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ABSTRACT

The bare work functions of polycrystalline rhenium and of the (1010),
(10I1) and (0001) orientations have been determined for planar emitters, in

0 to 7 X 10-9 Torr and in the temperature

vacuun, at pressures of 2 X lO"»1
range, lhlBOC - 2021°C. Electron emission currents were obtained in a
thermionlc diode as a function of applied voltage, at a nﬁmber or tem-
peratures. The work functions were:determined by means of the Richardson
plot and also deduced from the position of the knee in the current-voltage

characteristic. The work function, ®, and Richardson"A" value, A, were

found to be as follows:

21 amps/cmgoKQ;

®poly = b.93 £ .02 ev, Arpoly = 7h oz

¢(10Il) =  5.15 % .02 ev, Ar(loio): 76 + 21 amps/cm?oKQ;
®(1011) © 5.37 £ .03 ev, Ar(loil)= 119 + 1o amps/cmgoKE;
®(OOOI) = 5.59 = .05 ev, Ar(OOOl)z 199 * L9 amps/choKQ:

A guarded, single-crystal copper collector was employed in a plane
geometry configuration in order to minimize edge and other non-uniform
effects. |

A method was also developed for brazing the emitter Buttons to
tuntuium Suppgrt cups, using niobium as therhigh temperature braze

muberial.




ot 3

1.0 volt, 5 to 20 Wﬂxs/cme and 10 to 19%, respectively, at 2000°X.

I. INTRODUCTION

The field of thermionic energy conversion has received & considerable
amount of interest in recent years. The thermionic diode is one of the
more promising energy conversion devices by whici thermal cnergy can b
converted directly to clectrical cnergy with resaonably high elllciency,
reliability and specific power. Thermionic énergy converuers have boon
designed for use with various heat sources; nuclear, solar, isotope and
chemical,l’2 and thus appear to be a versatile means for direct conversion’
of thermal to electrical energy.

'Basically, a thermionic diode cmsists of a hot emitter electrode
(typically lhOO-QEOOoK) and & cooler collector electrode. Some of the
electrons in the emitter with sufficient thermal energy to overcome the
work function barrier, &, will escape from the emitter, drift across
the inter—electrdde gap and fall into the collector, which has a work
funption @C. If all of the cmitted electrons are collected, then wo
can speak of a saturated current.density, Jg- Application of Fermil
statistics to electron emission from the emitter surface yields the
| ecb' } 3

= AT2 exp {= =

basic Richardson equation, J w7

s
The most significant property of.the emitter which is important to

)
electron emission is its so-called "true" work function (&').  This is

defined as the difference between the energy of an electron which is

Just capable of being emitted from the metal into field-free space and

the energy of an electron at the Fermi level.
Typically, output voltages, electrical power densitics and efvicl-
encies of actual converters are 0.2 to 0.4 volt, 1L to 2 watts/em™ und

b to 8%, respectively, at emitter temperatures of 1500°K; and 0.% to
1
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These values represent typical performances of thermionic diodes which
have had cesium vapor added. The cesium performs two functions. BTy
means of its ionization, it neutralizes the space charge which would be
brought, anbout by ubhigh current density of clectrons. In addition, it
serves to lower the work function of the emitter, which increascs the
electron emission, and lowers the collector work‘function, which in-
creases the voltage output. Most of the present work in thermionics
deals with cesiated thermionic converters, as they appear to be the most
promising high power and high efficiency devices.

5

Rasor” predicted, and later experiments by Gust6 at Lawrence Radia=-

tion Laboratory and by Kitrilakis, et al.7

at TEECO have shown, that
rhenium emitters above 1500°C in a cesium diode are superior to cmitters
of the other refractory metals. That is, at a given temperature, higher
power density is obtained with rhenium emitters than with other emitters
or conversely, for é gilven power density of in&erest, rhenium emitters
can operate 100 or 200°C lower.

This present work deals with the determination of the bare work
function of polyerystalline rhenium and the work function of the (0001),
(lOfO), and (10I1) orientations. These single crystal orientations ‘
were selected because high work funcfions were expected cn theoretilcal

8,9

5 . . . s . 10
grounds and were inferred from field emission experimcnts.

It is possible that methods for producing oriented surfaces of Re,

similar to those for Moll and ng’l5

will be developed so that full
advantage of these high work functions will be realized.in-practical
;pplications.

Qhapter ;I reviews the theory of thermionic emission. Chapters

TTIT and IV discuss the design of the experiment and the experimentul

procedure. Chapter V is devoted to a discussion of the results and
' \

«®

N



Chapter VI presents a summary and conclusion.

N

- The appendices include derivation of equations, electropolishing
: recipes, the error analysis and Tables and Figures.
56
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'II. THEORY OF THERMIONIC EMISSION

A. Review of Thermionic Emission

Y
Tie basic equation of thermionics is the well-known Richmrdsqﬁ )
équation, &
J. = AT2 exp J--e®'l . - , ! (Ii.l)
5 KT
This equatiOn relates the saturated electron cﬁrrent density to the
temperaturé and work function of the emitting surface. ‘In its deriva-
tion; the fdllowing agsumptions are made:
a. ‘the electrons ihside the emitter obey Fermi-Dirac statistics -
and move in a square-well poteﬁtiél,
“b. ed' > KT, solthat the distribution'of'electrons @round energy
ed’ can be considered to approximate a.dewell—Boltzmann
distriﬁution,
c. -fhe effective mass of the electrons equals the mass of the
free electron, and
d. | there is»negligible reflection of electrons at the surface.
In the derivation, no assumption is made as.to whether or not the work
function @' is temperature-dependent. The temperature dependence of
:the work function can, to a first approximation,lbe represented byj
Y<I>' = O"(To) + aT~To) = " + oT; . - -(II..Q)
' . L
. where ®" 1is the field~dependent work function. Then, we can re- '
. &

L

write Fq. (IT.1) as, S -

[ ex 1‘ 2 e ) LR ‘
. §omea 2 | =ed R o] e %y
Jo = Aexp L_R~  L exp kT T AT eXp ) T :.(li.j)



If an accelerating field, F, exists near the surface of the wnitter,

: (_eﬁ‘al/e

of the work function barrier is known as the Schottky effect.l‘

. This lowering

Thus, in the presenceIOf an elec¢tric field, the saturated current

density equaﬁion, Ed. (II.3) becomes

, ' =
2 e ) eF
s = AT exp{ﬁ (*P ¥ \/m )}

<y
1

3 1/2 |
Joo EXP {E’% (%) } _ (IT.4)

where the field-free'saturated curréent’ density, Jso’ and field-free

Work'functidn; ®, are defined by

_ 2 ~ed B
Teo = AT exp o | (lI.5)

We see from Eq. (II.4) that if we plot InJ, vs the square root of

 -thé applied field, F, we should obtain a straight line whose intercept

is J__. This is the "Schottky Plot".

Then, by plotting szSO/Tg vs 1/T, we can obtain from this plot
(the Richardson‘plot) a slqpe proportional to the work function O ajd
an intercept equal to Ar’,the Richardson "Aﬁ value. If the assumption
that &, the temperature dépendence of @'; is small and BEq. (II.2) is
valid, then the work funétion obtained from the Riéhardsbn plot is the

so-called "true work function". In addition, A_ should equal the
I

theoretical value of'A, 120.4 amps/(cmg-oKe), times exp-{jzﬁg-}', Tfrom

which & can be deduced.

At this point, it 'is useful to introduce the concept of the motive
diagram. Figure II.lé,fePTQ§ents the ideal log current-véltage curve
o R : ‘

<
Y
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for a vacuum diode having an emitter work function ¢ and a collector
work function, ®., such that @'>‘®éa

Region 1 represents the "retarded" region; where the emiszsion

current denéitj reaching the collector is less than the saturat
emission‘current density. 'Figure I1.1b shows the’motive diggran correspond-
ine to region 1. This diagram depicts the potontial'thut an electron

seecs in golng from the emitter dcross the diode gap ihto the collector

and through an external circuit back to the emitter. Ii we conulder

an électron with just sufficient energy to bvercome both the work

function barrier, &, and the additional decelerating potahtial, -V,

it will feach the.collector'and fall in, giving up an energy, @c. It

then has an energy equal to -eV available for external work. In this

region the current density is given by,

J,.= Js':c‘)‘ eXp{E‘f (v "vo)} v - (11.6)

t

- where from. region 2, the "knee" of the log J-V curve, we can see that

. _ . - : . " LT . .
eVO = @, ® | (11.7)

In the motivé diagrams corresponding to the saturated regions 3 and L,
ﬁe can éee'that,néglecting the Schottky effect, no additioﬁal‘current
‘is obtained by increasing V, since in ordér to be emitted, electrons
must still have an enérgy'greater'than D e

The wofk function“of the emitter can élso berdetermined from thé

“value of Vé, the knee. "From Eq. (II.7),.we see that, in region 1,

where (@C -ev ) > o',
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kT

(® -ev
J = AT2 exp { —E——-} . ‘ (11.8)

- Therefore a plot of iIn J/T2 vs 1/T yields a slope proportional to
, (@C—gV), vhere J is obtained at the same V_ for each.temper@@ure. This
viskthe-soécalled "Shelton Plot". >

Since.we can obtain a value for (@c—eV), and we know V, we can
find @C. From this, and finding the value of Vb from ﬁhe log‘J—V curve
ve can use Eq. (II.7) to.find or.

If the collector temperature is kept constant; theh thé intereept
"of ﬁhe Sheltén plot should;‘in theory, yield.an ”A“ Value‘of'léo.amps/cm2;°K2,
: regardless bf thé temperaturevdepeﬁdence of @c. in addition, the ﬁempera-,
rture calculated from-the slopes of the log J-V curves should be the same
as.the observed value, otherwise the intercept will not yiela th¢

theoretiCal value of A.‘
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‘tribution to the work function must be taken into account. Bardeen

B. Variation of & With Crystallographic Orientation

To the present time, the prediction of the work function of bare
metallic surfaces. has been hampered by the complex problem of defining
the shapevof thé potential at.the surface., According to Wigner and
Berdeen,16 - the work functidn can.be thought of as being composed ol
two parts, an inner work function, dependent only upon the binding energy
of an electron in the metal, and a surface contribution, dependent upon
the energy an eiectron needs to penetrate a dipole double layer at the
surface. ‘Wiéner and Bardeen derived an expression for the inner work
functionvof‘metals, based on the’assuﬁption,that the wave functions of
the free conduction electrons were plane waves over much of the uﬁit
cell. This theory and its modifications are useful only for the mono -
vglent elements on,theJleft.side of the periodic chart, Qhere the inner
work function is a majof portion of the observed work function. [ Hbﬁ-
ever, fof the more complex atoms of fhé periodié chdrt, the surface con-

‘ ‘ . .
extended this theory to include the contribution of a generqlized surface
double laYer.. Smoluchowski,8 . however, was the first to attempt to
calculate the diffefent work functions of specific orientations of a
metallic surface.. Following the lead ovaigner and Bardeen, he.sgparuted
the work function into.an inner contribution and a surface contribution;

For the surface contribution to the work function, he proposed the

‘following model. First, he assumed that the positive charge of euch ion

»cbre is uniformly distributed over the entire polyhedral volume that cach

atom ias geometrically assoclated with it. In the interior of the metal,

- the electfnn—cloud density is evenly distributed over cach atomic poly-

hedron. -If this were the case at the surface, then no dipole layer would



w]1Qw

result. However, at the surface, there.is a redistribution of the

elecﬁron cioud, but the pésitive charge distribution assbciated_with

.each atom remains essentially uniform. This redistribution of electrons S 3

can be described in two parts: 1. The éléctrons tend to spread. -out,
away fmekﬁhe surface, because of ﬁhe concentration gradient between the ¢
metal and free spacesi In other words, thé electfon density cannot éhénge
abruptly from the bulk‘electrgn density inside the metal to zero just
Beyond the surface but must do so continﬁously if the surface is tovhave
a ﬁiﬂimum.energy. This reéults in'a negative Ehargevaway from the sur-
faée, and since the,electrons‘had to come from the above’polyhedral
volume; the& leave behind a‘net positive charge. Thus, a negdtive dipole
layer'iévforﬂed whiCh.has thé.effectfpf increasing the barrier for
electron'emission, i.é;, it inéreases.theielectron work function.
,:2; The o%her-efféct of thefrédistfibution'can be a smoothing out of-
”_‘the'électron cloud on the surface.- This smoothing comes about from t he
vdedfeaée ih energy associéted with electrons flowing from the "peaks"
vinté the "Vaiieys" formed by the surface polyﬁedra. This flow of negative
chafge tgnds to leave the tips of the surface polyhedra positive and the
 ihcreése‘in electroh density in thelvalleys produces o negativé charge.
Hence this effect teﬁds to form a pésitive dipole'layer at the surfacg,
‘ i.e., the‘work.funétion tends to degrease. |
Unforfunately, to obtain humérical values, the model proposed by
Smbluchowski requires several simplifying assumptions, including the
: assﬁmptipn of a linear variation in the density of.free electronsvnear
the surface_due.to spreading, and an assumption of the number of free

“electrons per atom in the metal.
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The dipole moenent due to spreading, which increases the work funhction,

increases with increasing packing density of atoms on the surface. On the

basis of this consideration, the work function of tungsten should decrease

in the order of the (110), (100), (1i2), (111), (116) orientations. This
is confirmgd by experiment except for the (112) orientation, whose work
function falls between that of the (100) and (111) planes. Smoluchowski
ﬁas'shOWn that éonsideration'of the change in dipole moment due to smooth-
ing leads to a prédiction of the work functions of tungsten in the same
order as-those experimentally observed.

