés“;n the:&iaﬁétér and,length
of the molten_zoné. A 3% exceés current in the_arclasqallylreéﬁlted
in a catastrophic failure of the molﬁen zonetinpo‘two sgparate'zQpes.
With experience, the proper cprreﬁt setting‘mogpr;dutg:é-uhjfgpm. 
diameter ﬁasvfound. | o ‘J; |

At the comple;ion of thg zone pfaversé;;tﬁezmofofjafive¢has‘dis-{ C
ehgaggd and the dc current gradually reduced until éhe arc extiﬁ;
guished. The sucéessive zone passes were made by repeating thé\g£OWtH
procéss. For multiple passed rods, an additional requirement wés_l |
discovered. >The molten zone had to be stopped slightly above tﬁe
final zone of the previous pass. Otherwise, the melting point of
this region, decreased by the change in concentration, ﬁasfredﬁced

sufficiently to cause a catastrophic increase in zone length as this
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region was approached.

Suécessive zone passes were observed:to accentuate any change in
rod diameter.. A sﬁitgble crystal which was zone passed six times was
achieved only after sevefal attemﬁts. nystal rods of three zone
passes, having a uniform diameter, were achieved with reasonable
success, It was judged that three zone passes provided sufficient .
pufification to wafrant further paéses as.unnecessary. (See chemical

analysis in Results section.)

Examination and Preparation of Single Crystal Rods

After completion of zone ﬁass or passes, the rod‘was allowed to
cool to room temperatufe. Upon opening the zone melter chamber, a
pungeht'odof was always noted. The seed crystdl and zone refined rod
were removed intact. The rod was sectioned as necessary by EDM or
By a slow speed diamond éaw. The diamond saw was used exclusively
"to obtain sections for work function measurements, The‘top of the
crystal rod was mechanically polished transversely with 600 grit Sié
paper and electropolished smooth using the perchloric solution. This
presented a suitable surface fo; crystallographic ;nalysis using the
selected area channelling mode of the scanning e1ect¥on ﬁicrosqope
(SEM) . This technidue‘p;ovide# mofe gnd better g;yspallographic
information ;han available from tﬁé Laue tecﬁnique.

A_grinding jig illustrated in Eighre 2 was used fp prepare the
surfage of the transverse sections. A low melting wax ﬁas used to

hold the cylindrical sections in the V-groove. By rotation of the
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Bf‘_ass Screw: 15/8"-40 thds

I
-

LEBG |
: V-Grooved Biock
— Steel Ring

Figure 2;: Gringing jig used to polish flat face on crystals
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brass screw in the stainless steel riné, the sémplé could be advanced
into the abrasive surface while maintaining axial alignmeﬁt of the
sample. ‘In this mammer, flat surfaceé of desired planes could be
-obtained from axially orientéd sjngle cryspals>for the purpose of
work function méasuremeﬁts. k

The .following orientations were prepared from 1 mm diameter
type A crystals: (100), (110), an& (111). These sampies were hand 
lapped through 600 grit'SiC paper using water as a lubricant. This
provided a very flat ;urface, but not a scratch-frée surface, Faces
of 1% mﬁ diametgr type C_material were.prepared‘similgrly for (1}0)
and (100) origntatiops. A further improvementAin surface conditién
was obtained by polishing the 600 grit surface with Linde A,v0.2 pm
A1203.

a slurry. This slurry was used with a vibrating wax lap to produce

The Linde A material wés mixed with distilled water to form '

a very flat s¢ra§ch-free surface., A1l mm diameter crysgal of type A
material with a (346) orientation was polished in this manner for
24.houré on the vibratory'wax lap. APprpximatelf 70 hours were
needed to produce similar surface quality for a 2% mﬁ diaﬁeter ,‘
crystal of type A material. The long polishipg times are due to the
. éx;reme hardﬁéss of LaBg, 2779 kg/mm2 (22).' Tﬁu;,_the surfaqe're—
gpval‘rate Was-very slow. For a 2% mm éiameter érystal of the type C
mgterial,'thé use of Linde A was abéndoned. Ins;ead,bthe 600Agrit
surface was polished with a nylon vibratory lap using Hypereze 014 pm

diamond éompound. This resulted in a satisfactory surface finish
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after approximately 12 hours polisﬁing.

. The sinéle crystal rods used in this study are listed in Table 2.
The rod diameter, numﬁer of zone refining passes, and the type of
érgon used are given for each. 'Whefe pertinent, the crystallographic

orientation of the rod axis is included.

Chemic§1 Analysis

The degree of purification achieved by the arc float zonme refiﬁ-
ing was systematically studied by'multiple analyses of the starting :
blank materials and the reéultingizone refined rﬁds. (Preliminary
results of the purification have been published (23)). Sevéral
: chemical analysis techniques were employed:v'maSs spectroscopy, Qef
chemical analysis, vacuum fusion, and combustion analysis. The
dimension of the 1 mm diameter rods was the ideal sample size fbf'
mass spectroscopic analysis. Two different spectroscopic techniqués
were used in this study. The first was used to analyze the distri-
bution of metallic impurities along ;he zone refined rod and is
similar to one desc;ibed elsewhere (245. fhis technique pgrmitted
milliprobe type analysis of several points along the length of the
;one refined rod using.a 7 mil.(0.18 mm) diameter, pure gold.probe
as‘a counter electrode. This provided spark éxcitation and analysis
at localized spots with a spacial resolution of abéut 0.5 ﬁm. This
analysis was performed on a type B, §ingie pass zone, refined ;od.v
Two hot pressed bianks of the same ma?erial were used as the starting

rods.  Probe analyses were performed at regular intervals albng the
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Table 2. Single crystal rods

Crystal Diameter Number of : Argon ‘Orientation
(rm) zone passes of axis
MA-7 1 1 Commercial <110
MA-8 | 1 A 1 Commercial < 100 >
‘Ma-11 1 -1 6ommercia1 -—-
MA-147 S T -3 Commercial < 346 >
MA-15° o 1 o3 Commercial <110 >
MA-19 -1 . | 1 - Cormercial . < 11 >
MA-202 1 | 3 Commercial < 100 >
MA?Q;a i ..v' 3 | ‘ Commercial_ _ <111 >
~ MA-23 1 o 1 ~ Commercial - <100 >
wa-362 2y 2 ' Commercial < 321 >
nA;37 R 1 _ 1 Commércial < 100 >
.MB-Z ' 1 1 - Commercial < 100 >
MB-4 - - 1 | ' i ’ ‘Cémﬁercial ——=
MB-8 1 6 bom’merciai < 100 >
- Mc-1 | 2% - i. Commercialn : -———
MC-2 | ' 2%. 4 1 Ultra zero “s-
MC-3 2% 2 - Ultra zero . < 321 >
MC-4a . 2% : 3 }Ulﬁra zero <‘3214>
MC-9 1 | 1 Ultr; zero . < 110 >

a L . '
Crystals sent to Dr. L. Swanson for work function measurements,
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Table 2. Continued

Crystal Diameter ~ Number of _ Argon | Orientation
' .(mm) ‘ zone passes ' R of .axis
MC-10 1 1 Ulf;ra‘zero < 321
MC-11 . 1 2 Ultra zero < 100 >
mc-12% BT ~ 3 © Ultrazero <100 >
- Mc-137 1y | 3 Ultra zero o <110>

MD-1 2% 3 .~ Ultra zero : -——-
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~resulting rod, starting at the hot pressed blank rod appréximately,
5 mm -above the initigl zone, and finishing at the final molten zone.
This showgd; amohg other facts, thaf the purity of the zo;e refined
rod was uniform from the initiél zone to nearly the finél zone.
Thus, results of analyses frop theimiddie of the zone refinedvrod
were jﬁst as reliable an indication of the concentration of contaminé-
tion:présent as results from near the start of thg fefined rod.
This observation provided the confidence needed for the use of a
second mass spectroscopic technique. |

In the.second technique, self-grc mass spectroscopy, the two
matingjehds of a sectioqed rod were Sparked together as self
electrodes. Sample 1eﬁgth congiderétions for this method necessitated
sectioning thg'zone refined rod at the center.—4From the results of
the gold érobe.analysis, the analysis at this mid—point was con-
sidered representative of the refined‘material. The standard proce-
i &ure for the éone_melting of 1 mm diameter rqu was used in prepara-
tion of analysis samples. Two hot pressed blanks of the same lot
were used as ;tarting rods_for all zone refined rods anaiyzed by
self-arc mass Speétroscopy. Approximately.one;half of the lower
blank rod was solidified by the arc zone melting technique. The
rod was then sectioned at the center of the remaining unsolidified
portion and at the center of the solidified poftion using EDM or a
diamoﬂd saw, The samples were ultrasonically cleaned in acetone,

freon, and methanol., The mating surfaces to be arced were heavily
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giectrOpolished in the perchloric éolution to remove any surfaée
contamihation.'

