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University of California, Berkeley, CE,lifornia 

July 1966 

ABSTRACT 

The bare work functions of polycrystalline rhenium and of the (lOlO), 

(JOil) anQ (0001) orientations have been determined for planar emitters, in 

-10 -9 vacuwn, at pressures of 2 X 10 to 7 X 10 · Torr and in the temperuture 

4 0 0 
range, l 15 C - 2021 C. Electron emission currents were obtained in a 

thermionic ciiocie as a function of applied voltage, at a number of tern-

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, <P, and Richardson"A" value, Ar' were 

found to be as follows: 

<P 4.93 ± .02 ev, A 74 ± 21 I 2or2 ::: ::: amps em \ ; 
poly rpoly 

<P(lOll) 5.15 ± .02 ev, A 76 ± 21 I 2oK2 ::: amps em. ; 
r(loio) 

5.37 ± .03 ev, 119 l;o I 2o 2 
<P(lOil) 

::: A ± amps em K ; 
r(lOll) 

<P(OOOl) == 5.59 ± .05 ev, A 199 ± 49 j 2o 2 
r(OOOl) 

amps em K . 

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 

kmtalum support cups, usin,n; niobium as the high temperature braz(: 

muterial. 



I. Th""TRODUCTION 

The field of thermionic enere;y conversion has received a considerable 

amount of interest in recent years. The thermionic di0de is or.c of the! 

more prc,rnising enerGY conversion device" by vih}c·;, thermal ,:·nergy •!~Ul lh.; 

converted directly to dectrical energy vlith resaonably high ci'Ch:iency, 

r~liabilHy and specific pm.Jcr. ThermJonic enerl!,y conv.~rLer;:; lnve bcc·n 

designed for use 1vith various heat sources; nuclear, solar, isotope and 

, . l l, 2 , th t 1 t .l f d. . . cnennca., anc .. , us appear ··o Je a versa ·1 e means ·•or .lrect converslon 

of thermal to electrical en~rgy. 

·Basically, a thermionic diode cmsists of a hot emitter 'electrodE~ 

(typically 1400-2200°K) and c.~ cooler collector electrode. Some of tl1c 

electrons in the emitter with sufficient thermal energy to overcome the 

work function barrier, ¢, will escape from the emitter, drift acrose 

the inter-electrode gap and fall into the collector, which ha:3 a work 

function cp • If all of the emitted electron:> arc collected, tl1cn \vC 
c 

can speak of a saturated. current density, Jr. Application of FermJ 
oJ 

statistics to electron emission from the emitter surface yielcls the 
I 

basic Richardson equation, J 8 = AT
2 

exp {- ~* }.3 

The most significant property of the emitter which is important to 

. l} 
electron emission is its so-called "true" 1-10rk funct 1.on ( 0') . 'I'hi.:.; i::; 

defined as the difference between the energy of an electron Hhich L-; 

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 pmvcr dcn;;:Lt ic;; ;cJIU L·.l't'.i.c:i-

') 

encie;.; o:f' aetual converters are 0.2 lc1 o.l+ volt, l to ;·: 'l·::ti;tr;/cllt 1\.lhl 

1., to e'fr,, respectively, at emHter tempt:raturcs of l)OCtK; :uid O.'j to 

l.O volt, 5 to 20 watts/cm
2 

and 10 to 19%, rc:s;pe~tivel,y, at 2000°~\.1 
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These values represent typical performances of thermionic diode~> '>~'hj_ch 

have had cesium vapor added. The cesium performs two ;"'unctions. Ey 

means of its ionization, it neutralizes the space charge~ which v10uld be 

brouc:hL a1JouL by a hleh curTcnL dcni:iity of electrons. In add:i.t.·i <>Jl, "i.t 

serves to lower the 1vork function of the emitter, which increa:~cs the 

electron emission, and lowers the collector work function, which in-

creases the voltage output. Most of the present \Wrk in thermionics 

deals with cesiated thermionic converters, as they appear to be the rno::~t 

promising high po-wer and high efficiency dt::vices. 

Rasor 5 predicted, and later experiments by Gust
6 

at La1v-rencc Radia­

tion Laboratory and by Kitrilakis, et al. 7 at TEECO have shown, tbat 

rhenium emitters above l500°C in a. cesium diode are superior to emitters 

of the other refractory metals. That is, at a given temperature, hic;l10r 

power density is obtained with rhenium emitters than with other emitters 

or conversely, for a given power density of interest, rhenium emitters 

can operate 100 or 200°C lower. 