Stickney9 has observed that this Same order for tungsten is achicved
if it is'éssumed that the work function.increases with the number of near

neighbors seen by a given atom on the surface. Following this approach,

he constructs around a central atom a number of concentric shells con-

taining the neighboring atoms. Table II.1 indicates the number of atoms
contained in each shell for a body=-centered cubic lattice, e.g., that of

tungsten, for the different orientations and the corresponding work

Tunctions. Table II.2 indicates a corresponding list of several orienta=

tions of rhenium, which is a close-packed hexagonal lattice; listed in

order of decreasing near neighbors, and therefore in order of expected

decreasing work function. Figure II.2 depicts the rhenium lattice from
which the radii of the shells were obtained.

Using this model, the work function of the (0001) orientation should

"be the highest and the work functions of the (10I0) and (10I1) should be

_ lower but about equal to one another.

On the basis of the surface density of different orientations obtained

S . . : 20 . : Sy -
fram x-ray diffraction measurements, the order ol decreasing work func-

tions should be (0001), (10I0), and (10T1). Table II.% shows the wiriation

of interplanar distance with orientation. Since the volumetric density in



10w

the crystal is constant, the surface density is directly proportional

to the interplanar distance.

This brief analysis is compared with experimental results in Sec. V

L g

&
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 Table IL.T

Number of Near Neighbors Associated with a Given Bulk- or Surface-Atom of (BCC) Tungsten

Number of Atoms in Shell of Radius, r, -

Work function

Value bf ri(

l—-l
H

[}
N

! ) o | _ , 5 7, ev
aYg% a L u‘_ a e 2 Ju L
8 6 L 8 (4.55) 3
o =
6 3 L 5.2k !
5 3 3 b 4. 65
L 5 - L L L.s5e
L 3 3 6 k.38
L 3 3 h 4,29

a = lattice constant of tungsten = 3.1654




Tsble IL.II

Number of Near Neighbors_Associated'with a Given Bulk- or Surface-Atom 6f Rhenium

Number of Atoms’in Shell of Radius, r.

I‘l . I‘2 . r

Bulk : o 2

(0001) Surface 2 ' 1

) | 2 | . =7 - - —3
. a 2 ° \/a ¢ P Q. \/4 .2 ¢
Valu.e_ ofr, , _1/2» 5 +C° = 2.36A -5-+—E_2,.69A a=g.76A 5 a + o=
1
1
1

= &= O Oy

e




Variation of Interplanar Distance with Crystollographic
Orientation of Rhenium, Listed in Order .of LExpected

Decrease in Work Function

Crystallographic Orientation
(oo01)
(1010) .

(1011)

2

2

\H

1

8

0

L, Lsp

‘:X}

N

Interplanar Distance

A

b0

5> 0

o
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ITI. THE EXPERIMENTAL PROBLEM

A. Diode Design

The thermionic diode used in these experiments 1s shown in 1Migs.
ITT.1 and IIT.2. In Fig. III.l, all electrical and thermocouple leuds
are shown, in addition to three vertical quartz heaters (0B-T5) which
wore used, originally, to bake out the system. However, these hecaters

have since been removed because the viewing ports became too hot as a
result of the absorption of the infra=-red radiation. Figure III.2 shows
schematically, the design of the diode. The electron gun and emitter
support cup were fabricated by Litton Ligineering Laboratories (CGrass
Valley, Calif.). The electron-gun Tilament was a tungsten coil spot-
welded to a Mo center lead and a Mo outer heat shield. Fach emitter
button (17/%2" diameter x 3/16" thick) was brazed with Nb to the Ta
support cup, as described in Section ITI.B. The collector assembly con=
sisted of a single crystal (100) copper collector (.384" diameter) und
guard-ring, each brazed to an OFHC copper support, and a cooling plate.
The gap between the collector and guard-ring was 5 - 7 mils. It was

necessary to insulate the collector, guard-ring and cooling plate

electrically, but still provide for sufficient thermal conduction

to constant collector and guard—ring_temperature. Alumina was irst
flame-sprayed on the collector support plate to provide insulation
betiwnen thie collector and guard-ring. However, this proved to be
unreliable. During some of the preliminary experiments, the insulation
broke down at one or two points. Therefore, a piece of ¢lectronic—grudu
mica, approximately 2 mils thick, was added to provide additional insu-
lation., However, this increased +the thermal resistance, which du-

creased the sensitivity of the collector temperature to the coolin, -
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Fig., 1IL1
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B. Emitter Fabrication

1. Burface Preparation

The emitters were cut from the polycrystalline and mono=--
crystalline rods using a "Servomet" spark cutter. The buttons were
then planed on the "Servomet" to a finish of approximately 10 micro=
inches (center line average). This was sufficient, in the case oi the
single erystal emitters, to permit their proper orientation, with the
aid of Laue“back reflection pictures. Once properly oriented to within
2°, they were then planed again, if needed, and brazed to the Ta support
oups, as described below.

After being brazed, the emitters were then ground down on M/O emery
and rough polished with a 1, diamond suspénsion in keroscne. It was
found that unless heavy pressure was kept on the specimen in the rough
polishing stage, pitting of the surface occurred. In addition, attempts
at mechanical polishing with anything else but 1lp diamond resulted in
pitting of the surface. After the surface of each emitter was mechanic-
ally polished to a scratch-free condition, it was electropolished for
several seconds in polishing solution number 1 described in Appendix A.
Longer periods of electropolishing resulted in pitting of the surface,
so a combination of mechanical polishing and electropolishing was
employed to obtain a distortion- and pit-free surface.

Laue” x~-ray photographs of each of the orientations and a chemical
analysis of the rhenium are presented in Appendix B.

2. Brazing Studie:

It was necessary that the bond vetween the rhenium emitter butions

and tantalum support cups meet the following requiremcnts:



a. the joint must withstand thermal cycling between room ten-

perature and ?200°C,

be the brazing filler, 1if any, must have a low vupor pressure, and

(o the melting temperature of' the Jjoint must be above 230000.

Requirements b and ¢ narrowed the selection of mtoerials to those
metals which did not form eutectic or peritectic compositions, with
either tantalum or rhenium, at temperatures below 2500°C. In uddition,
the thermal cycling requirement suggested that it would be wise to avoid
the ormatici of a o=phase in the ragrion of the joint, since this cone
plex phase has a tendency to be more brittle than simpler phases.

In view of the above, niobium foill was selected Tor use as the
brazing material. Among the metals under consideration, only niobium
does not appear to exhibit a o—phase.gl‘ There is some disagreement

22
in the literature, however, as Knapton claims the existence of a
o-piiase over a narrow range of composition and temperature. In case
this phase does exist in the Nb-Re phase diagram, the steps taken below
were designed to ensure that none existed in the bond between the emitter
button and support cup after the brazing process was completed.

Prior to brazing, Hohlraums, .016" in diameter and .100" deep, were
spark=-machined into the sides of the emitter buttons. The buttons were
then electropolished until all traces of carbon and copper from the
spark cutting process were removed. The Nb foil (2mils thiclk) and the

s . . 23,84
Ta support cups were chemically cleaned with standard cleaning
solutions.

Figure IIT.3 is a photograph of the vacuum brazins stand. It is
coﬂst:uctod of stainless steel, alumina standoffs and graophite dises,

which no1d the tueatalum heat shields and tantalum supporti cup. Tor
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preliminary brazing studics, tantalum disecs, approximabely 1/8" thick

Py 1/2" in diaméter were brazed to equal size polycrystalline Re dices,

using 2 mil niobium as the braze material, The [filwment consisted of v
two 55 mil ﬁantalum wires spot-welded together to form w circular [ila-

ment with two leads. A current of 90 amps was sufficient lo heut the

Tilament to approximately 1950°C, ooserved.

By electron bombardment, the temperature of the Re-\b-Ta sandwich
was increased to the melting point of the niobium. This corresponded to
arProximately 2470°¢C (black~body temperature), at an emission currcent
of approximately 600 ma and a pﬁtential of 1000 volts. After the Nb
was observed to have melted, the temperature was raised to 25%50°C Tor a
minute to ensure complete melting of the niobium. The temperaturc was
then lowered at a ratelof 75°C per minute to 220000, at which point it
w5 held for approximately 5 minutes. Since the o-phusc ls not stable
at or below this temperature, this was done to ensure that, in the
event a o-phase had formed between the rhenium and niobium, it would
decompose into other phases before the rate of the solid-state renctions
decreased to a negligible value. The temperaturc was then decreascd at
approximately the same rate (75°C/min.) to ambient conditions. A CVC
PS-LOA vacuum system was used to maintain vacuws conditions during
brazing, and the pressure in the system was kept below 5 X ]_O-'5 tory

cor all brazes.

Fy

Figure ITIL.4 shows the results of early atlempts at brazin.. The
niobium used in the early experiments contained approximately 600 ypm
. S st 23 .. ' i :
of oxygen wnd nitrogen, which resulted in the lormacion of voidsn
all along the rhenium-niobium interiace. This resultoed in wmechinically

o % s s < s
poor jolnts. In subsequent brazes the niobium was outiussed at 2500 C
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C. Description of Vucuum Systom

The vacuuwm system used in the thermionic emisgion cxperiments is

a4} .

shovn in Fig. III.6. The bell jar was constructed of .005" stainless
steel and was 14" hish and 14" ID. Eight 1-1/2" feedthroughs werc
used for all electrical connections to the diouc. Two W' lass viewing
ports were used for optical aligning, spacing and temperature measures-
ments. All seals were metal-metal seals. Scals for the 1M and &"
flanges were Al foil seals designed after Rttzcrlg and all others wuare
commercial Cu=-gaskel geals. Pumpdown was accomplished by evacuating
the system to approximately 27 inches of mercury by means of the houoo
vacuum line. The sorption pump (Varian "Vac=-Sorb") was then used to
bring the system pressure to less than 5u, at which time the ion pump

4
(Ultek, 100 1/sec) was turned on. After the chamber had been baked
out, and the pressure was below ZLO'-7 torr, the Ti sublimation pump,
whose chamber was.lO inches in diameter, was turned on. This pump,
whose effective pumping speed was apprdximatcly 2500 E/scc, was then

used, in conjunction with the ion-pump, to bring the pressure down to

the base pressure of 1™ e,
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IV. PROCEDURE

A. Calibration and Testing

t GO

U
@

The gap between the emitter and collector assembly was
approximately 0.75 mm and adjusted with the aid of &.Cuthvtomvtor 50
that the emitter and collector were parallel to within =£.01 mm. The
gap was set at this value to allow for thermal expansion of the cmitler
support cup, since there were no means by which the diode spacing could
be adjusted during the experiment. The spacing varied between 0.5 mm
and 0.05 mm when the diode was hot.