To provide a sufficient sample, apprpximatelj 100 mg for the
§ther chemical analyses, rods larger than 1 mm in diameter were
needed. Thus, 2% mm diametef rods, approximately 30 mﬁ in iength,
weré solidified by the float zone techniqhe.‘_(Duevtb,ﬁeat'diséipa-
tion problems in the chamber, this was the maximum‘diametgr.that

could be zone refined.) These rods were sectioned with a diamond

)

."A .
.

saw according to the method illustrated-by gigure!35;\E§ch ;égt;bg'
was identified by its alphabétic-lettef, Foxlexaﬁple,»afégf'”
sectioning‘MC-l, the section céntaining the initialsioﬁé:;aé“codgd ﬂ.
as MC-1-A. Since each section ﬁas approximately 5 QmAin>1ength} fﬁe
position of the analyzed sample.relative to';hefiﬁitiallzone can be
eétimated from the alphabetic suffix. The sgctionsAwere ultrasoni-
cally cleaned and electropo;ished to remove any surféée coﬂta@ination.
Analyses for lanthanum and boron were performed‘on some 1 mm diameter
rods. Because of the lower sample weight, they provided a less
precise determination of B/La ratio than obtained for the 2% mm
diameter samples, Gravimetric chemical apalyéis was used to deteréine
the lanthanum and boron gdﬁtent and the technique is described in the
Appendix:' Vacuum fusion and combustion analyses were done for
oxyéep,vnitrogen, hydrogen, and carbon;‘ Thus, the éoncehtratidns of

all the,elemehts were analyzed.
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-Temperature Measurements

The melting pdint of two 2% mm diameter rods of lot C material
was measured with a micro-pptical pyrometer, The pyrometer was used
‘to measure the temperature of the éolid rod near the solidifying |
interface, opposite the dc arc.A In this maﬁner, interference from
the radiafion of the dc arc was avoided with the large diameter rods.
Absorptién corrections for the glass were determined by a standard
technique using a National Bureau of Stand#rds (NBS) fﬁngéten

ribbon lamp. "The emissivity correction was calculated using '

T -l 6 (4)
true app  C. - : '
where Ttrﬁe = true absolute temperature of material-
= absolute temperature apparent to observer

A = wavelength of radiation
e, = emissivity of material

C° = constant, 14388 um°K

The value of the emiSSivity'of'soyid LaB6'a£ A= O;GSAMQ ﬁsed in the
calculations was 0.80 (8,25,26). The apparent temperature was de-
termined to be the sum of the observed absorption and the pyroﬁeter
readihg; TheAtemperaturé scalerf-this pyrometer‘was éompared with
that of Leedé-Northrup pyrometer calibrated by NBS. ' Both scales égreed

within the éxperimental precision of the comparison, + 2%.
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Density Measurements
Densities of the rods were determined by a hydrostatic weighing
technique (27,28,29). Three weighing meaSuremeﬁts were made for‘eéch:
density determination: (i) the weight of the sample in air;
(ii) weight of suspension apparatusAin the liquid; and (iii) weight
of s;mple andisuSpension apparatus in the liquid. The equations of

balance for these measurements are:

=W (5

Ms'- VsPa :

My f.VBpL 54W§,. ®)

oV Ve W @)
where - M =>ma$s of sample

Mp = mass of suspension basket

‘VS = volume of sample
Vg = volume of suspension basket
Py = density of air

= density of liquid
= weight of basket in liquid
= weight of sample in air

= weight of sample and suspension basket in liquid

The weighings were made in a constant temperature-humidity room, thus
the density of air was assumed constant in all weighings. The two

liquid suspension weighings were made in quick succession. Hence, the
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density of the liquid was also assumed to be constant. Therefore,

e
T

- Ms - Vb = Wﬁ

A B
and
a £ :
o. = Eg _ Wspﬂ WsPa (8)
s V. _.a T . a
s Ws-Wﬁ Ws-Wf -

where the second term is the correction due to air buoyancy.

AA Perkin-Elmer electrobalance was used for all weighings. The
range selected on the electrobélance for the weighings had a digital
readout of 000.00 mg and a setting reproducibility'of.0.00S mg. The
- suSpensioﬁ apparatus consisted qf an 80;mesh.stain1ess steel baéket‘
.suspended from a wire hook by an electropolished 15 um diameter
Chromel-P wirel. This arrangement:resulted in the most reproducible
liquid suspension weighings. The liquid QSed was distiliéd water.
The temberature of the water waé measured with.a liquid mercury in
glass thérmometer. The density of the distilled water used in the
, calculatiOQS‘was taken from Tilton‘and Tajlor‘svtabulated values of
mg/ml versus temperature (30). The value Q;999973lwas used to canveft
to gm/em> (31).

Pridr to Qeighings, the samples'were cleangd by e1e§tropol;§hing
in thé per¢h10ric acid methanol.solutién. After the samples wére |

weighed in aif, they were immersed in the beaker of distilled water.

lThe original diameter of wire was 25 um-beforé electropolishing.
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"The beakér was.placed in a vacuum desiccatbr. A vacuum was obtained
with a mechanicallpump to ensure that no air bﬁBbles were trapped on
the surface bf the sampies; One hour of time was alléwed for |
obtaiﬁing thermal equilibrium. Then”a~sefies df'weights alternating
between that of the empty basket and that of the basket Qith é
saﬁplg were made. The series of measureﬁents téok about one hour
during which the.temperatﬁré of the water did not change by more
than 0.1°C. Due to the small amount of time the cfystals'spent
in the water, any change in fheir volume resulting from a reaction

1
with the water was considered negligible .

Lattice Parameter Measurements

X-rﬁy analysis of LaB, m;terial'was done with a1114.6.mm Debye-
Scherrer camera using filtered CuKa radiation. Two types of samples
were used: powder and single crystal rod. The singie érystal rod
had a <100> axial orientation. By rotation about this axis, a
sufficient number of spots were’obtained.in the back-reflection
region. The region bathed in the beam had been electr0polishedlto .
redﬁce'the diameter from 1 mm to < 0.1 mm. Tungsten powder was used
as an internal standard.

The powder samples were prepared by crushing a section of refined

rod in a diamond mortar. These crushed pieces were then ground into

1Howevér, if left in the water over a weekend, a nonconductive -
film would form over the areas of the samples,
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ﬁ fine pow&eg using an agate mortar and pestle., This powder was
screened through 325 mesh. |

Thé;Debye-Sche:rer films were read using a Kirem coincidence
rule with 0,01 mm division dial indicator. Film shrinkageicorréctions
~were applied. No lines were observed which could not be -attributed
ﬁo LaBG. Lattice parameters reported were calculated from a linear
regression of_a Nelson-Riley extrapolation of the data, The data

- were not corrected for index of refraction.

6 Cathodes

The 1 om &iameter, single crystal LaB6‘rods weére evaluated as

Evaluation of LaB

cathodes in a“Cambri&ge‘S-4 SEM. An electron gun design, similar to
that published in the literature (32), was used. A hot 5-tﬁfn-0;25 mm
diameter tungsten'éoil provided radiative and electron bombardment
" heating. The coil had an inner diamefer prZ,OS’mm. Radiative
shielding was provided by a tantalum caniéter. A 1,6 m diametef"‘
hole was drilled in the canister to allow for the prbtrusion of the
cathode tip. |

* The temperature of the catﬁode fip‘was measured in situ. A
micro-Optical pyrometer withva disappearing'ﬁilament’was used to'
:measure the tip of ;he cathode‘ This.pyrometer was fitééd with an
'objéctivg lens with approximately 18 inches focal lengéh. ‘This pro-
‘vided én‘enlarged image of the q;thode. :By lowering thg anode; the

pyfometer could be focused on the cathode tip through a hole drilled
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intoAthe gun chamberl. The hole was covergd with a fused silica

' window.. A reméﬁable éovef was'used tdvprotect the wiﬁdow surface

. from condensation of any vapor present in the gun chamber.
Thé,diréct‘oﬁsérvation of»fhe‘cathodé tip #1lowed the tempera-

ture of the emitting surface to be known to the same precision as

that of the pyrometer, + 2°C. The absorption of the window was

measured to be 15°C in temperaéure :égioﬂ of these expériments. The

apparent témperature was then the pyrometer reading plus 15°%.

Equétion 4 was used to calculate the true temperature using this

apparent temperature.