This present work deals with the determination of the bare worlc 

function of polycrystalline rhenium and the work function of the (0001), 

(loio), and (lOil) orientations. These single crystal orientation~; 

were selected because high •wrk functions •,.;e-re e:A'"Pected on theoretic:.~l 

grounds
8'9 and were inferred from field emission experimcnts. 10 

It is possible that methods for producing oriented strrfaces of Tie, 

similar to th9SC for Mo
11 ~nd w12

' 13 will be developed so tba t full 

advantage of these high work functions will be realized in practical 

applications. 

Chapter II reviews the theory of thermionic emission. Chapte:r:·J 

ITI and IV discuss the desic;n of the experiment and the experimental 

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

• I 

" 

p 

• 
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Chapter VI presents a summary and conclusion. 

The appendices include derivation of equations, electropolishing 

recipes, the error analysis and Tables and :Figures. 

\ 
,, 
·:--. 



II. THEORY OF THEIDJ!IONIC EMISSION 

A. Review of Thermionic Emission 

'l'.i•·~' basic equation of thermionics is the well-known IUch::rd:3on 

equation, &, 

,J 
s 

,.. I 
' -eQ'l' t 

-< --r 
'- kTJ 

( II.l) 

This equation relates the saturated electron current density to the 

temperature and work function of the emitting surface. In its de:riva-

tion, the following assumptions are made: 

a. the electrons inside the emitter obey Fermi-Dirac statistics 

and move in a square-well potential, 

b. e<P' > kT, so. that the distribution of electrons around energy 

e<P' can be considered to approximate a Maxwell-Boltzmann 

distribution, 

c. the effective mass of the electrons equals the rna ss 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 vrork 

function <P' is temperature-dependent. The temperature dependence of 

the work function can, to a first approximation, be represented b~ 

¢' = <P"(To) + a(T-To) = <P" +aT; ( II.2) 

where <P" is the field-dependent work function. Then, vre can re-

write. F.q. (II.l) as, 

.. J I -ea '.1 .. '2 ( -ecj:l" 1 A r· 2 J -ec[)
11! 

__ -- A e.xp 1 ~ -exp 1 -.k'J:' ('-_ = eXp ,, -- t 
S ~- ( . l. .· X' I k'I' 1 

( IL)) 

.,. 

,;· 

J 

t' 
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If an accelerating field, F, exists near the surface of the unitter, · 

e ( eJi' '. l/2 
the work function is lowered by an amount, kT 7Ti'oo }1 This lowering 

14 
bf the work function barrier is knmm as the Schottky effect. 

Thus, in the presence of an electric field, the saturated current 

density equation, Ed. ( II.3) becomes 

J = s 
A T2 { e r exp kT 

J so exp { k; (~ ) l/2} 
7fE j ·0 

where the field-free saturated current density, J , and field-free 
so 

work funct~on, <P, are defined by 

J = A T
2 

so r 
exp -e<P 

kT (+I. 5) 

We see from Eq. (II.4) that if we plot 2nJs vs the square root of 

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

is J 
so 

This is the "Schottky Plot". 

Then, by plotting 2nJ /T
2 

vs 1/T, . so 
we can obtain from this plot 

(the Richardson plot) a slope proportional to the Hork ft"r:ct.ion .::' ~:1d 

an intercept equal to A , the Richardson "Arr value. If t.he as~-;ur:,;)t i.o:~ 
r 

that a, the temperature dependence of <P', is small and Eg. (II.2) is 

valid, then the work function obtained from the Richardson plot is the 

so-called "true work function". In addition, A should equal the 
r 

theoretical value of A, 120.4 amps/(cm
2 

-°K
2

), times exp {-~0:} 1 from 

which o: can be deduced. 