After all electrical leads and thermocouples were connected, the
vacuum chamber was sealed and the system brought down to approximately
10_6 torr. At this point, two 6-foot heating tapes were used to buke
out the chamber at 400°C. The voser to the heating tapes was incrcased
slowly so that at no time was the pressure allowed to go above 5 X 10—5
torr, for fear the ion pump would shut itself off. After baking the
chamber at L00°C for about 2k hours, the temperature was slowiy lowered
to room temperature. The emitter was then heated up to 10°C above its
maximun temperature, in all cases close to 2000°C, and kept therc for
at least 6 hours. This was done to outgas those parts of the diode
which would otherwise outgas during the runs. In this munner, and with
the aid of the Ti sublimation pump, the pressure in the chamber was kept
between 2 X lO-lO and T X 10-10 torr for all runs below 1800°C and
between T X lO—lo and 7)(10_9 torr for all runs at temperatures above
this value. The entire bakeout process normally toock a period of
approxim tely 96 hours.

Approximately 8 hours bevore each set of runs, all of the inoteu-

mentation was turned on in order to minimize drift of the clectronics.

.
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B

The instrumentation amplifiers were zeroed just prior to each set of
runs. Two sets of runs were taken for each emitter, on successive days.
A Micro-Optical pyrometer was used to determine the black=body

temperature of the emitters o within #5°C. This pyromeber was cali-
brated with a GE notched-tungsten filament calibration lamp. TFigure IV.1
shows the calibration curve used, and includes a correction for ab=-
sorption in the glass viewing port through which the emitter temperature

was taken.

B.  Experimental Runs

At each temperature for which a current-voltage charactéristic was
taken, the following was recorded, before and after: FEmitter temperature,
collector temperature, emitter-collector gap, pressure, clectron gun
current and voltage. In addition the guard ring lemperature was measured
every 3 or 4 runs. Although the emitter temperature stabilized in less
than 5 minutes, if was necessary to wait approximately 15 minutes for
the collector temperature to stabilize. The collector temperature was
maintained to l50°C i25°C over the entire temperature range of the
emitter by adjusting the coolant water flow rate.

Data were taken first, at maximum emitter temperature, and then at
roughly equal intervals down to the minimum temperature. The emitter was
then raised again to several intermediate temperatures and additional
data were taken.

The following day, a similar series of dala was taken, und the
emitter was finally flashed to its maximum temperature 1'rom a relatively
low Lemperature and allowed to cool rapidly.. Typically, the Lemperature
would drop Lo0°C in 20 secconds. When the temperature stabilized apudn, about

3 minytes after flashing, another sct of data was tluken. This was done
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to see whether any changes in work function had occurred because of

adsorption of gases on the surface of tlie emitter. (The results in-
dicate no such changes.)
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V. DISCUSSION O RESULIS

A. I~V and Schottky Plots

A sample fa J=V curve is shown in Fig. V.1 . Figure V.2 shows an
expanded view of the retarded region before it was corrected for ro-
sistive leakage current. These figures are typical of all of the indJ-V
curves obtained in these experiments. At low current densities the curve
deviates from the straight line because of resistive leakage in the diode.
Figure V.3 shows the current-voltage characteristic on rectilincur coor=
dinates. The linear portion of the curve yiclds an estimite of the
resistive leakage in the diode. ‘his resistive current, which is a funce=
tion of the applied voltage between the emitter and collcctor, wias sube
tracted from the data. Figure V.kshows the corrected £n J-V curve,

Fach of the fn J-V curves obtained in these experiments were corrccted
for resistive leakage. The leakage resistance in the diode varied from

e ohms at the beginning of the experiments to

approximately M.éxlo
l.lx108 ohms near the end. This resistance was very sensitive to changes
in the collector temperature, which implies that the mica insulation in
the collector assembly was very sensitive to expansion or contraction
effects.

At the knee of the In J-V curve, where one would expect a sharp
break in the ideal situation, it was observed that width of this tran;i-
tion region varied with emitter temperature, diode spacing and also with
emitter orientation.

The broadening of the knee is a result of space charge effects and

inhomogeneities at the emitter or collector surfaces. Edge effects were

minimized by means of the guarded geometry.. The width of the knec varicd

S
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from more than 0.7 volts at high current densities with the polycrystalline
emitter to less than 0.1 volts at low current desnities with the (10I1)
emitters; The knee in‘the in J-V curves of the (0001) consisted of two
relatively sharp Breaks at low current densities, as shown in Fig. V.5.
This is probably a result of a two-patch emitter surface, as discussed below.
The knee of the (10I0) emitter was also not as nérrow as would be expected.
It is probably a result of surface inhomogeneities, as shown in I'ig. V.6 )
where the surface of the (10I0) emitter, viewed at 40Ox magnification
after the experiment, appears to have undergone some rearrangement.
This rearfangement results in a barely perceptible broadening of the
spots of a Laue x-ray picture, so no conclusion as to its structure can
be made., This surface structure, plus the comments below lead us to the
conclusion that the (10I0) emitter may not, in fact, have had a surface
arrangement of atoms campletely reproeentative of the (10I0) orientation.

The Schottky plots were found to be linear, as expected, above
approximately 10 volts up to the maximum applied voltage, 65 volts.
Below 10 volts, the curves deviated from a straight line as a result of
space charge, surface reflection of electrons, or minor misalignment of
the emitter and collector. However, the temperature of the emitter, as
calculated .from the slope of the Schottky plot, was typically within 10%
of the observed temperature. This indicates that in the linear region,
the.applied field overshadowed the abéve-mehtioned'effects and the applica=
- tion of Schottky theory is valid, A typical Schotﬁky Plot is presented

in Fig. V.7T.
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B. Richardson Plots

The emission énd temperature data show a linear relationship in
each Richardson plot, Figs. V.8 through V.11, independent of the order
in which the runs were taken. This indicates that no adsorption occurred .

at the emitter surface and no systematic errors developed during the runs.

The value of époly obtained from the Richardson pldt, Fig. V.8,

compares very favorably with recent literature values as shown in Table
. . : _

V.I. The differences in these values is probably due, in part, to the

different methods of surface preparation and heat treatment.used by the

various authors. These different methods could result in a different

distribution of work function patches, hence a different average work

‘function. In addition, whereas the determination of the work function

by thermionic means weights the areas with low work functions more

heavily, the determination of ® by thermal ionization weights the high

- work function mofe heavily. Thus, the value of ®poly obtained by

: WeierhaﬁsenBl ig somewhat higher than the other values in Table V.I.

Direct comparison of ®(1oio)’ ®(ioi1)’ and ®(0001> with other values

in the literature could not be done as it appears that there are novprior

- measurements of the bare work function for any monocrystalline rhenium .

surface. Table V.II summarizes the results obtained in these experiments.

The work function, ®( was found to be the highest of the three

0001)’

. determined, as was expected from the theoretical considerations discussed
in Sec. II.B. This emitter actually consisted of several patches.
-ViﬁAfter the emitter was brazed to the tantalum support cup, it was noted

‘that around the edge of the emitter several new grains héd‘formed. How=-

ever, by proper centering, that portion of the emitter-bpposite the
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Table V. I

Recent Literature Values’of D ' E
: ~ poly . .

q) . 20K2) ' L Q0 .' - o .

- A, amps/(cm Temperature, K Date Reference }
4.95 120 - - . 1961 26

5.07 95 ' 2110-250k 1962 5 j
e . : |
4.85£.05 6620 ~ ~1hk70-2130 1963 27
- L.65 - © 17%%-1903 1963 28 1
4.86.04 120 | 1855-21kk | 1964 29 | |
' 5.05 120 1873 196k T30
5.2 o . 20002400 1965 31
4,96+.05 120 : 1325-2250 ' 1965 32
Liosx.02 . 7Thi2l - . 1720-2231 1966 *
;;
. ) f
* 3
This work. ;
i
i
/ i
:




. Table V.II- -
- SUMMARY OF EXPERIMENTATL RESULTS

" Surface - Poly - . (1010) - (1071) (0001)
Number of temperatures 25 S . 26 . 25 13
Tot%} number of 30 - Y o6 17
mezasurements
Temperature range = . 1720-2231. ' 1688-2291 17842248 1826;2277
Rickardson work func= & = 4,93%,02 - ® = 5.15+,02 ® = 5.37£.05 b= 5.59%,05
tion and A, value ‘AR = Th2d Ay = 76421 Ap = 119+40 Ap = 199+hg

., temperature depen-
dercz of 9= :

From shift in Vg oio.7xlo'4eQ/°K : -(l.hil)xlo-hev/oK -(1.1i.h)xlo'uev/°x —(Q.BBi;E)xlO-uev/°K
Calcalated from Ap 55310 ev /P K (.At{3)xio‘heé/°K '(Oi.55)X1o*hev/°K -(.ht.E)*lO-yev/oK
o, 4,30+,0k - 4, 73+.10 4.21+,15 . k772007

v, | -.65£.03 . ~.5h,0k  =.93%.05 -0.80%,01
'@C'_ Vo=@ - .51.5x1ofhev/°x ' (.hi.B)xlO-hev/oK -(Oi.55)xlo_hev/ok -(.4i.2)x10"“ev/°x
(Tcalc—TobsjéK : - 63tho 81+20 N | | h6es | k22

retzrizd region ' I S e :

-6
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collector consisted mostly of the undeformed (0001) orientation. By
assuﬁing a two-patch distribution at.the surface, ag described analytics-
ally in-Appendix c, vthé contribution of the (0001) orientation to the
total éurrep@.was'detefmined’and ?(OOOI)- obtained. The work funéﬁion ';‘ =
of the other patch(es) - seen by the collector was determined tq be
5.08 + .03 ev. The oriéntatiOns assoclilated with this value were not
determined. The area associated with the (0001) orientation is estimated 3
vto be more than 90% of ‘the total area seen by the collectof. The value
of the work function of the (0001) orientétion, obtained from the Rich-
ardson‘plot, agreés-very well with that‘obtained from VO and-¢é as‘
deScribed‘below5
fhe work function of the (10I1) orientation is somewhat lower than
'®(d001)’ as was:gxpectéd. This value agrees, within experimental error,
with thg-wbrk function calculated from~VO, described below. . \ !
Oﬁ the basis of the criteria of number of nearest neighbors of a" ' o ;
given atom on the surface, as discussed in Section II.B, the (lOiO).work

function should be about the same as that of the (1011) orientation.

: On the basié of backing density at thevsufface the (lOiO) value shbuld
be hiéher théﬁ that of the (lOii) orientation. However, our experimental
value for (itﬁoj rhenium lies slightl& below that of (1011) rh'enivum.‘
Whether surface "smoothing" could account for this'reordering,.as
?SmoluCHowski found for (112) tungsten, has not been determined.  ' ' f o
Some further question as to the aécuracy of the value for-the . .‘f >
s . .

(10T0) work function arises from consideration of Webster' s>

experi- *
ments on (10I0) rhenium immersed in cesium, where the effective work
function was measured in the region of considerable depression in the

’ surface. work function due to cesium adsorption._ By'meaﬁs'of a theory



proposed by Rasor and Warner,5u the Webster measurement extrapolates to
an estimated valué of about 5.7 ev for bare (10I0) rhenium, as compared

to thebvalue of 5.15 ev measured in the present experiments. The validityv
of the Rasor-Warner theory for such extrapolation is, however, quite
‘questionablé.

35

Comparison of Webster's measurements on (iOIO) and (1011) rhenium
in cesium may raise some further question as to the relative valuos 6? the
(1070) and (10I1) work functions for bare rhenium obtained in the present
experiments. Webster found that the méximum electron emission current,

obtained by varying emitter temperature at a given cesium pressure is

greater for the (10I1) orientation. The Rasor-Warner theory predicts

. that, for surfaces with bare work functions above about 5 ev, the surface

. |
with the greater peak electron emission, at a given cesium pressure,
should have the greater value for its bare work function. The validity
of the Rasor-Warner theory for such extrapolation is, however, highly

doubtful. Webster's experiments unfortunately did not extend far enough

- into the range of increasing ratio of emitter temperature to cesium

temperature to prbvide a meaningful comparison to the present'experiments.

Further qﬁestion arises from a microphotograph of the (10I0) surface

~ obtained upon cbmpletioh of the emission experiments. As shown in Fig. V.6

the surface appears somewhat textured, as contrasted to the visually smooth
surface-prior to the experiment. Such texturing was not observed on the
other monocrystalline surfaces used in these experiments. If this
apparenf deformation was accompanied by any significant crystallographic
réorientatidn, ut must have occurred when the emitter waé”first heated,

and prior to the emission measurements. Otherwise, a break or curvature

in thg Richardson line for this emitter would have been observed.