LaB, evaporation
W

Mass loss rates were evaluated by measurement of change in
Cathodé tip diameter. Shadow graphs were taken-df the cathode be-
fore éésembly'of the electron gun. Shadoﬁ graphs were again takén
of'the same view of the cathode after operation in the electron gun.
The measured change in diameter‘was converted to mass loss rate based
on the density of the cathode; 4.70 gm/Cm3, and the'measured time

‘the cathode was at temperature,

a2 o/t ®

"—J
I
|

mass loss rate

whefe ' T

ad

change in cathode diameter

1The gun chamber was furnished by Cambridge Instruments Limited.
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o
I

- density of cathode

ct
]

= time

Brightness measurements

The determination of brightness is a difficult measﬁfement’be-‘
cause it requires an accurate measurement of beam diameter, beam current,
and beam divergence. (See Equation 1.) The determination is further
complicafed if a demagnified image of the electron séurce is used,
The brightne;s of this image will be conserved oniy if two conditioﬁé
are met: (a) the beam liﬁiting éperture isvcompletely filied, and
(b) the image formed is aberration free. Both conditions must be
obtained in order to measuré tHe maximum brightness of the electrbn )
gun.

To ensure'that fhe first condition was met, the electron gun was
aligned with the electron optical axis of the SEM.. Broers (33)
recommends great care be taken in the alignment of thé electron gun.

6

gun, the maximum brightness is not observed unless the electron gun .

He states that, due to the small crossover formed by the LaB electron

is prqpérly aligned. The alignment of the electron gun.with the
electron op§1c31 axis was done in the following‘manner. First, the.
final lens aperture, the beam limiting Apefture, was centered on»thé
optical axis. This condition wﬁs established by movement of two
mechanical centering screws until an image obser§ed at high magnifica-
tion did not shift laterally as the focus of the final'lens was

changed.  Next, centering of the electron beam within the aperture was
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achieved by means of two-shift coils contained in the scan coil as-
sembly of the final lens. The beam was placed in a Faraday cage,

The eurrent, hereafter referred to as the cage current, was monitered
with a specimen curreﬁt amplifier, As the current in the shift coils
was varied, the cage current was found to peak forva certain'ragge of
‘ potentiometer settings. The beam was considered centered within the
aperture when the cage current was peaked. Thirdly, the electron gun‘
was mechanically eentered over the anode, The‘electron gun wae con-‘
sidered centered at the position which produced the maximum cage
current.j Finaily, steps one through three were repeated until the
cage'currept measured did'not increase in value. Ihe electron gun
was thenAconsidered aligned with the electron optical axis,

Because aberraﬁion-free magnetic lenses do net exist, the second
condition for constant brightness, an aﬁerration-free image, cannot
in a et;ict definition be obtained. The reiationship Setween the;
image formed by a lens and.the'image formed by an aberration-free,lensA

is given by

d$=dg+d§+d§+d§+dé (10)
where | dT = diametef qf image fotmed by ehe magnetic lens
‘do = diameter of image formed by aberration-free lens
d, = diameter increase due to lens' astigmatism
dD = diameter.increase‘due to diffraction
dS'? diameeer increase due to spherical aberration
d. = diameter increase due to chromaeic aberration ‘
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The léns' astigmatism could be corrected by‘the use of an astigmator in
the pole piece of the lens. This correction was verified by the -
measﬁremeht of thé beam.diameter in two mutually perpendicular direc--
tions. Diameﬁers ﬁeasured in bqﬁh direct;onsAwere equal, within -
'experiméntal error, wheh the aétigmat@r was properly adjusted. For
é gi?én ieﬁs and'fiqal lens épertﬁre, the other aberrations of the
image, formed at a given distance from the lens, are fixed and cannot
be corrected. However; the total demégnification by the SEM lens
" system can be reduced until the difference between dT and do is in-
significant, This condition was confirmed by meaéurements whiqh
displayed a linear relationship_bet&een the beam current and beam
diameter squared for the-demagnificatidn emp loyed when measuring
brightness, |

The techhique used to measure the béam diameter, beam divergence,
~ and beam current was similar to that deséribed by Verhoeven and |
Gibson (11). Howgver, the techniqge was improyed‘by the éubstitutiqn
of two devices used in these measurements. First, aﬁ X-Y plottér was
used instead of an oscilloscope to measure beam frofiles. This pro-
vided a permanent record and allowed the beam diame;er to be deter-
mined withAbettér precisibn; A new Faréday éage wagvcénstructed(as'
:shqwn in Figure 4, This cage had a 1000 mesh grid o?er the entrancé
hole. This provided mutually perpendicular e&ges and allowed fhé
beam diameter to be measured in two‘oéthogonal directions. (As
prgviously mentioned, this provided confirmation of the proper setting

of the astigmator.)
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RESULTS ¢

Cryétéllography
.Tﬁe arc float zone melting technique always produced.single

cfystal rods, 'Even‘when a polygrystailine hot préésed’ro& was ﬁsed

. as'the starting fod; a single ér&étai_resulted after two or three
zone lengths.of.grqwth. The o;ientation of crystais grown in this‘
manﬁer were obsefved to be random. ‘In the seeding experiments, thé_
crystals which were grown had the orientationvof their rod axis within
+ ld‘of the desired orientation. Back-reflection Laue phoéographs
taken along the rod axis and selected areé channelling patterns of -
traverse sections weré used to.Verify the above results. The seﬁsi-
tivity of the selected -area éhannelling-technique was such that an
afea as sméll as. 2 umliﬁ diame;er misoriented by ﬁo;e than 0.5° gould

have been detected.

:Metallogréphy

‘The metallographic examination of the LaB, material was done with
a Unitron Series N metallograph and a Cambridge S-4 SEM. Thé SEM»ﬁés
eqﬁipped with an energfvdispergive spectfometer (EDS).' This alléwed’
analysis for all elements heavier than sodium. ‘Analysis of single
crysfél'sectioﬁsAin.the SEM with EDS revealed no regions which con-’
'tained any elements other than lanthanum, However, examination in
the SEM, of the hot pressed rods of A and C material, showed regions .

of second phase material to contain tungsten. These regions appeared
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gold colored when obsefved with the metallograph. Metallographic
prepafation of single crystal material from lot A resulted in a unifo:m
,fla£ surféce. Fgr these crystals, no surface defects or second phase
was observed with the optical microscope after polishing through
Linde A on the wax lap. However, when sections of single crystal
material from lot‘C, having a 2% mm diameter, were polished, a pitted
surface resulted, These pits were from 0.5 um to 2 {m in diameter.
Examination of these pits in the SEM revealed a substructure contained
- in some pits. The analysis of fhis structure with EDS revealed

energy peaks due only to lanthanum, Beéause of the small size,
_quantitative analysis could not be obtained for thevlanthanum concen-

tration.

"Chemical Analysis

Mass'Spectromet;y'

The results of the mass Spectrometry were §eﬁiquantitati§e since
standard sampies were not available. The absolute error in'the
dete:minéd levels was estiméted to be + 100%. Howevef, on the basis of
replicated analyses and previous experience, the relative differences
" in concen;fation between samples were significant at the + 30% level.
Thev;esults of the mass spectrometric analysis, using.fhe‘gold proﬁe,
revealed interesting phenomena about the purification of'LaB6. Oné
was the uniformity of the'contamination level along the éone refined

length. Figure 5 illustrates this uniformity for three representative

elements: tantalum, iron, and chromium. The relative differences in
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concentration between areaé analyzed in the zone refined rod were nét
considered significant, Another’phenomenon revealed by the gold probe
analysis, was that certain elements present in the starting hot pressed .
blank were found greatly reduced in concentration in both the purified
section and the final solidified zone. Thué, purification was not
achieved simply by rejection of the impurity into the liquid, the
classical mode of purification, rather, purification of these
elements was enhanced by vaporizatién‘from the molten. zone, This is
shown in Table 3 for the elements marked with an asterisk. The

higher melting elements.were fogpd_at a high concentration in the final
solidified zone and were not vaporized. The rare earth'eleﬁents also
appeared not to be vaporized.

The results of the self-arc mass spectrometric analyses of three
different lots of LaB6 material are given in Table 4. iherg was
considerable difference in the impuriﬁy content of the lot A material.
The total impurity content, approximatély 0.7 w/o, of the st;rting.
blaﬁk is much higher than would be expected'based ﬁpon thg quoted ‘
purity, 99.9 w/o. However, the zone refihing effept was extremely
effective at purifying e?en this lot, After thrge zone passages, the
total impurity content'of both lot'A‘and lot C cryStaLé Qas re&uced
to approximately the same level even though thé starting impurity
'content was significaﬁtly larger for lot A.