At this point, it is useful to introduce the concept of the motive 

diagram. Figure II.1a reprt:r~ents the ideal log current-voltage curve 
~A 
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for a v:;tcuum diode having an emitter work function rj1 and a collector 

work function, <De' such that cp'> c]J~· 

Region 1 represents the 11 retarded11 region, \·rhere the emL~sicm 

current density reaching the collector is less than the saturat· .. ;d 

emission current density. Figure II.lb sl'JOivs tJ1e motive c'i.i.agram correspond.-

:in;~ to region 1. This diagram depicts the potential tl1at <.:.n elec: Lron 

sees in going from the emitter across the diode ga}) into the collc,:::Lor 

and through an external circuit bn,ck to tl1e emitter. If 1.ve con1:::Ld,:~1: 

an electron with just sufficient energy to overcome both the work 

function barrier, <'f:>, and the additional decelerating pot,;ntial, -cVct, 

it will reach the collector and fall in, giving up an energy, ¢c. It 

then has an energy equal to -eV. available for extern:J.l work. In thi:~ 

region the current density is given by, 

J exp {
e 
kT (V (n:6) 

where from region 2, the 11 knee 11 of the log J-V curve, we can see that 

eV 
0 

(II. 7) 

In the motive diagrams corresponding to the saturated regions 3 and l+, 

we can see that,neglecting the Schottky effect, no additional curre11t 

is obtained by increasing V, since in order to be e1r>.i tted, electrons 

must still have an energy greater than ~ • 

The work function of the emitter can also be determined from the 

value of V , the knee. From Eq. (II.7), _we see tbEl.t, in region 1, 
0 

'lfhere ( (f\_~ - eV ) > ¢'., 
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(II.8) 

Therefore a plot of £n ,TjT
2 

vs 1/'l' yields a slope pro:portion3.l to 

( ¢ -eV), v1here J is obtained at the same V for each temperature. '.l'his c . c 

is the so-called "Shelton Plot". l5 

S:i.nce we can obtain a value for (¢ -eV), and we lmmv V, we c:m 
c 

find ¢ . From this, and finding the value of V from the log J-V curve 
c 0 

c·;e can use Eq. (II. 7) to find ¢~ • 

If the collector temperature is kept constant, then tl1e :i.nturccpt 

r) . I) 

of the Shelton plot should, in theo1·y, yield an "A" value of 120 anrps/emc.- 0 1\"", 

regardless of the temperature dependence of cp • In addition, the tempera-. c 

ture calculated from the slopes of the log J -V curves should be the :;ame 

as the observed value, otherwise the intercept vrill not yield the 

theoretical value of A. 

•• 
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B. Variation of cv With Crystallographic Orientcc tion 

To the present time, the prediction of the work· function of bare 

metallic surfaces. has been hampered by the complex problem of d.cf'ining 

the shape of the potential at the surface. Accordinc; to Hir:;ner and 

16 
Berdeen, the work function can be thought of as beinG composed of 

two parts, an inner work function, dependent only upon the bind:i.ng .:~ncrc;y 

of an electron in the metal, and a surface contribution, dependent upon 

the energy an electron needs to penetrate a dipole double layer at the 

surface. Wigner and Bardeen derived an expression for the inner work 

function of metals, based on the assumption.that the wave functions of 

the free conduction electrons were plane waves over much of the unit 

cell. This theory and its modifications are useful only for the mono-

val~nt elements on.· the' left side of the periodic chart, where the inner 

work funct:Lon is a major portion of the observed work function.
17 

How-

ever, for the more complex atoms of the periodic chart, the surfaec: con-

tribution to the work function must be taken into n.ccount. 
. . lD 

.l:hrcl.cen 

extended this theory to include the contribution of a generalized surfn.cc 

double layer. Smoluchowski, 8 . however, was the first to attempt to 

calculate the different work functions of specific orientations of a 

metallic ::::.urface. Following the lead of Wigner and Bardeen, he sep:;;.ru.ted 

the work function into an inner contribution and a surfac~ contribution. 

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

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

·core is uniformly distributed over the entire polyhed.ral volwne that each 

atom Las geometrically associated with it. In the interiot of the metn.l, 

the P.l.ectr::m-cloud density is evenly distributed over cacb atomic poly-

hedron. ·If this were tlw case at the: surface, then no (l:ipole layer woulu 
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result. However, at the surface, there is a redistribution of the 

electron cloud, but the positive charge distribution as.sociated with 

each atom remains essentially uniform. This redistribution of electrons 

can be described in two parts: l. The electrons tend to spread out, 

away from the surface, because of the concentration gradient bet1veen the 

metal and free space • In other words, the electron density cannot change 

abruptly from the bulk electron density inside the metal to zero just 

beyond the surface but must do so continuously if the surface is to have 
I 

a minimum energy. This results in· a negative charge away from the sur-

face, and since the electrons had to come from the above polyhedral 

volume, they leave behind a net positive charge. 'l'hus, a negative dipole 

layer is formed which has the effect. of increasing the' barrier for 

electron emission, i.e~, it increases the electron work function. 