In summary, the measurements for (10I0) rhenium appear to have

essentially the same precision as those for the other orientations.

_ Until further experimenfs are carried out with bare (10I10) rhenium, there

©are no means at preéent of determining the significance of tﬁe possiblé
.doubts as to the accuracy of this measurement.
The values of A, obtained from the Richardson plots vary from
:b7hi21'to 199iu9, és seen ih Table V.II, and the depéhdence of the work
function on temperature, «, cal¢ulated from,Af, using Eq. (Ii.3), is in

the range Qf‘lO- ‘ev/°K, a typical value for clean metal surfaces.

o

C. Shelton Plots

:LAs diséussed in SectionvIV.B, the temperature of the collector was
f; méintained éﬁ l50éC 12590 throﬁghout each of the experiments.' From the
.Shélton.plété; no éystematic variation in éﬁ could be observed Withinl

"the small Vafiation 6f collector témpérature in these expériments.
Howevér, @Cbcalculated from the first (poly) Set.of,runs,aﬁd the third
b(lOil) set of runs is 4.25 ev, as compared with 4.75 ev froﬁ the second

'_(1oi0) and fourth (0001) set.
( "Theseivalueé differ from tﬁe Value of 5.61 ev56 for.the bare wgrk

- function of (100) copper because, after the, first set of runs, the

#

collector surface was observed to be covered with a bluish deposit, which

. Was nOt'spbsequently'removed. The variation in @C calculated from the

" Shelton plot is ascribed>to the fact that for the 2nd and U4th set of runs,

‘.thé emitter was baked out above 2000°C, whereas for the 1st and 3rd sets
of runs the maximum emitter temperatures were less than ZQOOQC.- It is

. probable that material evaporated from the hotter parts-dfﬂﬁﬁe diode

" was responsible for the bluish deposit and the change in work function. .
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As discussed in Section II , the values of A obtained from the Shelton
‘plot shbhld be the theoretical value of 120 amps/cm2°K?, if @c was ﬁeld
' constant, and if the calculated temperatures for the retarded regions were
eqﬁal to the observed temperatures. Although @C was held constant, the
calculated témperatures differed from the observed temperatures as_indi-
‘cated in Table V.II.- |

An.. obvious reasoh for this difference 1s that the temperature mea-
sured was lqwef than the true temperature, as a result of increased ab-
sorption in the viewing port because of an evaporated film onto the glass.
The measured temperature could also have been lower than ﬁrue temperature
.if the'hphlraum in the emitte? did not represent black-body conditions.

The difference between calculafed and observed tempefatures showed
' no noticeable increase as the experiments continued. In addition, the
power input'necessary for each emitter.temperature was monitored, and
no increase in power was needed to bring the emitter to the samé tempera-
ture at the end as at the beginning of the funs; This indicates that
V-dbsorptign in thé window did not increase over the amount compensated
f_for'by calibrétion.

The geometry of the hohlraumAwas such that the length to width ratio
was in exéessuof 6:1; This ensured tﬁét the temperature read at thé
357

‘hohlraum was the black-body temperature. However, if the knee of

the 1n J-V curve was rounded or shifted ih the positive (voltage)
direction, this would have the effect of decreasing the slope)of the
treﬁarded region, hence ihcreasing the calculated temperature. This
roundiﬁg in the knee can come about as the result of a non-uniform work

function of the emitter or collector surface, as a result of space charge,

geometry effects, or reflection at either of the electrode surfaces.
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Another possible reason for the temperature differences is the

reflection df low energy electrons from the emitter and collection
’ sﬁrfaces. This phenéméha would result in an inéredse in the temperature
calculated from the slope of the retarded region.15

The .‘Sheiton plots resulted in A values of 9145_&36, L;8¢L2, 2174186,
ahd 14393 armp-_s/cmz%{2 for the ;(poly), (10I1), ¢ 1oio),7and (0001)
emitters,'respectively,

As sh§anby Eq. (II.7), the work function of the emitter can be
obtained from the knee Qf the I~V curvevand from ¢b' As shown in Talbe
V.II, the values of & obtained'from @C and VO for each of.tha.emitters
agree, within'eXperimental error, withvthe values of ¢ obtained frbm the
Richardéoh plot:. However, because 6f the lack of precision of the yalues

.'ofl®c and YO obtained ffom the She}ton plét, the work functions obtained

- from the Richardson plots are preferred. .




VI. -CONCLUSIONS

fhese experimenté vere désigned.to determine the work Tunction of
pbiyérystalline and monocrystalline rheniuml _A plénar geometfy) cugrded -
‘cbllector vacuum thérﬁionic dibde was built, and détn'obtained for the
polycrystallin¢ and (10I0), (10I1) ana (0001) surfaces of rhenium ‘in
.the témperature range; 1400-2000°C. The work functions were obii .
.erm d Richardéoh plot. In addition, the ﬁork funétion‘or the mono-
crystaliiﬁe copper colieétor was'detennined,by'means of A Hheltbn plot
and Trom this vaiué and.the valué of the knee of the.In J—V curves,
work functions of the emitters were dbtdined whiéh.cqmpared favorably
with the Richardédh work functions.

Table V[II-summafizes_the results and ﬁrecision of measurements
oBtained in:these_e#pefimenté.

Some doubt as. to the accuracy of the work.function of the (10I0)
'.Qrientation exists, because bf‘inferrences'ffom the vaiue of the césiated

work function obtained elsewhere for this orientation.
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NOMENCIATURE

, . L ] 2
A theoretical constant in Richardson Equation = 120.4 amps/cm -°K

A Richardson "A" value obtained from intercept of Richardson plot

by
e electron charge
F field between emitter and collector, volts/cm
I current, anmps
J current denéity, amps/cm2
k Boltzmann constant
r radius of shell aboﬁt a given atom
R resistdnce, ohms |
.T ‘temperature, °K

T minus 273 °K

o
V . voltage of emitter relative to collector, volts
'Vd jdecelergting.voltage (for electrons) between emitter and colleétor, volts
'a‘  temperature dependénce of the work function, ev/°K
 €0= permitfivity offfree.space |
¢ émitfer work functibn.

" - temperature and field dependent emitter work function,'ev |

" field-dependent emitter work funct;on,.ev
o, collector work function, ev
p- density = grams/cm5

Subscripts
‘s - value in'the saturated region

so field«free saturated value
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APPENDIX A.

Electropolishing Solutions

The following. electropolishing recipes for rhenium, obtgined from

. ‘the various sources mentioned, are listed in order of their efflective=-

) ness'(as determined by the author ) in producing-pitéfree surfaccs.

1. Solution:

Cathode

Voltage:

Current’

. Density::

Source:

Remarksi.

2. ‘Solution:

Cathodé:v

350 ml absolute ethanol

175 ml perchloric acid (p = 1.54)

50 ml butoxy etharol (Butyl Cellosolve)

Pt wire

50 volts

6 amps/cn

-G A. Geach, et al., "Rhenium" ed. B. W. Gonser,

Elsevier Publishing Co., New York, 1962, p.85.

This solution appears to be the most universally

used, with different voltages and current densities

used for different orientations. Unfortunately, S0
far as we have been able to determine, consistont
results are;difficult to.obtain; In our experiments,
réasonably pit- and etch-free surfaces have been
ébtained at ~13 volts for polycrystalline rhenium
and the (10I0) orientation and at 22 volts for the
(10I1) orientation, at current densities:near

5 amps/cmg.

75 volume percent absolute ethanol

25’voium¢ percent 36N sulfuric acid

- Stainless Steel
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Voltage: 20 to 30 volts

Current )
Density: 1 to.2 amps/in

Temperature: About TO°F
Source : J. Bergin, J. G. Beach, Battelle Memorial Institutec,
Columbus, Ohio, private commﬁnication.
3. Solution: 5 volume percent Sulfuric Acid
1-1/4% volume percent Hydrofluoric Acid
Remainder: Methyl Alcohol |
Voltage: 50 volts
Source: F. W. Reynolds, Lawrgnce Radiatibn'Labora£ory,
Berkeley,FCalifornia, private communication
vh. Solution: 6 ml Perchloric Acid (62%)
| | 600 ml Methanol
360 ml Butyl Cellosolve
trace wetting agehﬁ
Voltage: 50 to 60 volts |

Current o
Density: 2 amps/cm

Needs Stirfing

Source: . F. W. Reynolds, ibid.
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APPENDIX B.

L s A
- CHEMICAL ANALYSIS AND LAUE X-RAY PICTURES OF RHENIUM

The pdiycrystalline ;henium was obtained from the Rembar Sales Cor-
poration. It was formed into a rod 5/8".in diameter fram 99.99% pure
powder. TabiC»B.l presents a chemic#i analysis for this Wateriul.

The monocrystalline rhenium was purchased from Union‘Carbide,‘Linde
Division. One piéce,‘5/8” in diameter and 2" long was grownvand Z0Ne =
refined from 99.99% pure rhenium. No analysis is’available for the
_ monocrystalline material.

Figures. B.1l, B.2 and B.> show the back-reflection Laué/x-ray pietures

‘,'obtajncd,from'eaCh of the orientations selected for use in the thermioﬁic

_diode.
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TABLE B.1l

CHEMICAL ANALYSIS OF POLYCRYSTALLINE REENTIUM

Impurity
Al < .0005%
B . 0001
Ca . 0001
Co . 0003
Cr .0003%
Cu . 0002
Te . 0050
Mg . 0001
Mn . 0002
Mo « 0025
Ni . 0001
Sn . 0002
T . 0002
Zr . 0002
Na . . 0001
. K . 0001
Non Metallic
C ‘ . 0020%
Si . 0003
H . 0005
) . 0010

0 ' .00ko
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Fig. B.1
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ZN-5T37

Fig. B.2
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ZN-5T734

Fig. B.3
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APPENDIX C.
w . - THE TWO-PATCH CURRENT-VOLTAGE CHARACTERISTIC
» L The two-patch I-V curve can be characterized by three régions; a

retarded and a saturated region, and a region whose slope has a value
between the retarded and saturated regiohs, as in Fig. C.1. Curves 1

| and 2 represent the current-voltage characteristic of éach of the two
regions, wiﬁh @2 > @l, Hence the two-patch current is simply the sum

of each of the currents Il and I? at each voltage i.e.,
Il(v) + IQ(V)-? (V). A (c.1)

Thus we have

I =I..+71I .. - (c.2)

By assuming'that VO is not much smaller than VO

, we can say that
1 v . e :

(v _<_.V" <V ) o - (c.3)

°1
(This assumption is valid for the analysis of the (0001) data, since
'(Vol - VOE)'was approximately one-half volt. This resulted in a low

2

enough electric field that the Schottky cerrection to I, from Vo, to

v can be neglected.)

°1
In the retarded region of curve 2, we have
o mer e vl el

or from Egs. C.1, C.3 and C.L,

s N |
I(v') = 1,(Vv') Toop * oo,

(2]

- Cbmbining_Eqs. (C.2) and (C.5) we get"

exp {%V(V' - VO,))} - (cs)
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(v g o Je T - ,
(V) = 1501 + (Tgo = Tgo1) xP kT (V"Voe)f‘ - (c.6) o
or )
' i 1
B 1<V') - Ty exp S (Vi-Vop) -
N SO Il A - -
Igo1 = ' e a : (c.7)
a L - CXP{ — (Vi-v_ ) -
kT 2 S
Therefore we can obtain Isol if we know Vg, , Isd,vand the current
. ) . ' j .
~at a given voltage, V' between VO and Vg . Knowing Iso, we can Iind
1 2 '

-,'é,; and in prinéiple, 1f we Can obtain the area of patch 1 then we can
. obtain a value fér the current density, and from that the Ricﬁardson
o value, A, .

Tdble: C I and Fig.V.2. present the results of Eq. (0-7) applled to

1-the (0001) data.