Another result noted, was the removal of tantalum. With the dé

arc technique, the tantalum electrode would transfer tantalum to the '
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‘Table 3. Mass spectrometric analysis of LaB6 using gold probe
(atomic ppm) -

Eieﬁent Starting blank Zone refined _ Final zone
Ta s Ny s 4000
W < 160 <2 2900

‘Mo - 38 <5 S 360
Y g | <3 S 65
*A1 | 10 | <o 3 < 0.5
*Ca 130 <5 | . <5
*Co - . . 10 RS <1 :  <‘ 1
xcr 300 2 15
*Cu - | 20 <1 < 1
#Fe o 500 12 | 35
4Mn 7 4 1 - - 1
CRNL 200 10 40
*Sr 6 <0.5 <0.5

*Ti 27 3 15




" Table 4.

‘Spark. source mass Spectrometric'anaiysié of LaB6 (atomic ppm)

Lot A

Lot B _ Lot C
Element = Starting  1-Pass Starting . 1-Pass 3-Pass Starting 1-Pass  3-Pass
blank crystal ‘blank “crystal crystal blank crystal crystal
Al 40 2 2400 0.09 0.07 3000 < 0.08 < 0.08
' Ba 17 <1 15 <2 < 0.9 14 <1 <2
Ca 2200 <5 12000 <1 <0.03 50 <1 <0.2
Ce 14 11 <0.5 <0.4 < 0.3 5 2 4
Co 20 < 0.3 l1800 ‘40 <l0.08 10 <0.9 < 0.3
Ccr 400 <0.2 500 7 < 0.08 150 2 o.?
Cu 160 < 0.3 17 <0.3 0.3 62 < 0.1 <0.1
Fe 850 15 4200 . 120 30 1600 20 < 0.7
HE 15 < 3.4 10 <3 <3 4 3 3
K 70 < 0.06 36 0.3  <1.5 2 <0.03 <0.04
Mg 10 <3 13 <1.5  <0.3 50  <0.08 <o0.1
M 13 <o.1 45  <0.1  <0.08 %  <0.07 <0.01
Mo 30 < 1.4 2000 370 <1.5 éoo 15 2.4
Na 130 < 0.7 30 <1 0.5 - 100 < 0.2 < 0.4
Nd 5 <1.5 12 13 5 6 e 10

8¢



Table 4. Continued

Lot B Lot A

Element Starting 1-Pass . - Starting 1-Pass 3-Pass ~Staf£ing L%%fgss 3-pass
T blank - crystal blank -crystal crystal blank crystal ‘crystal
'NL. . 110 . <0.5 2400 70 <1 " 600 20 0.8.
Pr 8 3 18 13 s 3 3 s
s 230 0.5 290 0.7 < 0.04 w0 < o.1'_ < 0.1
si 190 <0.35 270" 7.1 <1 100 <4 <1
St 7.1 < 0,04 48 0.1 -<o0.01 50 <0.1 = <0.03
Ta &5 3 s 10 . <0.7 7 <03 <05
Ti 30 < 0.4 900 200 0.5 200 <0.08 <0.4
v s < 0.03 70 .xlo < 0.02 10 0.5 0.1
W %o 20 | 3000 500 <2 500 20 8
v 10 2 10 3 0.9 © 3 0.6 - 0.7
Zr © 70 11 - 470 160 <0.8 200 4.2 5
Total 4860 < 80 19800 1500 <60 7500 100 . < 70
atomic : . ‘ - . .
Total

veight 0.13"/0 < 0.005"/0  0.7"/0 0.085"/0 < 0.0023"/0 - 0.2"/0 0.005"/0 < 0.003"/0

6¢



40 .

molten zone. Evidently the distribution coefficient of tantalum in
LaB6‘was sufficiently low that the tantalum concentration was reduced

in the zone refined rod.

Carbon analysis

The carbon concentration could not be meésured by mass épectro-
métric analysisAdue to interferencg of boron. The déta in. Table 5
were obtained by combustion analysis. There was a large variability
of the carbon concenfration in fhe hot pressed starting blanks and
the carbon content was signifiCant. Comparison of thé carbon content
found in the LaBGIpowder indicateg a sigﬁificant'gontémination of the
hot pressed materigl. 'This could ;esult from the use of graphite
dies in the hot press process. The residue left after the acid
diséolution of the hot pressed samples implied graphite was present.
The surface preparation:of ghe blank rod served to.reducé the carbon’
concentration signifiéantly. This was re&ealed‘by comparing the
anaiyées of the as-sPark-cut and the electropolished starting blarks
of lotlc. Sﬁccessivg passages of ﬁhe molten zone caused a reduction :
in theAcarbon concentration as revealed by comparing analyses of

MC-2-B and MC-4-D. Thé reason that the carbon content of MC-l-BA
is highef thén MC~-2-B is unknown. The higher carbon content of 4
>MC-1eB may have resulted from inadequate surface cleaning during
preparation of the starting blanks of this sémpie or from the use of

a lower purity argon gas as showp in Table 2.
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Table 5. Carbon analysis of LaB

6
Sample ' Number Y/o c C/La
. zone passes ‘ : "atom ratio
#1155 LaB, : . AR* ©0.063 - 0.0107
powder I . 0.064 0.0109
Lot C R 0.296 ) 0.0499 "
as-spark-cut S _ _ ' 0.346 . 0.0583
‘Lot € . AR 0.189 ©0.0319
electropolished . ' ©0.185 ©0.0312
‘Lot D . . AR 0.145° 0.0249
electropolished ' - 0.137 K 0.0235
MA-36-A 2 - £0.070 | 0.0120
MC-1-B o ©0.175 . - 0.0292
MCc:2-B S 0.0715 0.0120
MC-4-D ~ : A 3 o 0.0055 - 0.00092
MD-1-B ' .3 © 0.007 ‘ 0.0010

a ) .
-~As received material,



42

Vacuum fusion

Vacuum fusion analyses were done only for lot C material. Com-
parison of mass spectrometric analyses of the 1et C material showed
good agreement with the oxygen results of the vaeunn fusion.analyses.
The mass spectrometric estimates of the oxygen concentration for lot A
material were included in Table:6. Both. techniques showed a large
reduction in the oxygen eoncentratinn after a single passage of the
molten zonme. Additional passages did not reduce the oxygen content.
The concentration of nitrogen end hydrogen found by vacuum fusion

analysis was reduced below the detection limit after three passages.

Boron and lanthanum composition

The dissolution in the nitric acid of tne hot'pressed'samples
dof LeB6 left'a minute black residue in'the Teflon cﬁp. However,
the dissolution of the zone refined samples was complete with no res-
idue. ‘It was concluded that the residue was free carbon. This was
the only element, which was insoluable in hot nitrdc'acid, and of
sufficient concentration to be noticeable.

The results from the chemical analysis of the 100 mg portions
'of LaB6 powder #1155 g1ven in Table 7 gave a standard ‘deviation’ of
the B/La ‘atom ratio equal to 0.03. Table 8 g1Ves the chemical
analyses for hot pressed and zone ref1ned materials., All of these
samples we1ghed approx1mate1y 100 mg except the first four which
weighed between 10 and 30 .mg. Hence the error in the B/La ratio is

expected to be larger than 0.03 for the first four samples. The B/La
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Table 6. Vacuum fusion analysis of LaB,

‘ Oxygen - ~ Nitrogen , Hzﬁrogen

Sample ppm ppm ppm ' ppm ppm.

. weight atomic , weight  atomic 'weight
Lot C 370 4600 13 190 | 27
MC-1-C- 16 200 8 100 : ND?
MC-2-C 15 200 5 70 - ND
MG~4mG 20 250 - - ND ND " ND
Lot A S -- 4000° | . -- ' -- --
MA-11 -- 330° -- g | --

aNone Detected._

PMass spectrometric estimate.