3
i
H
'
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Saturated region

Retarded region | ! Is=Is +1s,

b —_—— —— — — — — —

MUB 12043

Fig. C.1



Analysis of (0001) Data, Assuming a Two~Patch Fmitter Surince
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Table C.I

Run No.-

(]

115

~.81

-

Temp. C  Iso, amps Vol,volts Vog,voltﬁ _Isol,amps
102 2004 7.250x10™" -.80 0 o 880"
10k 1988 5.978xio'”. .79 ~.12 2.5exlo"”
119 196k k10920 -.80 ~.17 1716500
106 1932 2.968x10"u -.80 -.2h4 i.oiexlo‘u
121 1871 1.3h8xlo'u -.81 -.29 . 6.16x10'5
107 1868 1.5oé><1o'1L -.81 -.29 h.iuxlo“5
108 11820 6.496x10™ .80 .33 1.882x1077
110 1776 3.h0ba0™ .81 -.35 9,05&10;6 |
126 1738 " 2.1hex10™? .82 =53 6.66x10‘6
125 f 1758A- 2.155x10;5 -.83 -.35 5.85x1o‘6 E
103 “i738 : 2.134x10™ -.8% .35 5.75x10~0
111 . 1725 | 1;595210'5 =80 -.33 5.96x10’6_
113 1678 7.189><10'6 -.81 -3k 1.666x10™°
112 1677 7.199%10™° -.81 .5k 1.665x10™°
1636 | 3.582x10'6 -.81 -5k 8.02x10"7
116 1599 1.883x10™° -.81 -.31 ,h;22X10~7
117 1553 7.957x107 " .33 1;691x16‘
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APPENDIX D

Data Reduction Programs and Error Analysis

1. Two computer programs were developed for use in analyzing the data

with the.aid of . the CDC 6600'computer at the Computer Centor at LRI
Bérkeley. Both programs are in Fortran Iv.

The first of the two, "Reéist", was developed Tor a two-fold purposé.
Tt first takes the raw input date which contains thekcurrent and voltqge
information in the form of 16 digits (0-9) and converﬁs it to the proper
form (punched IBM cards) for use with Therm II, the programvwhich com-
pﬁtes thé work fﬁﬁction; etc; as described below.

Second, as part of the input raw data, a set of cwrrent and volt-

. ages corresponding to leakage currents is fed into it and this program

.. subtracts the proper leakage current from each of the measured currents

obtained during a run. If the measured current is obtained at a

_VOltage"differeﬁt from a voltage in the leakage data, then the program

interpnlates between the leakage current-voltage points that it has, and

‘subtracts the linearly interpolated current from the raw‘input current.

_ Program Sct-up: i

Card 1: Format (8A10)
Values of collectér resistors 1 through 8.
© Card 2:v' Format (22X, F7.2)
Température card correspondiné tb leakage data, T = 9999.
Card 3 + (N'-l) - (N' = number of leakage data cards)
‘Forma£ (2(e11, 12, 16, 13, 11, I8, TX), 2I1, 12, 1§, 13,
11, 18) a

Leakage'data'
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Card ' + 5: Blank
| This is a control card which indicaﬁes’the.last’data
card has been read for a given set.
- Card N' + k:
Format‘(QéX, F7.2)‘
vTeﬁperature card, identifying a given run
Card N' + 4 + (M' - 1): |
.Format (2(211, 12, 16, I3, I1, I8, TX), 2I1, I2, 165,
13, 11, 18)
Input daté cards (M' = number of data cards)
Cara N' + 4 +'M: Blank
(Same function as.card N'~+v5)<'l
N As'mény'sets of dafa‘as,désired may be processed. by repeating
cards (N' ¥_u) to (N' + 4 + M),
Note: An additional blank card must Tollow the last data set. |
- This card signifies that control is to be returned tovthe main program
' for,processing other steps. |
Output: Puhched.Cards
Format: (6E12.5)
Current-voltage values, corrected f@r leakage*cﬁrrcnts;
'(Voltage droﬁ across colleétor'resistor, applied voltage,
collector resistor.)

—~

A éardflistqur-"Resist"-follows:




-
'.

—
SN o

14

.15

16
17

18

[aX2XaXsl

D06 K =JyJEND

71~

PROGRAM RESIST( INPUT,OUTPUT,TAPE?=INPUT,TAPE3I=0UTPUT,TAPEIS)
DIMENSION IN(8), IC{3), JCU3), KR{3I),y, LC(3}, IVIR), JVI3), LVI3)
NIMENSTON VOLT(20042), CURR{200,2), .IRES{200,2), SUR(C20M)
READ(?241) LID(I), I=1,8)

FORMAT(BAL0)

T =1

READ(2,3) TEMP

FORMAT(22X, FT.2).

IF( ENDFILE 2) 39, 41

[F{ TEMP ,NE, 9999. ) I1 = 2

J =1 '

READ(2,4) (IC{T), JC(T),y KR(IV, LCUT), IVLD), JVIDI}, LVIT), I=1,7)
FORMAT( 20 211, 12y 16, 13, 11, I8,y TX)s 211, 12, 16, 13, 11, 18)
IF( IC{1) «FQ. 0) GO TO 18

JEND = J+2

IF{ IC(3) +EQ. 0O) JEND
TF{ 1C(2) +EQe O) JEND

Je+l
J

(I ]

K31 = K=J+1l

ICK = ICAKJL)

GO TD (8y 9y 10, 11, 11}, ICK
WRITF(3,12) -

"FORMAT(//+ 10X, 48H AN ERROR OCCURRED IN READING THE DATA, WHEN K
S 1=,15) ' .

GO TN 40 :
CURR(K,I1) = FLOAT( LGCI{KJ1) ) / 100. N\
GO YO 13

CURR(K, 1) = FLOAT( LCI(KJ1) ) 7/ 1000.

GO T 13

CURR(K,11) = FLOAT( LC(KJL) )./ 10000,
CONTINUE

TRES(K, 11} = KR{KJ1)

IVK = IVIKJL)

60 T0(B, 14, 15, 16, 16), IVK

VOLT(K, T1) = FLOAT( LVI(KJ1) ) / 100.

GO T0D 17 .
VOLT(K, 119 = FLOAT( LVIKJ1) ) /7 1000,
GO TO 17 L
VOLTIK,IT) = FLOAT{ LV(KJ1} )./ 1H000.
CONTINUE ‘ : .
IFL JCIKJL) LEQ. 1) CURR(K,IT) = =CURR{K,1I)
IF{ JVIKJ1DLWEQ. 1) VOLTIK,II) = ~VOLT{(K,IT)
CONTINUE N . : ,
J =-JEND+1 . . : ‘ ' -
GQ TO S :
CONTINUE

N NUMBER 0OF DATA POINTS READ IN FOR ZERO Y.

" NUMBER 0OF NDATA PNINTS RFAD I'N FOR NONZERO T.

IFL Il JEQ. 1) N = J=1
[F{ IT EQs 2) M = =i

IF( ITl .FQ. 2) GO.TO 26

WRITE(3,19) C .

FNRMAT(IMHT, 20X, 3494 INPUT DATA FOR TeD 1§ AS FOLLOWS ~ /)
1END- « N



27

21

23
22
20

26
25

28

30
32

- 31

33
29

34

- 36

a8
37"
s

42
24

39

40

-~ IRE )
C VOLTAI2) = 0.
o.

-T2

DN20 K=1,8 . :

WRIYE (3,21} Ky ID(K)
- FORMAT{/1SX, 17H FOR RESISTOR NO., 12, 4H OR , AlO, /10X, BH CURRE
INT, 12X, 8H VOLTAGE/)

D022 I=1,I1END -
CIFCIRFS{T,I1) JNE. K) GO YO 22

WRITE(3423) CURR(IZIT), VOLT(I,LT)

FORMAT( SX, 2€20.4)

CONTINUE

CONTINUE

IFC 11 «EQ. 1) GO TN 7

G0 TO 28

WRITE(3,25) TEMP _ -
FORMAT(1H1, 10X, 19H INPUT DATA FOR T =, F8.2, 16H IS AS FOLLOWS -
1.7

TEND = M

G0 YD 27

CONTINUE

D029 I=1,M _

NDN30 J=1,4N .

IF( IRES(I,2) «NE. IRES(J,1) ) GO TO 30

IF( VOLTUJ,1) LEQ. VOLT(I,2) ) GO TO 32

TEL VOLT{J41) GTe VOLT(I,2) ) GO YO 31

CONTINUE

CUR = CURR(Js1]}

G0 TO 33 o A

CUR = CURR(J=1,1) + (VOLT(I,2)=-VOLT{J=-1,10) * (CURR{J,1)~CURR{JI=1,
11)) /7 (VOLT(Js12=VOLT(J=1,1))

SUB(I) = CURR(I,2) - CUR

CONTINUE

WRITE(3,34) ‘

FORMAT(1H1l, 10X, 41H TABLE OF VOLTAGES AND CNRRECTEN CURRENTS/)
WRITE(3,36) K, ID(K)

FORMAT(//y 15Xy 1TH FOR RESISTOR NO., 12, 4H OR , Al1N, /10X, BH CU
IRRENT, 12Xy .18H CORRECTED CURRENT, 2X, RH VOLTAGE/) i )
DA3T I=1,M v

TF{ IRES(1,2) .NE. K} G0 T 37 :

WRITE(3,38) CURR(I,2), SUB(I), VOLT(I,2

FORMAT{ SX, 3E20.4)

CONTINUE

CONTINUE

D024 I=14M

T ISUB = IRES(I,2)

WRITE(14,42) SUB(I), VOLT(!;Z)- [ngIsus)
WRITE( 3,42) SUR(I}), VOLT(I,2), IN(ISUB)
FORMAT( 1X, El1l.4s 1Xy Ell.4s 2X, AlD )

. CONTINUE

DN2 I=1,M

IRES(I,2) =
‘ 0

CURR(1,2) = 0

GO TO 7

CONTINUE

ENDFILE 14

CONT ILNUE

STOP

END
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 THERM II .
2. This program was‘designed to reduce the raw I~V data obtained from

the experimental runs and obtain a value for the work runction and

-Ar from -a- Richardson plot. It was designed for use with the CLC

6600 computer.

2
In order to obtain the Richardson plot of £n JSO/T vs 1/T, Jso

- must be calculated. As shown in SectionII.A, Jsd 1s the intercept of

the Schpttky plot. For the:Schottky plot, the field, I, between the
emitter and collector must be known. This meéns that the internal volt-
age between the emitter and collector, (VO- V), must be known. There~
fore, in order to obtain ¢ and Ar,'VO and Jso must be dgtermined.

Thérm~Iivis composed of 5 parts, each part consisting of a least

squares Tit to the data, assuming linear correlations. The data in-

cluded in these 5 parts are data from the fetarded reqion, the saturated

'reglon, the Schottky plot, the Rlchardson plot and the Chelton plot.

The output of the program is in two parts: print-out ghectg and
plotted curves, obtained wiﬁh the aid of a Cal-Comp plotter.

In order to find V for a given temperature run, the program

:assumes that the retarded reglon ( (1) in Fig. II.1) can be expressed

by Eq.. (II. 6),

o . J’e' o ] .
Jo= 30 exp T (v, =V )J»v (D.l)

- It then calculates the best fit to selected points in this region. 1In
.addition, it finds the best straight line through selected points in

the suturated region. The intersection of these two Linon yilelds v,
4 ) DRRS

a3 ‘yh( Wl Jn ]‘ O' -[Iol o
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Having calculated. Vo, the program then proceeds to calculate

Jco by means. of the Schottky plot. Selected points are fitted to the
expression, : N
1/2 ?

(v -v)"

J, ~Jd T

.
3 SO exp (1)-»1..)
| :
~which results from Eq. (II.4) for a constant diode spacing d. This
~ does not affect the value of the intercept, J o' The tenperature can
' S, 1.1/2

d .

= o

be found from fhe slopé by multiplying the latter by
,Thus with J, found for each run at temperature T, a best fit to
’the Richardson plét éan_be.obtained. As mentioned abové; the siope
- and intercept of this fitted line yields @»and Ar' | |
tThe last part of Therm IT calculates thevcurrent density, J, form
éach of the_runs,-at a ‘given voltage in the rqtarded region. As shown
~in Section:II.A,Aa plot of L’n'J/T2 vs 1/T, where J is calculated at a
given value of V in ﬁhe fetarded region, is thé Shelton plot. From the
slépeléf the best fitted line we can obtain;the collector'ﬁork function,
' @c,vand, as shown‘iﬁ‘Section II.A, if the collector work function was

" Kept cqnétaht, then ‘the work function of the emitter, @, may be‘obtaincd;

PRoéRAM SET-UP
A: - INPUT
| 'CMmj; FORMAT (15)
; _NVCOL =. no. of collector poteﬁtials used; that ig, thev
" no. of Shelton plots to be made. O<NVCOLKIO
CARD'2:, ‘FORMATH(6E12.5)

VCOL (I), I = 1, NVCOL = collector potentinis used for
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_CARD 3: FORMAT (6E12.5)

TEMP = temperature
IN = noise current
T XMAX = maximum value of abscissa used for plotting

XMIN = minimum value of abscissa used Tor plotting

area of diode

e
f

. e s |
DEIX is a number such that (XMAX DE%;IN 5)

is the number of vertical grid lines on graph of
current density versus voltage.

- CARD 4: = FORMAT (6E12.5)

VRMIN . = minimum retarding region potential for plot.
VRMAX = maximum retarding region potential for plot.
VSMIN‘ = minimum saturated region potential for.plotf
VéMAX = maximum saturated regién potential for plot.
VSCMIN = minimum potential for SCHOTTKY plot. |
VSCMAX = maximum potential for SCHOTTKY plot.

CARD 5 - CARD 4 + (N-1): FORMAT (6E12.5): (N = no. of datu points)

I* = volbage across known resistor.
V = voltage-
R = resistance

CARD 4 + N: BLANK

"As many'data’sgts'as desired may.be‘proce3sed at execution time
by repeatihg'fromicARD 3. |
NOTICE: 'An additional Blamk card must follow ﬁhe>iast set of

' data.
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" B.  OUTPUT
For each data set, the foilowing output is given:
Line 1: TEMP, IN, XMAX, XMIN, A, DELX - o :

Line 2: -~ Line N + 1: I, Vi Ry, =1, N

i)
Line N + 2: log, [(ii) R ~ INJ/A, V for ull data ﬁoints such that
the loge gquantity > O. | ‘
Néxt Linei Iniﬁial temperature in degrees Kelvin. Next output is
a least squares fit of déta points in the retarded region followed by
- the fitted temperaturé.' Then comes the ieasf squares fit of the data
:points in the saturated -region and the cérrGSponding Titted voltage, Vo'
Lastly is_the“fitted‘datavpoints‘for the SCHOTTKY plots and the corres-
-:EOnding fiﬁfed Currentrdensity. | | |
En@ of oufput for each data set.
If there.afé two or more sets of input data then a least squares-fitvis
 made fpf,those data points corresponding to ‘the Richardson,plot.and NVCOL
7»least!square fits for the data points corresponding_to the SHELTON plot.
In addition to the above output there are three plots Tor each get

of data .and (NVCOL + 1) additional Plots.

. CARD LIST FOR THERM II:
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PROGRAM THERMII(INPUY,QUTPUT,TAPE2=INPUT,TAPE3=0UTPUT,TAPEIR,TAPE
X99)
8

$IBFTC THII

200

60

DIMENSION J{500),V(500),R(500),X{5001,2(500),Y(503,1),W{150),RESID
1(150,1).A(20.2).8(20'l).SLOPE(lSO),X!NTFR(!50).TFMP(150).VO(190).
2XJS0(150)4COLV(10)

COMMON /CCPOOL7 XMINyXMAX y YMINy YMAX CCXMIN,CCXMAX,CCYMIN,CCYMAX

COMMON /COMIN/OMIN
COMMON /CCFRACT/FAL™ R

EQUIVALENCE (Y,2)

REAL J,IN
‘FACTOR=1024.,

CCXMIN=.68359375€-01
CCXMAX=,15332031FE+¢01

CCYMIN=,78125000E~01
CCYMAX=,1N0546B7SE+0L

IGRAPH=0
CALL CCBGN

WRITE (99,1}

FORMAT{ 28HEWICHNER PLOT = PLAIN PAPER,////)

OMIN=-2,3025851
K=0

READ (2,200) NVCOL

FORMAT(15) B

IF (NVCOL +GT« 10) NVCOL=10

1COL=0

READ (253} (COLV(I),I=1,NVCOL)

FORMAT(6EL2. 5)

K=K+1

IF (K «GE. 151) 60 TO 4

READ (2,3) TEMPIK),IN,XMAX,XMIN,Q,DFLX _

IF(TEMP(K) oEQe0.0 LAND. IN .EQ. N.0 AND. XMAX .EQ. 0.0 .AND. XMIN
1 .EQ. 0.0) GO TO & _ .

WRITE (3,60) TFMP(K).IN.XMAX.XMIN Q,DELX

FORMATIIH ,6E12.5)

READ (2,3) VRMIN, VRMAXvVSMlN.VSMAX VSCMIN,VSCMAX

L=0 :

ILa(XMAX=XMIN) /DELX+,5 .

L=L+l . ' f

IF (L.GT. 501) GO TO 6 . K

READ (2,3) JIL),VIL)4RILY : '

IF (VIL} +EQs 0.0 +ANDe JIL) +EQe 0.0 AND. R(L) .EQ. 0.0) GO YO 7

WR ITE (3.60)J(L)-V(L)yR(L) ' \

6a TN S

READ (2,31 YREAD, xnsAo.aREAo

IF. (XREAD .NEs 0.0 .OR. YRFAD .NE. 0.0 .0OR. RREAD .NE. 0.0)60 TO 6

L=L~-1 i .

IF (L .GE. 2) GO TO 14

;s KaK=~1.

14

GO TO 2

If (L .GT. S00) =500
TEMP(K)=TEMP(K}+273.

N=0 )

DO 8 M=},L .
JIMY={{J (M) )/R(M)-IN)/O



IF- (J(M) .LE. 0.0) GO T 8
N=N+1
JIN)=ALOG(J(M})
VIN)Y=V{M) v
WRITE (3,60)4(N),VIN)
3 CONTINUE .
WRITE (3,9) TEMP(K)
9 FORMAT(23HOINITIAL TEMPERATURE = £12.5)
CALL ORDMAX(J,10,N)
Li=N=-1
N0 17 I=1,LL
TMAX=V(I) |
QMAX=J(1)
Pi=1+1
DO 17 M=II,N
IF (TMAX JLE. VIM))} GO TO 17
TMAX=VIM) :
VIM)=VIT):
V(I1)=THAX
QMAX=J(M)
JEMY=g(1)
T =QMAX
17 CONTINUE
ITF (IGRAPH .NE. D) GO TO 18
IGRAPH=]
GO.Y0 19
18 CALL CCNEXT
19 CALL CCGRID(ILs6HLABELS,IM
. WRITE (98,20)
20 FORMAT(4HLN J)
' CALL CCLTR{0.¢574./1024.41,3)
WRITE (98,21) )
21 FORMAT(1HV) .
CALL CCLTR(815,/1024.,7. /1024..0.3)
"WRITE. (98,22) TEMPI(K)
22<FORMAT(13HTEHPERATURE =E£13.5)
CALL CCLTR{1100,/10244,120./1024.,0,2)
CALL CCPLOT(V,JyNy4HJOIN,T41)
M=0
DO 23 I=1,N _
IF (VII) .LT. (=5.0}) GD TO 23
IF (V(I) .GT. 1.0} GO TN 24
M=z=M¢]
AL IERIS R
X{M)=V{I)
23 CONTINUE
24 XMIN=-5,0
XMAX=1.0
~ CALL CCNEXT ~
CALL CCGRID{&6,6HLABFELS,T0O)
WRITE (98,20)
"CALL CCLTR{0.,574. /1024..1.3)
WRITE (98,21)
CALL CCLTR{815. /1024..7 /1024.,0,43)
WRITE (98,22) TEMP(K)
CALL CCLTR(1100,/1024.,120. /1024..0 2)
“CALL CCPLAT(X,Z,M v 4HJIOIN, T4 1)
1=0
DO 25 M=s1,N
IF. (V(M) LY, VRMIN) GO TO 25
I (V(M) .GT. VRMAX) GO TO 126
I={+1 '

m

.




IfF (I .GT. 150) GO TO 26
Y(I,1)=J(M)}) s
X{1)=v(M)
Wil)=1.0
25 CONTINUE
GO T 126
26 1=150
126 ITEST=1
27 CALL LSQPOL(X,YyW4RESIDyI, SHol AyBy2)
SIGMA2=FLOAT(]I~2)
28 GO TO (57:57+50,51,52)4ITEST
57 WRITE (3,34)
34 FORMAT{(//BX,1HV,13X,4HLN J,8X,10HLN J CALC.,6X,BHRESINUAL//)
"GO T0 54
50 WRITE (3,53)
§3 FORMAT(//3X,12H SQRT(V=VO)} T7Xs4HLN J,BX,10HLN J CALC.,6X,ARHRESTIDUY
1ALZ7)
G0 TO 54
51 WRITE (3,55)
55 FORMAT(//9XsTHY1./TEMP 43X, 12HLN(JSO/T¢*2),10%, SHCALC.'7X.BHRFSIDUAL
1/7)
- GO TO 54
52 WRITE (3,561

56 FORMAT{//9X,7THl. L/ TEMP 41X, LSHLN( JPRIME/T#%2) 10X, SHCALC o4 7Xy BHRESID .

1UALZ /)
S4 DO 32 M=1,I
P=B(1,1)1+R(2,1)%X(M)
WRITE (3¢33) X(M)oY(My1l),PyRESID(M,1)
33 FORMAT{1H0,5E15.5)
32 CONTINUE
IF (SIGMA2 .LE. 0.)GO YO 35
SIGMA2=5M/SIGMA2
DELS=SQRT(SIGMA2¥A(2,2))
DEL IN=SQRT(SIGMAR2%A(1,1))
WRITE (3,36)
36 FORMAT(//10X.1HSleX,QHINTERCEPT.BX SHSLOPE,6X, 13HDEL INTERCEPT, 4X
1,9HDEL SLOPE)
WRITE (3,33) SM, 5(1.1),3(2.1).06L1N DELS
GO TO 37
.35 WRITE (3,38) .
38 FORMAT(//10Xy1HS, 10X, SHINTERCEPT 48X, SHSLOPE)
"WRITE (3433) SMyB(1,1),B(2,1)
37 GO TO (39,40,58,59,80),1TEST
39 T=11605./8(2+1)
SLOPE(K)=B(2,1)
XINTER(K)=B(1,1)
DELS1=DELS
DEL IN1=DELIN
DELTT=~(11605.*DELSI)/(SLOPE(K)‘(SLOPE(K)OOELSI))
i WRITE {3,41) T,DELTT
.41 FORMAT{ //14HOTEMPERATURE =E13.5,10X,13HDELTA TEMP, =E13,5//)
=0
DO 42 L=1,N
IF (VIL) .LT. VSMIN ) GO T0O 42
IF (VIL) .GT. VSMAX) GO TN 44
I=+1 S
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IF (I .GT. 150) GO TO 43
Y(I,1)=d(L]) S
X(T)=V(L)
" wW(1}=1.0
" 42 CONTINUE
GN TO 44
43 1=150
44 TTEST=2
G0 TO 27
40 XNUM=B(1,1)-XINTER(K)
DEN=SLOPE(KI-B(2,1)
DSLOPE=DEL S1~DELS
VO(K) =XNUM/DEN

DELTVO=(DEN*{DELIN=-DELIN1)~ XNUM*DSLOPF)/(DEN*(DEN*SLOPE(K)))

WRITE {3,45) VO(K),NELTVO

45 FORMAT(//SHOVO =E13.5,10X,10HOELTA VO
1=0
00 46 L=1,N

IF (VL) .LT. VO(K) 4OR, V(L) .LT, VSCMIN) GO TD 46

TE (VLL) JGT, VSCMAX) GO TO 146
I=T+1 :
IF {1 .GT. 150) GO TO 147
XC1)=SQRT(V(L)=VO(K))
74y=dIL) '
YL, 1)=201)
Wil)=1,0
46 CONTINUE
GO TO 146

147 1=150 . .