~Table 7. Chemical analysis of #1155 LaB powder

w"

- LaBg- ' _w/o La /o B _ B/La
: ' atom ratio
fon 67.94 , 31.83 6,02
Solutdon 1 68.22 31,77 . ..5.98
_ ' 68.00 . . . 31.57 - ‘. % 5.96
Solution 2 68.09 31.64 © 5,97
Theoretical -~ -  68.17 31.83 ’6.00
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Table 8. Chemical analysis for lanthanum and boron

Mass ’

Number .Sample ‘Weight Weight B/La
zone passes ' percent La percent B balance atom ratio
1 MA-11 66.18 29.33 96.51 .61
: MA-11 68.37 32.54 100.91 6.12
1 MB-4 67.12 31.00 98.12 5,93
_ MB-4 67.51 31.19 98.70 5.94
ey Lot A 1 66.40 30.94  97.34 5.99
B Start blank
: MA-23 plus 68.2° . 30.7 S
1 MA-19 : 31.1 99.3 5.86
31.5 '
2 . MA-36-B 68.2 31.1 99.3 . 5.86
A : : 31.2 ‘
AR Lot B 67.1 31.7 98.9 6,07
Start blank - :
AR Lot C 68.60- 31.03  99.63 5.81
: Start blank ’
MC-1-A 69.93 30.97 100.90 5.69
) MC-1-D. 69.22 30.80 100.02 5.71
1 .- MC-1-F 69.04 30.64 99,68 5.70
' MC-1 68.08 L27.21 95.29 5,13
Final zone
1 MC-2-E 68,81 30.74 99.55 5,74
3 MC-4-A 69.58 31.04 . - 100.62 5,73
" MC-4-F 31.02 100.22 5.76

a, - . ' .
As received material,

" 69.20
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Table 8. Continued

Number = Sample " Weight Weight Mass B/La
. zone passes ‘ - percent La percent B balance atom ratio
| Lot D .. 67.15 . 30.28 L
- AR Start blank 67.37 30.02 97.4. 5.75
30.02. :
3 MD-1-D 68.45 31.20 99.7° 5.86
31.33 :

- | 68.45 -

. Prhis value may be in efror because a large amount of residue
was observed after dissolution of sample,
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ratios of the zone refined rods were significanfly different from the
stoichiometric 6.00. The'B/La.ratio remained constant over the

" length of the zone refined rod, MC-1. The final solidified zone had

a higher concéntra;ion of lanthanum to boron thaﬂ the zone refined rod.
It,ﬁas also noted that ;ingle cfyétals from lot A matérial had a

significantly higher B/La ratio than those prepared. from lot C material.

Melting foint
’The meltiﬁg point of two rods from lot C was measured withlanA
'optical.pyrometer.“ The ﬁelting point'of crystal MC-1 was 2473001
and that of‘cryétal'MC-4'w§s 2457?C. In a similar manner the melting
point qf'high purity niobium fods w#s also measured. The averagé.of

six determinations, using an emissivity of 0.40 (34) was 2465°C. The

accepted value for the melting point of niobium is 2468°C (35).

Density and Lattice Parameter
Since the.chemical analyses indicated thé crystals to be off
stoichiometfy, precision densit& and lattice parameter measurements
were performed. The results of the density me;surementslare listed
in Tables~9‘aﬁd 16.: The error:of the density fechnique'was checked
by the measurement of standards of known density. Based on theée
‘ results, the probable error in the measurea denéity of the crystals

was established to be £'0.005'gm/cm3. Hence, the density of the lot C

1A11 temperatures quoted in this thesis include correction for
" absorption and emissivity as.described previously.
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Table 9. Density of standards ‘ 4
Sample ‘ ‘Measured densities ‘ Standard density
' : (gm/cm3) '
Al - 2,695, 2.696,.2.698 . . 2.6980 -
5.326, 5.330, 5.334
GefI 5326 5.3267
o 5.331, 5.320, 5.322
Ge-II 75,320, 5.322 5.3267
Table 10. Density of LaB6 éryStals
' LaB6 crystal v ' Measured density (gm/cms)
MA-7 o 4,70
- MB-8 e ' 471
- MC-1-E B - 4.708
. MC-3-A | 4.716
SRR 4701
MC-4-E 4.707
MD-1-B -~ - C  4.698

MD-1-C A - . 4.703
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crystals would be between 4.%0 and 4;71 gm/cm3 with a 90% confidence
interval, Measuremeﬁts of crystals from loté A and B were done with
smaller samples. Conseqqently, the.error for those crystals was
greater.

.' The precision iattice parametérg were obtained at approximately
22°¢. Measurements were based on)\CuKoz1 = 1.5405622 (36). The results
of the measurements are given in Table 11. The value in'parenthesis
was the standard deviétion of the last digit for the intefcep; of

the Nelson-Riley extrapolationm.

-Cathode Evaluation
The lifgtime measurements were made at two temperatures, 1975°K
and 1905°K. After 196 hours at 19759K, a reduction éf 0.16 mm wag
measured in the diameter of a cathode at the tip. This gave a cal-

culated flux loss of 5.34 x 10-8

gm/cmz-sec. After 280 hours at
1905°K, the measured reduction in diameter was 0.09 mm. This measﬁre-4
ment was impaired By several excursions Up‘to 2000°K for "firing'" of the

8 2 .
gm/cm .+ s€c,

cathode. The‘caléulations gave a flux loss of 2 x.10-
This would be equivalent toiapproximately a 2,500 hour lifetime for
al mm didmeter éatﬁode evapbraLed 75% of -its radius.
The brightness was measgfed at varioﬁs temperatﬁres. figureAQ;
iilustréteg the increase in brightness found with temperature. From
~the.figure,Ait was concluded that the electron gun was not signifi;

cantly space charge limited at the temperatures where brightness

measurements were taken. These measurements also revealed that the



Table 11. Precision lattice parameters
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'Samplé'4 "a w/6_C ' B/La
(o} : .
: . atom ratio
#1155 LaB - 4.1567(2). ©0.063% 5.98
MA-37 4.1567(1) . (5.86)°
MC-4-E 4.1564(1) 0.006 ° 5.75
MC-1-E 0.175 5.70

4.,1558(2)

" 31t is believed the majority of this‘carbon is free carbon bé— o
cause of black residue left after dissolving in acid. (See text.)

b

Estimated from data on MA-23 (see Table 8).
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probe d1ameter consastantiy decreased with a rise in the cathode
temperature as llsted in Tables 12 13 and 14. ' It.was found that

the optimum4conditions of the electron gun were not always the same
for every cathode. Once the conddtions were.established; consistent
brightness'values were measured._ (See.Tables 12, 13,.14, and 15.) At
‘a cathode temperature between 1870.and 1880°K, the average measured
bxjightnesses1 of lot Clcrystals of (001), (321);-and (110) orienta-
tions were 9.8 x 105, 8.1 x 105, and_6.8 x 105 amp/cmzfsteradian,
reSpectively. The'brightness of a single crystal from lot A with (001) .
ofientation was measured to be 8.0 x 105 amp/cmz-steradian, The rela-
tive error of these measurements hased on the ptecision of the diameter
and current measurements was 8%. These data showed that for the lot C

material the (001) orlentatlon was 81gn1f1cant1y br1ghter than the

(110) orientation at'1875 K.

Thermionic Properties
The method of work function measurement utilized the crystal as
a thermionic source and application of Equation 3. The "effective"

work.function'de was measured at each.temperatnre according to
, o2 | :
éé = KT 1n(J/120T") - (11)

vhere T in'Equation 3 is assumed to be zero and A is 120 amp oK2/cm2.

The effective work function values dé are given in Figure 7 as a

1All brlghtness measurements were done at an accelerating
' voltage of 20 kV.



Table 12. Brightness measurements for MA-8, (001)

Pyrometer Corrected Anode-bias Beam  Pressure Probe Probe Cathode

reading - temperature . - settings current (u Torr) radius  -current brightness
(°c) (°K) ' meter o (n amp) (k amp/cm? steradian)
. (w-amp) - (4) o
1555 1875 . ‘673 | 238 1.0 1860 108 460
.1555 1875  6-2 . . 181 . 1.0 1390 81 620
1555 1875 | 6-1 140 1.0 990 52 | 780
1555 1875 5.2 250 1.0 1940 13 4o
1555 - 1875 s - 204 1.0 1390 - 83 T 630
1555 .‘.18754 ,: 5.1 204 1.0 1360 83 . - 660
1555 - 1875 53/4-1 156 1.0 1040" s7. 780°
1550 . 1870 53/4-1 156 0.5 1150 A 790°
1550 1870 5 3/4-1 156 0.5 1110 6 780°
1550 . 1870 S5 3/4-1 15 0.5 1040 63 850°
1600 1920 5 3/4-1 160 0.5 930 55 930
1630 . 1950 5 3/4-1 162 0.5 850 55 1130
1650 - 19700 5 3/4-1 164 0.5 820 58 1270
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3jverage of. these four measurements is 8.0 x 105 amp/cm2 steradian.



Table 13. Brightness measurements for MC-9, (110)

Pyrometer Corrected Anode-bias®  Beam Pressure Probe Probe - Cathode

reading temperature settings current (p Torr) radius current ‘brightness
(°c) . (°r) ' meter o (n amp) (k amp/cm2 steradian)
: (p amp) o (A
1550 1870  6-2 - 155 0.50 845" . 32 660
1550 1870 62 155 0.50 860 32 630
1555 1875 _" 6-2 155 " 0.35 900 37 670
1555 1875  6-2 155 0.35 950 37 600
1550 1870  6-3 205 0.50 1190 . 43 450
1550 1870 63 ' 205 0.50 1155 43 a0
1555 1875 | 6-3 206 0.35 1250 45 . 420
1555 1875 6-3 206 0.35 1300 ‘45 390
1555 1875 5 1/2-2 186 0.30 915 4w 700°
11555 1875 5 1/2-2“A 186 . 0.30 880 38 7202
1555 1875 5 1/2-2 185 0.35 1030 45 6202
a

1555 - 1875 -5 1/2-2 186 0.20 950 . 42 680

aA.vérage of these four measurements is 6.8 x 105 am.p/cm2 steradian,

129



Table 13. Continued

Pyrometer Corrected Anode-bias - Beam ~ Pressure Probe . Probe - Cathode
- reading . temperature  settings  current (p Torr) radius current "brightness
(°¢) . - (°K) zeter : 6 (o amp) - (k amp/cm’:steradian)
. (p amp) (Y -
1625 - 1945 51/2-2° 195 030 990 67 1000
1735 2060 51/2-2 205 0.40 810 68 - 1500
1735 2060 - 51/2-2 12057 0.40 1025 68 - 950

s



~Table 14. Brightness measurements for MC-10, (321)

Corrected ' Anode-bias

Pyrometer ~Beam Preséure frobel Probe Cathodé
reading ‘temperature settings current ( Torr) radius current brightness
"(°c) (%) ' meter o (n amp) (k anip/cm2 steradian)
: . (u amp) O '

- 1555 1875 84 177 0.3 1080 52 660
1555 1875 8-3 121 0.3 950 . 33 560
1555 1875 8-2 83" 0.3 840 18 380
1555 . 1875 -4 235 0.3 1170 59 630
1555 1875 7-3 180 0.3 1015 43 610

1555 1875 7-2 126 0.3 830 29 ' 620
1555 1875 7-1 92 0.3 810 18 400
1562 1882 6-3 - 235 0.3 040 50 830°
1562 1882 6-3 235 0.3 930 50 8502
1562 1882 6-3 - 235, 0.3 990 50 7502
1562 . 1882 6-2 182 0.3 865 39 760
1562 1882 6-1 141 0.3 ' 800 28 640

aA.verage of these five measurements is 8.1.x 105

'amp/cmz'steradian.

5SS



Table 14. Continued

Pyrometer Correc;ed Anode-bias Beam Pressure Probe Probe Cathode

reading temperature settings current (p Torr) radius current brightness
(°c) (°k) . meter ' _ o . (n amp) (k amp/cm? stéradian)
: ~ : ’ (p amp) (A)
1562 . 1882 51/2-2 215 0.3 . 820 39 850°
1562 1882 51/2-1 181 0.3 820 32 700
1562 1882 5-1 204 03 &0 - 3 710
1562 1882 s 206 0.3 840 33 690
1555 - 1875 5 7/8-3 240 0.3 990, 52 - 780°
1605 - 1925 5 7/8-3 246 . 0.3 990 . 62 1930
1635 1955 57/8-3 - 250 0.3 955 63 1020
1655 - 1975 5 7/8-3 255 0.3 945 63 | 1040
1653 1973 s1/2-2 226 03 80 52 1010

1605 1925 . 5 1/2-2 218 0.3 900 49 890

99




Table 15. Brightness measurements for MC-11, (001).

-

Pyrometer . Corrected Anode-bias . Beam Pressure Probe Probe . Cathode

reading . temperature settings current . (i Torr) radius current brightness
- (°c). °k) . » meter 0 - (n amp) , (k amp/cm? steradian)
~ ' {p amp) SNV 4
1562 1882 = 6-3 2200 40 1690' 102 530
1557 1817 . 63 28 1.0 1350 113 910
1557 1877 63 218 1.0 1450 13 790
1550 . 1870 . 63/4-3° 155 06 1700 97 . - 500
1557 1877 . 5-2 230 0.9 1600 18 680
1550 1870 5 1/4-1A . 166 . 0.6 1760 88 420'
1550 1870 5 1/2-1 150 0.6 1320 - 80 | 680
1560 1880  6-3 1208 1.5 1280 110 990%
1560 11880 6-3 o0 0.9 1250 100 | 940%
1560 1880 63 205 0.9 1170 96 1030°
1560 1880 6-3 205 0.9 1170 96 © 1030°
1560 1880 - 63 205 09 1250 - 96 900°

1560 | 1880 5 3/4-3 © 218 0.6 1230 113 1100

LS

aAverage of these five measurements is 9.8 x 105 amp/cmz.steradian.
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function of temperature. fﬁe data of the upper curve'lOO* of Figure 7b -
are measuremths made on MC-20 after an initial thermal cleaning; the
data of lower cﬁrve 100** are meééﬁrements made on MC-QO after a pro-
Loiged heating at 1800°K.

A second method of work function measurement , the FERP method:
described in détail eisewhere (37), was-also used to measure the
change in work funé;ion caused by the removallof surface oxygen.b The .
éry#tal MA-15 was exposed at troom ﬁémperature to o#ygen. After héat-:

ing the crystal for 60 seconds at a given temperature, the work func-

‘tion and Auger electron spectroscoPy'(AES) signél were measured,

Figure 8 shows the work fuhct;on and AES signal strengths as a
function of 60 second heating at the indicated temperature. The mini-

mum work function of 2.60 eV at 1600°K was reproducible.
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DISCUSSION

| Chemical Analysis

The impnrity content of the as-received hot}pressed LaB, material
varies.significantly between 0.7 and 0.1 “/o. Dne to the significant
purification of the zone refining technique, the metallic impurities'
were reduced to less than 30 ppm weight after only three zone passages
of the hot pressed rods, Extreme purification.resuited from eren'a
single passage.’ This rapid purification was a result of the vaporiza-
tionAof impurities -from the molten zone in addition'to'the normal zone
refining aCtion.

:Takagiiand Ishii (38) have also observed considerable purification
of hot pressed. LaB6 by a laser-heated floating zome. (They also
obtained their LaB6 material from Cerac Incorporated‘)

,The major impurities remaining after three zone passages are
carhon, tungsten;‘and the.rare earths.  The rare earths are not~ef;v
fectiveiy removed by zone refining. This;is probably due to the forma-
tion of the complete'solidvsolution-among the rare earth horides (39).
Because of ‘their high melting p01nt and 1ow vapor pressure, tungsten
and carbon were not removed by vaporization as were some other elements..
Instead,‘as-the data of Tahles 3 and 5 indidate,-they were redistributed
in the molten zone by:equilibrium partitioning, the.classical mode‘of
_zone refining.

The vacuum fusion analyses revealed no reduction in oxygen content

after the 1n1tia1 zone passage. This would indicate that perhaps the
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oxygen measured for the zone refingdlrod; was mainly a surface oxide
formed in the presénce of air at room temperatufe; because several
investigators (46,41,42) have'repoféed that LaB6 forms a thin-oxide
coating at room<temperatuge; Hence, it éppears likely that the ﬁajority
of the oxygen was femo&éd during the initial éone»passage.

The wet chemiéél analyses clearly indicate that the stoichiometry
of‘hotvpressed and zone refined matériél of lot C is less than the
theoreéiéal 6.0 ﬁalue. The‘melting temperatures. measured with this :
material ﬁgre lowerbthan'that'reported for stoichiometric LaB6,

27159C‘(43). This supports the nbnstoichiometriclB/ia ratio,
‘approximately 5.75, calculated from the wet chemical analyses.
Comparison of the B/La ratio of the sfarting blanks of lots A, B,
and‘C materials with the B/La ratio of their respective zone refined
‘rods reveals that the firgg'zone passage reduces the B/La ratio
signifipéntly. Additionél,zong passages do notlhaveva large effect
upoﬁ the'B/La ratio. In order to explain this pﬁenomenon one could
postulate that thelboron is evapo;atiné faster than lanthanum on tﬁe
first zone passage‘but not on spbsequent<z§ne passages., However, it
seems'likely that a preferential evaporation would continue after one
zone pass unless a congruently vaporizing composition kCVC) was |
,obtained; Storms' data argue against this-latter.poésibility as he
meaSureé the CVC at B/La‘ratiqs of greater than 6.04 for T > 1700°K.’
A more plausible éxplanation of the drop in the B/La ratio on ;hé

first zone pass can be related to the presence of free carbon in the
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starﬁing LaB6 blanks, as ;eQealed‘by the presence'of residue upon dis-
solutioﬁ. This ;arbpﬁ is'femo§ed on tﬁé first zone'pass ané'if it
were to prefefgntially remove boron with it. as some type of B-C com-
pound, one,cduld;account for éhé drop iﬁ the B/La ratio on the first

pass and not on subsequént passes.