146 IMAX=X(1)+1.5
XMAX=FLOAT(IMAX)*.000001
XMIN=0,

‘CALL oaonax(z.xo.x)
CALL CCNEXT
CALL CCGRID(10, 6HLABELS 1
WRITE (98,47}
47 FORMAT(SHLN JS)
T CALL CCLTR{=T./102444574./1024441,3)
.WRITE (98,48)
48 FORMAT{10HSQRT(V-V0))
CALL CCLTR(B802./102444044043)
WRITE (98,22) TEMP{K)
CALL CCLTRI1100.71024.4120,/1024440,2)
CALL CCPLOT(X92Z,I,4HJOINy641)
C1TEST=3 . R
GO YO 27
58 Xan(K)sexP(a(l 1M L
WRITE (3,61) XJSO(K). = - '
61 FORMAT(6HNJSO =E12,5//)
Gh TO 2 ,

4 K=K-1 Co
IF (K .LT. 2} RETURN
DN 63 L=l,.K
Y(L.11=ALOG(XJSO(L)/TEMP(L)%%2) "
X(L)=1./TEMP(L)
Wit)=1.0" -

© 63 CONTINUE
ITEST=4
1=K
60 YO 27

59 CALL CCNEXT
tLak-1

e et m e e
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67
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65

66
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D0 67 L=1,LL
TMAX=X{L")

QMAXSY(Ls1)

DO 68 M=L,K

[F (TMAX .LE. X{M)} GO TD 68
TMAX=X(M) o
X{M)=X(L)

X(L)=TMAX

QMAX=Y (M, 1}

Y(My1)=YiL,1)

Y{L,1)=QMAX

CONTINUE

Z(L)=Y(L,1)

CONTINUE

I{K)=Y(K,1)

XMIN=0.0 .
XMAX=,00125 '

CALL ORDMAX(Z,I0,K)

CALL. CCGRID(10,6HLABELS,10)
PHIE==-B(2,11/11605.

WRITE (3,64) PHIE

FORMAT( 16HOPHI (EMITTER) =£12,5//)
WRITE (98,65)
FORMAT(12HLN{ JSO/ T#%2) )

CALL CCLTR(~74/10244+562./102444143)
WRITE (98466)

FORMAT(3H1/T)

CALL CCLTR(815./1024.+0.+0,3)

CALL CCPLNT(XyZ oK 4HININ,6,1)
ICOL=ICOL+]1 | ;

VCOL=COLV(ICOL)

DO 70 L=1,K

Y(Le1)=ALOG(EXPIXINTER(L) +SLOPE(LISVCOL)/TENP{L )} **2)
X(L)=l./TEMP(L).

WitL)=1.0 :

CONTINUF

1TEST=S

GO TO 27

CALL CCNEXT

DO 74 L=1,LL

TMAX=X (L)

CQMAX=Y(L,1)

N0 75 M=L,K

IF (TMAX .LE, X{M)}GO TO 75
TMAX=X{M) : -
X{My=X(L} , .,
XtL)=TMAX ’
QMAX=Y(M,1)

Y{My1)=Y{L,1)

S Y (L1 d=QMAX

75

74

CONTINUE
ZELI=Y(L, 1)
CONTINUE
Z(KI=Y(K,ol)

CALL ORDMAXI(Z,10.K)
PHIE=~B(2,1)/11605,
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" CALL CCGR!D(IO.GHLABELS'JO)

v_.8g-

WRITE (3,71) vCOL,PHIE
FORMAT(14HOV COLLECTOR =£12,5

WRITE (98,72}
FORHAT(ISHLN(JPRIME/T**Z))

CALL CCLTR(-7./1024..55&./1024,.1.3)
WRITE (98, 66) .

CALL CCLTR(BIS./IOZ4..O.-O'3)

WRITE. (98,73) vcouL :

FORMAT({6HVCOL =E13,5)

- CALL CCLTR([BOO./[OZk..1205/1024.y0y2)

CALL CCPLOTIX1Z,K 4HJOIN,7,1)
TF (ICOL .NE. NVCOL) GO TO 201

“CALL CCEND

RETURN
END

»18H PHI {COLLECTOR) -512.5(/)
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SUBROUTINE QRDMAX(JsT10,N)

DIMENSION J(1) :

COMMON /CCPOOL/XMINXMAX, YMIN,YMAX,CCXMIN, CCXMAX,CCYMIN, COYMAX
COMMON /COMIN/OMIN

REAL J -
VMAX=J(1)

VMIN=J(1)

DO 10 I=2,4N

VMAX=AMAXT (VMAX,J(1))

VMIN=AMINL{VMIN,J(I})

CONTINUE

CONST=1.

IMAX=ABS(VMAX/OMIN)

IF (VMAX JLT. 0.)G0 TD 12
CONST=-1,

IMAX=IMAX+1
YMAX=FLOAT(IMAX)2OMIN®CONST

-CONST=~1,

IMAX=ABS(VMIN/OMIN)

1€ IVMIN .GT. 0,)GO TO 13
;. IMAX=IMAX+]1

CONST=1. . :
YMIN=FLOAT(IMAX)®OMIN®CONST
I0=(YMAX=YMIN)/(~OMIN}+.5

‘RETURN

END
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40
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LEAST SQUARE POLYNOMIAL FIT

8l

SUBROUT INE LSQOPOL(XsYoWsRESIDINySUM,L

A,8

M)

DIMENSION X(150)4Y{150,1),RESID(150,1),A(20,8),R(20,8),C(150,8)

1oSUMIT) Wl 150)

COMMON /LSP/ C

DO 20 1=1,N
ClI,11=1.0

DO 50-J=2,M

DO 50 I=1,N

ClI,JV=CI,d=-1)8xX(1)

DO 100-T=1yM

00 100 J=1,M

ACT,J)=0.0

PO 100 Kal,N
A(lyJisA(I.J)#C(K.!)#C(K.J)*H(K)

5-N0 150 J=1,L

DD 150 I[=1,M

. B(T,J)=0.0

00 150 K=1,N
BUI,d)=B(1, J)*C(K'l)*Y(K.J)*N(K)
CALL ‘MATINV (A,MyB,L,DETERM)

DO 205 J=1,L '
SUM{J)=0.0

00195 K=1,M

CIK, 1) =B(K, J)

DO 205 I=1,

RESID(K'J)=POLYEl(X(I)yM Clly1))=Y(1yJ)

SUMIJY=SUMLJ) +RESTDIT ,J a2 2W ()
RETURN

- END

MATRIX INVERSION WITH ACCNMPANYING SOLUTION OF LINEAR EQUATINNS

SUSROUT‘NE MATINV(AN,B,M,DETERM)

DIMENSION IPIVAT(20), Al20,20)y B(20,1),
COMMON /LSP/ PIVOT,IPIVOT, INDEX :
"EQUIVALENCE (IROW,JROW) 4y (ICOLUM, JCCLUM),

INITIALIZATION

DETERM=1.0

00 20 J=1.N
IPIVOT(J4)=0
DO 550 I=1,N

SEARCH FOR PIVQOT ELEMENT

AMAx=o 0
D0 105 J=1,N

IF (IPIVAT(J)=1) 60y 105, 60

DO 100 Kal,N

INDEX{(2042)y PIVOT(2N)

(AMAX,

Ts

SWAP)

ANE2060]
ANE20607?
ANFE 20603
ANE20ANG

ANE20ANR
ANFE20609
ANF2NAYN
ANE2N6YY
ANF 206172
ANE204/13
ANE206Y 4
ANE20ALS
ANFIOATA
ANE2NAL T
ANFE206183
ANE?PNALQ
ANFE20620
ANF20A21
ANE20A2?
ANE2NA23

ANE?0625
ANE 20626
ANF20627
ANE2N428
ANE20629

ANE2NA3]
ANE2N 632

ANF4N201
F&nN200n02
F4020003
F4n2n0n004
F4020005

F4nz00n7
F4020008
F4N2n0002
£40°>001.0
F402001)
F4N20012
F4N200173
F4n2004
F&Nn2n01s
F4020016
F4N20017
F4n2nni1A
F402001 9
F4n20020
F4Nn200721
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70 1F (IPIVOT(K)-1) 80, 100, 740 : ) Fan20n22

|
i
i
t
{
i
i
|
I
I
!
s
i

- : RO IF (AQS{AMAX)-ABS(A(J,K))) 8S, 1100, 100
: As TROW=J : F4n20n024
i 90 [COLUM=K . . . - F4n2nngs
: 95 AMAX=A(J,K) v F4N20074
! 100 CONTINUE : o F4020027
¢ 105 CONTINUE : o FLO2nN2 A
g . 110 IPIVAT(ICALUMI=IPIVOT(ICOLUM) +] ‘ : oo F&n2n029
: c . F4N20030
; o INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL F4N20031
! c : - F4020012
s T - 130 IF (IROW-ICOLUM) 140, 260, 140 ' : _ F4n200133
! e 140 DETERM=-DETERM : T F4020036
; : .5 150 D0 200 L=1,N v : Fan20n1s
| : A0 SWAP=A{IROW,L) , . ' F4N2007%4
170 ACIROW, L) =A(ICOLUM,L) _ : ' F4020037
: . 200 ALTCOLUM,L ) =SHAP - F4020038
i B 205 IF(M)} 260, 260, 210 : . ) F4n nn39
i : © 210 DO 250 L=1, M - . F4N20040
| 220 SWAP=B{IRNW,L) ‘ S Fan?0nad
{ 230 B(IROW,L ) =B (1COLUM,L) B F4n2nns2
{ © 250 BLICOLUM,L}=SWAP _— . F4N20043
260 INDEX(1,1}=1ROW - ‘ : : : F4N20N44
i : 270 INDEX(1,2)=1COLUM o L ) Fan20n4s
i 310 PIVOT{1)=A(ICOLUM,ICHOLUM) - o : F4N20044
. : : 320 DETERM=DETERM¢P[VOT(X) ' , ' F4020047
; ¢ ‘ ’ F4an2n04GR
; c DIVIDE PIVOT ROW BY PIVOT ELEMENT e S _ F4N020049
; . .. C ] C o F4020050
! S0 330 ALICOLUM, 1COLUM)I=1.0 . _ . , : F4020081
; 7340 DO 350 L=1,N » v . Fan20n82
: 350 A(!COLUM.L)=A(!COLUM.L)/PXVOT(I) : ' . F4n20053
355 IF(M) 380, 380, 360 ‘ R s Fan2nnse
B 360 DO 370 L=1,M : : : : Fan20n5%
- 370 B{ICOLUM,L)=B(ICOLUM,L)/PIVOT(L)Y .~ . & F402nNn64
. C ’ o ' F6an2nnsy
) o RENUCE NON-PIVOT ROWS o ; ‘ F4N200489
; c ’ : ‘ ' : " F4020059
: 380 DO 550 Ll=1,N O C F&N2 0060
i 3190 [F(LYI-ICNLUM) 400, 550, 400 . o F4n2nn6
! 400 T=A(L1,ICOLUM) : o ' : . F4ND20N672
; 420 A(LL,ICOLUM)=0.0 ’ oL : - F4n20063
) 430 D0 450 L=1,N : Lo Fan20n64
f 450 A(LY,LI=A(L1,L)=A(TCOLUM,L)&T *© - : ' © F4020NAS
; " 4SS IF(M) 55N, 550, 460 L L F4n2nNkA
: 460 DO 500 L=1,M : P oL F4an20067
: 50N B(L1,L)=B(L1], l)-BIICOLUM.L)*T : ‘ o . F4n2006A
: S50 CONYINUE S R . . F4020069
i € Sl : : £4020070
’ ¢ INTERCHANGE COLUMNS . . T ' Fen2nn71
: A ' o A Fen20072
! : .7 600 DO 710 I=1,N ) RN ) F&n20n73
‘ 610 L=Ns1-] J .o v . FanN?20074
- ’ 620 IF (INDEX(L.X)—INDEX(L'Z)) 630. 710. 630 - ‘ : : ‘ F40200758
T 630 JROWSINDEX{(L.V) - S T S I N R XY E T T b 478
- . 640 JCOLUM=INNEX(L,42) S ' F4N020077
_ 650 DO 705 K=1,N : o _ F4n20n78
. 660 SWAP=A(K, JROW) : g ' Fanrnnrg
: ATN ALK, JROW)=A(K,JCOLUM) ‘ FAHO2NNRN
I : TTOD ACK,JCOLUM) =SWAP o o F4n2nnal
: . 705 CONTINUE o : : F4020NR2

710 CONTINUE ' ’ : £4020N0A13
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740 RETURN
_ 750 FND
$SIBFTC POLY
’ FUNCTION POLYE]I (XyM,C)
DIMENSION C(50,1)
S=C(M,1) -
N=M-1
NO 1 [=1,N
K=M=-1
S=SaX+C (K, 1)
1 CONTINUE
POLYE1=S
RE TURN
END :

Fan200A4
F4N200A5
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ERROR ANALYSIS

. As described above, the data in each part o Therm TT was rivied
to a straight liné by meahs of a least squares analysis. .Tho method
of least squares ié outlined below: ) .

Given a set of N experimental values of an independent variable,

%, with a corresponding set of values of a dependent variable, y, we

~assume that the observed points, (xi, yi) approximate a straight linc

of the form,

y = mx +Db (D.%5)
_ J
3 ‘ g+ 80 1 ~a®
As an example, for the Richardson plot, y = 4n S X = g M=
: : : T :

and b= In A .
. “r

The sum, S, of the squares of the residuals, [y(xi) - yi], is

5§ =3 [ylx) -y,1° (D. 1)
=1

where each pqint, (xi, yi) is assumed to have equal weight. The object
of the least squares analysis is, to minimize S. The values of m and b
which minimize S are
Nx;y;) - 2X5, o
m = —> 5 : : (D.5)
NEx, T - (2x.)

1 1

: Z>c &, 2»){ .{'.A/ )
. . - . k X, Y .

2 2
NZx;T - (in)
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Now assuming that all of the errors in the measurements are lumped in
the yi's, the . standard error, o, for the parent distribution is

| 2 /2
= - | (D.7)

We use N=2 in the denominator because the number of degrees of frecdom
is two less than N as a result of the two arbitrary parametcrs, m aud b.

In addition, the standard errors of m and b are given by

1/2
o N__ ‘ o
m = 2 2 (D.8)
NS~ - (in)
and' - v
ox,? 1/2 ‘ .
o = ' 9. i (D.9)

. ) s = 2
NZx, - (in)

The assumption that all of the error can be assigned to the Y5
values will be shgwn to bé a reasonable one.r

In calculating VO and Jéd’ the xi‘s ’arevthe measured voltages,
V; and the yi‘s are_the measured ¢urrents. The instrumentation
amplifiers and voltmeter were ca%ibratedvand found to be-accurate to
* .02%. The error in the value of V’is,thereforo on thevordef of the
uhcertainﬁyvof the iﬁstrumehtation. However; the unceftainty in the -
current canvbe much larger. The value of the current is determined by
the volt&gg drbp across the coilector resistor, Vér’ which - is known
to i.05%. Bgt‘by fartthe.largest uncertainty ' in J is that associated
'withvthe temperatgre. Typically, for an emitter at QOOO°K‘yith q>:.5 v,
a_chdnge in temperature of 1°K results in d change of appr§ximatoly 2%
in J, so that reading the emitter temperature to  5°K results in gﬁ

uncertainty of 10h in J.

*
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Ancther uncertainty in the value of J is that associnted with the
. area of the collector. V.. divided by the valuc of the collector ro-
sistor yields the current, which must then be divided by ﬁhe aren ol
the collector to obtain J, the current density. However, because of
< o the gap betﬁeen the collector and guard ring, the actual urea over
thch the current was collected was known to only #16p. Thus,Tor the
least squares analysis for finding the.equations of the-retafded,
sdtﬁrated, and Schottky lines, the aésumption that tﬁe errof in X, can
be neglecﬂed i1g justified,.

In fhe Richardson and Shelton plots, where x is equal to /T, the
abové éssumption is still wvalid. The uncertainty of i5°K ovaer the
entire temperature range corrésponds to less than 0.5p whereas the
uncgrtainty associated with Jsd as shoWn above can be as high az 29,
which inclﬁdes the uncertainty associated with the.temperature and that
associated with the area.

This large uncertainty in Jsd’ as a result of the uncertainty of
the collector area, manifests itself as an uncertainty in the value o1
4., but has liﬁtie effecfrupon the values obtained Tor ®. An error in
T, however, affects the value obtained for 6. Typically, for an emitter

~work function of 5 ev; at a'temperaturé of 2000° X, én error of 5°K results
~in an error of 0.25% in & |

The above discussion has consildered énly the random efrors involved
in the experiments. Systematic errors in these experiments are consildered

to be minor. The major systematic error in the experiments is associated

with the determination of the true emitter temperature. Although the
optical. pyrometer wus c¢alibrated with the viewing port, it is poscible

thul with the high emitter temperatures reached, sufiiclent. maberial

R




was evaporaﬁed Qnto the viewing port to decrease the transmission of
lighﬁ.v This would result in an undereétimate of the tempgrature, This
underestimate would be less than 2% since the power input to the emitter
was monitored and no perceptible increase was necessary av the end of
.the experiments to bring the emitter to the same temperalure as ﬁus
Ineedéd at the beginning.v All other systematic¢ errors, such_as instru-
menﬁation‘drift or offset, were found to be negligible.

In this error analysis, mention must be made of an errér tg which
noe num¢rical value can be given. This error is associated with the
'aSSumptibn that the:surface atoms of the monocrystalline emitters have
the same afrangementfas the interior atoms. Although the Laué X-ray
photographs indicate a Qistortion—freekcrystal, the x-rays,penetrdte {
far beyond the first couble of ‘atomic layers. It is precise;y'ghese
first layers, however,,which greatly influence the work function. In
“the case of the (0001) and (1011) orientétions it is felt that the
surfaces vere indeéd’representative of the interior atoms arrangements.
Howevér, because of the microscopic surface distortion observed on the
(101I0) emitter, and in view of the guestions raised in Section V, it
1fa§pears_that the surfage arranéément of atoms may not have-been exactly
'thét of“the‘interiof;} Just'hbW'mﬁch distortion exists and how much

1

' ®(1010) is affected eludes calculation.

A
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APPENDIX =

DATA ACQUISITION SYSTEM

The following considerations were taken into account in desipning

the‘data acquisition system:

1. The instrumentation used for measuring the diode current mast
have a high input impedanée to avoid loading errors,

2. Tﬁe collector and. guard-ring must:be kept at equal potential-:
throughéut the entire voltage swiﬁg of the collector,

5. The entire I~V curve muét be obtained within a few minutes
to avoid changes as a result of temperature or instrumentation‘
drift. Similarly, when thé emitter is flashed to clean the
surface, thevdata'must also be obtained rapidly, before any
change‘in the‘work function occurs due to adsorption of gases

- on the emitter surface,

b, Current-voltage data must be in a form compatible with the
Resist and Therm Ii.codes, used with the CDC 6600 computer
to analyze the data.

Figure E.lrepresents a simplified schematic diagram of the diode

circuit. V. is the'voltage across the diode, Viop 1s the voltage drop

~across the collector resistor and Vge 1s the voltage between the puard-

ring and collector. The I~V curve of the diode was 6btained by varyiny

the pbwef supply between =5 volts and +65 volts and measuring the

colléctor resistor voltage drop, Vg, at any given value of V. .

Figure E.2 represents a more detailed view of the diode circuit.
The X1 and X10 amplifiers are FPhilbrick SP2A operational amplificrs,

selected because of their high input impedance, 1012 otns.  The puard-

v

ring amplifler and its power supply, shown schomiticanlly in Figs. 6.5 and
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E'u:,-were designed to maintain the collector=-guard voltage, V"c at
. . D N

'ber near zero'lets, regardless of the voltage across the diode, V, and -

regardless of the voltage drop across the collgctor resistor, Vcr; This

témplifier Was able to maintain Vgc to less than lCO microvelts, which is
the sensiti&ity.of thervoltmeter used in the experiments. The voltmeter,
a DanavMedel 5603 digital voltmeter,‘read V. by measuring between the

X1 output and ground. It read.var by measurinﬁ‘betweeﬁ'XlO out and

common. - This gave a value for Vcr that was 10 tlmes the true Ver, but

vthis'was necessary to utilize the Dana to its full sensitivity. (Because

the programmable power suppiy_could not easily compensate for Ver (true)
$ 1l volt; Vcr was kept between 0.1 and 1 volt by selecting'the preper
:'edllectOr.resistor.)' This factor of 10 wae compensated for in the‘input
iﬁformatioh-to the-comﬁuter by increasing the collector resistor values
by a factor of lO., The above met the first two requirements of thei
data acqu1s1t10n system
| In order to meet requirements 3 and M an electronicblogic eystem
'was de51{n d dnd built so that pre-gselected voltages would - be applied
'to the diode, the current at each voltace measured, and thls information
‘ put on perfqrated paper tape. The Dana digital voltmeter, which wasg
vused to measure both current and voltage data, fed binary coded in=-
- formation into a CMC Model L03A adaptér_ﬁhiéh fed a Tally P-120 peper

tape perforator. The perforated tape was then converted into IRM data

'rftcards of the proper format by means of an TEM Model 46 card punch.

. Figure E 5 shows a flow oheet for the logical sequence of ovents in -
obtalnlng a curxcnt-voltage curve, tonelotlng of 70 data points. The

- voltage across the diode was set by means of a programmable Regatron

255 AMK power supply. The voltage output from this supply was determined’
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by selecting one of a'series of 70 programning resistors, each resistor
value determining a given output voltage. The schematic diagrams of
.‘the logié system are available as IRL Print numbers 10VAi02-1 through
10vho2-8, |

Figure E.6 shows an overall view of the experimental set-up.

\

-
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g FIGURE CAPTIONS
Fig. II.1- . (a) Ideal curve of electron emission density, J, vs applicd

collector voltage, V, for a vacuum diode having an emlitier

§
‘  with work function and a collector with work runction Gh
- : g such that @' > @C. (v) Motive diagrams correspnndingiﬁo
each of the regions in (a). |
Fig. II.2 = Side view of HCP Re lattice, where a and ¢ arc the labtice

parameters. Crosses indicate the position of atoms in the
lattice. (1) and (2) refer to the number of atoms within
the sameiradiﬁs, r. (0001}, (lOIO) and (10I1) correspond
| to the planes in the lattice. The plane of the page is (1150).

Fig. IIT.1 Thermionic diodé assemb;y, mounted in vacuum chamber.

F;g. III.é" Cross-section of diode fest stand.%

Fig. III.3> Test stand ﬁsed for brazing.

”Fig. ITI.4  Section of Re-Ta discs brazed with Nb foil which was not

| outgassed.

Fig. IIi.S | Section of succeszui Re~Nb-Ta braﬁé;

 Fig. III.6  Schematic diagram of vacuum system. ;

Fig{iIV;l ' Calibrafion curve used to determine true emitter temperature.

fig. v Typical i J-V curve ( (1010) Re, Run No. 65, T = 2177°K)

(J in amps/cmg, V in volts).

' fig. V:Q ' Retarded region of RunvNé. 65 (J in émps/cmg,‘v in volts).
. Fig. V.3 ‘ Typical resistive leakage-cérfent_région of I~V data.
A 7£   5 T'  : Fig. Vo , >Refarded region, corrected for résistive leakage current
':>Q‘:' ;‘1' ' o ._ .(J in'amps/cmz, V in volts).
| Fig. V.5 © 4 J vs V for a typical "(0001)" runj © A is the retarded

. region slope, B is the transition region, C is the saburated
~current- denslty, Vo0 (Run No. 108, 1 = 2003°K).

!




Fig. V.6

| Tig. V.7

Fig. V.9
Fig. V.10
Fig. V.11
Fig. B.1
 Fig. B.2
Fig. C.1
" Fig. E.L
Fig. E.2
Pig. E.3
Fig. E.b

Fig. E.5

Fig. E°6.‘

" experiments. (Original magnification: LOON, enlarged to T50x.)

Richardson plot for polycrystalline Re emitter (J,

- was obtained from the (000l) data using the assumption of
- a two-patch surface.

Laue x-ray picture of (10I0) Re.

variable range of -5 to +65 volts across the diode.

~10k-
Microscopic view of surface of (10I0) Re emitter, after the

Schottky plot for Run No. 65 (Jg in amps/cmg, V in volts). ¢
50 in amps/
cme, T in °K). ‘
Riéhardson plot for (lOil) Re emitter (JSO in amps/cmg,
T in °X). |

D

Richardson plot for (10I0) Re emitter (Jg in amps/cm:,

T in °K).

Calculated Richardson plotbfor (0001) orientation. This

Laue x-ray picture of (10Il) Re.

Laue x-ray picture of (0001) Re.

In I-V curve for a two-patch emitter. Curves 1 and 2 re-
present the In I~V curves for each pdtch.

(a) Simplified schematic of diode test circuit. (b) Block
diagram 6f diode test circuit.

Schematic of diode test cifcuit. The constant voltage power

supply provides a bias of ~5 volts. This results in a

A A

Guard-ring amplifier.

Power supply for guard~ring amplifier. ' v . ;

Flow sheet for automatic data acquisition system.

-

 View of the electronic equipment and vacuwn sysztem.
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; : This report was prepared as an account of Government

sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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