Metallogfaphy

AAjSoﬁe very smali (O;l by 2 ym) inclusions were occésionally observed
in the single-zonéd crystais:in this sfudy: Other investigators (20;385
ﬁave opgervéd aAbrass;colofeﬂ inclusion in flgat zoned LaB. They
believed these inclpsiohs to be LaBa. Takagi and Ishii (38)-ﬁsing wave-
1eﬁgth disbersive electroﬁ microprobé'analysis (EPMA)~ob$erved fhe
iﬁclusions tﬁ bé'éompbsed of only lanthaﬁum and Bbron.u In ;hé presépt
study using energy diépersive EPMA, only lanthanum was detected within
the'inclusions observed in this study. (Boron gannot be detected
with the ehefgy diSpersivé detectof.) éince'X-ray powder diffractién
batterns in the present work did not reveal any lines,othef than‘;hose
A due:tqlLéB6, it‘ié possiblg the "iﬁclusions" m;y be.a”poiishing
grtifact. N§ conélusion can be made aS'tovtheAqrigin-of tﬁesé in-

_ clusions,

';Lattiée Parameter Measurements
The lattice paraﬁétérs measured in thé present work (fable 11)
‘agrée‘Weil.with'pfeviously‘published values giveﬁ in fable 16, ekéépt
for thosg of Post et al. (7). The Yalue ofﬂPbét et al. deviates from

the other lattice parameteérs by more than the expected probable error.
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. ‘ : o
" (The maximum probable error expected would be + 0.0007A, based upon
the results of the precision lattice parameteripfoject (44) )

Johnson (5) observed that the lattice parameter of LaB6 in equilibrium

with LaB, -and that of LaB

4 6

) . o A N .
an experimental error of + 0.0003A. Therefore, disdgreement of the

in equilibrium with boron were equal within

value of Post gﬁ al. cannot be attributed to a difference in the B/La
ratio. | |

Referrihg to Table 11, it is apparent that the lattice parameter of
MC-I-E corrélateé with a:higher'carbon content, thus indicating that
the lower lattiée parameter of MC-l-E_might be caused by the presence

 of carbon. Post et al. obtained their LaB, by reaction of lanthanum
6A

carbon, 0.1 to‘O.Slw/o, and this could account for theié smaller wvalue

and boron in a carbon crucible. Their LaB contained a large amount of
pf.the lattice parameter., Bertaut and Blum (6), Swanson and

Dickinson (45), and Schﬁidt et al. (46) obtained L§B6 by a fused ‘salt
reaction and one would ﬁot‘expect a high cérbon'content.’ The lattice
constants of MA-37 and MC-4-E could indicate a decreasé in lattice
pax.'ameter.as the B/La ratio decreases from stpichiometfy. However, if
there is a change, it is less than 0.00032 and the measurements were

not 6f'sufficient ﬁrecision to allow this change to be established.

Density Measurements
The measured density and lattice parameter of the single crystals,
. M o . .
p =4.70 to 4.71 gm/cm3 and a = 4,1567A respectively, indicates a

B/La ratio of neaf 6.0, whereas, the wet chemical analyses measure a
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Table 16. Lattiée consfant pf LaB6' _ £
ag -

' (X) Investlgatorl

4.153 o .‘ Post et al. (7)

4,156 : S Swanson and Dickinson (45)
4.1561 T Schmidt et al. (46)
.4.1561 "‘ o - ' Johnson (5) H

4.1566 L : : '.'Bertaut and Blum (6)
' 4.1567 'A R MA-37 (this study)

4.1564 . MC-4 (this study)
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B/La.ratio of approximately 5.75. There are two ways to analyze the

data in order. to underétapd this discrepancy.

First analysis

Storms and Mueller (47)»have determined the’phase'béun&ary;of
LaB4/LaB6. The phase boundary compqsitiﬁn was given‘as a 3/La ratio
of 6.014. 1If these results are correct, the crystals from lot C -
méﬁeriél must be assumed to be two-phase.

* Because of the high purity, the second fhase may be cémposed of
only lanthénum and boron; The obvious choice fb: tﬁe second phase
would be LaB4. Johnson (S)Imeasured'the density of LéB4 as
5.375 gm/cm3; The average density, S, of é mixture of LaB4 and
LaB6.014 wh?ch has an overall B/La ratio 5.75, would be greater than
4,71 gm/cm3. Thus,'the ﬂLaﬁA" would have to be a defect compound.
Furthermore, it would have to have lanthanum vacancies rathér-than.
boron vacancies - to provide a mixture of LaB6 plus "LaBa" such that the
average density 4.70 <p <471 gm/Cm3 when B/La = 4.75. The composi-

tion of the "LaB4" was calculated assuming:

(a) LaB

1s really L3, 4978860

,) = 4.704 gu/em’

6.014

(b) p(LaBg oy

. 1" 11 1
- (c) LaB4 is really LaxBl6

o3
(d) Volume of "LaBA" unit cell = 224 ,343A

" (e) R = B/La = 5.75

(f) 4.70 < p < 4.71 .
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Lettihg'Y be mole fraction of "LaB4", the mixture can be written as

- (1-Y) La0.997886.+'Y (LaXB16). Thus,
R .6+ 10¥ ey . 6.0 0.9978R
"7 T .9978 (1-Y) + XY ~ XR - 0.9978R - 10
S , . X(138.91) + 16(10.811) |
and - P ("LaB ") = TTe0222 x 224,343 -

Therefore, 3.31 <X < 3.36 and 0.080 < Y < 0.073. These results indi-
n "

cate that LaB4 wogld be somewhere betwgen La34.76.and LaB4'83, and

the mole percent would be between 7.3 and 8%. When Y is converted from

mole fraction to volume fraction, the analysis'pfédicts'a second

phase volume ffaction for "LaBa" of around 20%. It seems likely

that such lafge amounts of second phase would have been detected by

the metallographic'or X-ray analyses,

Second analysis

If the zone fefined‘cfystals of lot C material are assumed to be

a single-phase materia1, then LaB must be a defect structure,

' 5.75
"LaBé". Two possible defect structures would cause a decrease in

B/La ratio, boron vacancies and lanthanum interstitials. The type of

defect structure can bé evaluated utilizing the following relationship:

p("FaBﬁl') = %ABN ,;La ALa - . (12)

where 'number of boron atoms per unit cell

o

!

'hLa number of lanthanum atoms per unit cell

atomic'weight of boron.

o
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atomic weight of boron

Aa

N = Avogédro's number
.V = volume of the unit cell
p("LaB,") = density of defect structure

"Since the B/La‘ratid'is 5.75, nB/nLa = 5.75 by definition. If we
assume'lanthanum interstitial defects, then n, = §.0, noo= 1.043, and
p(“iaB6") = 4.85 gﬁ/cmB. If webassﬁme boron vacancy defects, then

ng = 5.75, n = i.O, and p("LaB6U) = 4,649 gm/cm3. Since neither
defect'strﬁgture provides the pfoPer density 4.70 5‘p("LaB6") < 4.7i,
it can be'assuméd that a simple interstitial or vacancy mechanism does
.not exist. However, a combination of both meéhanisms céuld satiéfy the
density‘requirementi This may be tHought of as follows. The loss of-
boron occurs by vacant bo?on éctahedrOns'ip the lattice and some of
these vacaﬁt octahedral positions are filled by an additional
lantﬁanﬁm atoﬁ. Since the boron ocgahedron is composed of six boron
atde,rthe'numbef of boron atoms per unit ce11”can.be‘ré1ated to the
number of vécant Qctahedf&ﬁs per miilidn ﬁnif cells,jm, by

6 : ' ‘
10 -m '6“‘). Utilizing Equation 12, m is found to range betwzen

10 . )
29,200 and 31,100 for the respective values of n,= 1.013 and 1.011

= 6(

which'prQide 4,70 gm/cm3 < p("LaB6") < 4.71'gm/cm3. These results
‘imply thaé'approximately 3% of the unit cells are missing a boron
_octahedroh, and that approiimately'Z of eﬁery'S Eoron octahedral voids
are filled b§ a lanthanum atom. Although complex, this mechanism is
feasible'in terms of the electrop reqﬁirementsiand in terms of spatial -

considerations.
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Thermionic Properties

For comﬁarative purposes thé thermionic emission data of various
researchérs has been replotted in Figure 9.  Also, the brightness
_measurements of MA-8, MC-9, MC-10, aﬁd MC-lllare included in Figure 9.
The. cathode current density waS‘calculate& ﬁéiné Equation 2 assuming
.a'Langmuif efficiency oleOO%.

"Although there is considerable spread in these data, several
groupings are'ndticed. These are ipdigated on the fiéure by lines 1
'through 5. Referring to'Equation 3,.these lines-méy be identified by
their- Richardson emission constéqt,'A, and appéreﬂt work function,
é, and are given in Table 17. There appears to be'a correlation.
betweenlghe character of the LaB6 used and the ‘line about which‘the
data are grouped. The data from Storms and Mueller (48) aré grouped
about line 2. Plotted are their'da;a Qf‘sintered LaB, that had sur-
face compositions with B/La equal to 6.02 and 6.03, From the chemical
analysis given;‘thgir.sintéred LaB6 is known,td have a high oxygen
conteﬁt (~0.1 w/o). Also grdupgd abbqt line 2 are thé data for a
- (10@){sing1e_ciystal'measured by Oéhima 25‘51.1(495. ﬁven tﬁough
thgir.trystalsIwere-singie pass -float zoné refined; they note
segrégatibn'of carbon atoms from the'interiqr of_their crystals to
the éurface.'.Hence,.the data grouped about line 2 are belieQed to
be due to LaB6.with high oxygen and/or high ca?bon content., The data
about line 1 aré those of Berrada et al. (42). NO'cﬁemical.analyses.
are given, however, since they are arcvmelted a high impurity

' content is probable,’
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Table 17. Thermionic constants for figur% lines -

Line® . A o '¢
4 (o OK?/CWZ) . B -
1 o 29 . - 2.67
2 o ss L 281
3a - 120 2.80
3 - 120 ‘ a 2.70
. o 120 . 2,55
5 N | % | . 2.34

8 ines 1, 2 and 5 are linear regressions. Lines 3a, 3b, and &
are reference lines which correspond to the A and & values
shown. ‘



72~

In Figure 10, with the exceb;ion of the data of Ahmed and
Broers (13), only data of known high‘purityv(< 100 ppm) are shown.
These'daga'cbrreSpond to most of the data on Figure 9 falling-about
the ﬁbper lines 3, 4} and 5. 'Swansoﬂ and‘Dickinson (455 state the
bulk impufities.in their aluminum flux grown crystals to be.lés§
than 106 pém. Thg'crystals used by Yam;uchi et al. (25) are those
prepéred by Tékagi and Ishii (38), and tﬁe impurities in:the La36
used by Yamauchi et él. are:statgd'to be less than 100,ppﬁ, The
majority of the‘data, as seen in Figure 10, are séattéred beﬁween
1iﬁes 3a and 3b.‘ The sourée of tﬁese data are Yamauchi et 21.1(25),
Swanson And bickiﬁéqn (45), Swanson et al. (50), Figure 7; and the |
100* data for MA-20. The data near line 4 are the data from Ahmed
and Broers (13) and the 100™* data. for MA-20.

It is intergstigg to point out the (100) ;rystal, MA-20, analyzed
by Swanson displayed a depen@ence of work.fgnction upon thermal
treatment as showﬁ on‘Figufé 7b, A heat treatment produced a gignifi-
_caht<1ow¢ring of the‘work function (from 100* to 100** onAthe’fignre).
The cause of the work function change is unknown. . Swanson (45,50)
-has also measured ﬁhé thermionic emission of (1l00) crystals grown
by the'alumiﬁum flux method. Although heat treated similariy, thg
thermioﬁic-emiésion‘oﬁtained from these¢crystals_is significantly
lower than that for MA;ZO, iOO**. (See Figgré 10.) Two possible

explanations as to the difference are:
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(a) Aluminum flux cfystalé may have a higher oxygen content
aﬁd hence are self-poisbning. That is, the increased |
emission is due to a cleaner surface.

(b) Aluminum flux crystals probably have a higher B/La ratio
(near 6.0) and this may result in a higher work function.

Swansoq has measured the emission as a function of oxygen
desorption on crystal MA-15, These results shown in Figure 8 show.
the emission to be very sensitive to. surface oxygen content and
suppért explanation (a) above,

-Jacpbson‘apd Storms (51)_meaSured the thermionic emission for
lanthanum-boron compounds. .The thermionic emission of sintered samples

6.01

0.011,amp/cm2, feSpectively. Recent data were obtained from Storms

LéB8 5 and LaB measured at a temperature of 1400°K are 0.0046 and

and Mueller (48). Their data show a steady decrease in thermionic
emission as the B/La ratio increases and support explanation (b). Thus,
eitﬁer or both‘explanations, (a) and (b), may be the cause of the

- higher thermionic emission.

LaB6 Evaporation
The mass loss r#tes, (gm/cmzosec), measured in this study are
“'shown on Figure 11. The data of Storms and Mueller (47) are also
plotted on the figure. It may be seen that there is reasonably good
agfeemeﬁt with their data. The right-hand axis is given as a radiai
loss rate, AT (um/hr).~ This scale'ié useful in estimating cathode

lifetimes,
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Brightness
A uséful figure for those utilizing LaB6 as a cathode matefial
in electron micfoscopes would be one sho&ing brightnesé,
B (;mp/cmz-steradian), aé a function of cathode lifetime, rather than
one showing current dénsity versus temperature, as in Figures 9 and
10, Such a figure (Figure 12) was constructed using Equation 2 and
a Langmuir efficiency of 106% to convert current density to theoretical
brightness at 20 kv; The lines 2 through 4 on Figure 12 were con-
verted:from the lines labelled 2 through 4 on Figure 10. The equétion
of Storms and Mueller (47) for the mass loss rate of LaB6 was used
to calculate a chanée in radius per hour, Af, due to vaporization
of material. The brightness measured for ion pumpea systems,
Ferris et al. (52); Nakagawa and'Yanaka (53), Broers (54) and this
study fall between lines 3a and 3b., It is conéluded that to obﬁain
fhé maximim bfightness from LaB6 qathodes at lifetimes greater tﬁan
500 hours (1 mm diameter cathode) a number of variables must be con-.
£rolied.
(a) The e1ectr§n gun must be properly aligned and high
bias voltages are necessary to prevent space charge
limitation.
(b) The cathode must' be thermally cleaned at temperature
‘greater than 1650°K.'
(c) LaB6 of low impurity content must be used. This can be
obtained by float zone refining, For mést starting con-

centrations a single pass will reduce impurity content
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to écceptable levels and'three passes will reduce
‘impurities to- less than O.OOS.W/Q.

'(d) Tﬁ;‘residual pressure of oxygén must be reduced to
ektremely low valués. fartial pressufe of oxygen
should be bh the order of 10-10 mmHg. This can.be
achieved By-;ﬁiion pumped gun chémbep,at{pressqres
less than 1 x 10-6 mmHg.

‘When the above conditions are met, it is possible té operate a 1 mm

LaBg cathode at 20 kV with a brightness of 106 amp/cmz-steradian and

[ . .
a lifetime of greater than 500 hours at a tip temperature of ~1900°K.
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APPENDIX: PROCEDURE FQOR ANALYSIS OF LANTHANUM AND BORON

An analytical procedure similar to- that recommended for hexa-
borides (55,56) was used to obtain ianthanum.and_boron concentrations.
Samples were dissolved in a Parr acid digestion bomb with a 25 ml
Teflon cup containing 6 ml of 1:1 HN03. Heating the bomb t§'110°c
for ten minutes resulted in the dissolution of the saﬁple,5 After cool-
ing, the éélution was poured into a 100 ml voluﬁetric flésk and |
distilléd water was used to bring it to volume, A 25 ml éliquot was
titrated with approximately 0;05 M EDTA using a 10 ﬁl buret to
aetermine the lanthanum concentration. For_the boron concentration,

a 15 ml aliquot was titrated using a 10 ml buret according to the
érocedure of Tereshko (57) with approximately 0.1>M NaOH. iAd&itional
mannitol was added to the solution and was.back-tifrated until a stable
pH = 8.20 i 0.05 was maintained, All titration readings were estimated
to the nearest oﬁe4ﬁundredth of a milliliter,

An estimafé of the reﬁroducibiliti of thé lanthanuﬁ-boron
determination wéslobtained from the analy#is”of #1155 LaBé powder,
“This powder was'purchased from Cerac Incorporated. Their literature
stated this powder was the grade used in manufacturing hot pressed
‘LaBg blocks, Two 160 mg portigns were taken from the one pound lot.'
Each portion was diséolved separately; Two ti;rations for each element

were performed on each solution.