2. The other effect of the redistribution can be a smoothing out of 

the electron clot?-d on the surface. This smoothing comes about fromthe 

decrease in energy associated with electrons flowing from the "peaks" 

into the "valleys" formed by the surface polyhedra. This flow of negative 

charge tends to leave the tips of the surface polyhedra positive and the 

increase in electron density in: the valleys produces a negative charge. 

Hence this effect. tends to form a positive dipole layer at the surface, 

i.e., the work function tends to decrease. 

Unfortunately, to obtain numerical values, the model proposed by 

Smoluchowski requires several simplifying assumptions, including the #'• 

' ·~ 

assumption of a linear variation in .the density of free electrons near .., 
i: 
i 
i 

the surface due to spreading, and an assumption of the ni,unber of free 

electron:c1 per atom in the metal. 
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The dipole mon.cnt due to spreading, \vhich increases the work function, 

increases with increasing packing density of atoms on tl1e surface. On the 

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

in the order of the ( 110), ( 100), ( 112), ( lll), ( 116) orienta t1ons. This 

is confirmed by experiment except for the (112) orientation, \vhose work 

function falls between that of the ( 100) and ( lll) planes. Smolucl10\vsld 

has shown that consideration' of the change in dipole moment due to smooth­

ing leads to a prediction of the work functions of tungsten in the same 

order as those experimentally observed. 

Stickne;' has observed that this same order for tunesten is achieved 

if it is assumed 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.l indicates the number of atom::> 

contained in each. shell for a body-centered cubic lattice, e.g., U1at of 

tungsten, for the different orientations and the corresponding worl~ 

functions. Table II.2 indicates a corresponding lL:;t 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 

~ecreasing 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 (10!0) and (10!1) should be 

lower but about equal to one anothe1·. 

On the basis of the surface den::;ity of different orie11tation.::; n'btainc:d 

from x-ray diffraction measurements, 
20 

the o;der of decr·easing vTOrk i'unc-

tions should be (0001), (10!0), and (l.Oil). Table n.·:; ::.:J•nw;:, the: variation 

of interplanar distance with orientation. Since the volumetric density in 
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the c1·ystal is constant) the surfac:e density is directly proportior13.l 

to the interplanar distance. 

This brief analysis is compared with experimental result;:: jn Sec. V. 
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Table JJ. I 

Number of Near Neighbors Associated with a Given 
9 

Bulk- or Surface-Atom of ( OCC) Tungsten 

Number of Atoms in Shell of Radius, r. 
J_ 

Hor};: function 
rl r2 r3 r4 ev 

-· 

Value of r. 
J_ 

a .f3 
2 a a .f2 ~ .fll 

2 

Eulk 8 6 4 8 (4.55) 

llO Surface 6 4 3 4 5.24 

112 Surface 5 3 3 4 4. 65, 

100 Surf<..:.c:e 4 5 4 4 4.52 

lll SU.rfa.c:e 4 3 3 6 4.38 

li6 Surf"!ice 4 3 3 '4 4.29 
0 

a =lattice constant of tungsten = 3.165A 

... .. 
·' 

/.•c .-;) 

--------'--··------»~--------··-- -~,.- . ··--··-. 

I 
1-' ·.r::-
I 



:1 

!•· 

"--. 

Value of r. 
J.. 

Bulk 

( 0001) S:..1rface 

( lOiO) Surface 

(lOll) Surface 

~~-. ti-'' ,[~ -. 

Table II.II 

~ber of Near Neighbors Associated with a Given Bulk- or Surface-Atom of Rhenium 

Number of Atoms:· in Shell cif Radius, r. 
. l 

rl r2 

1/2 ~ + c2 = 
0 

2.36A ~
~ c- o 

3 4 = 2_.69A a 

4 2 

2 l 

2 l 

2 l 

r3 

6 

6 

4 

4 

2.76'A 

r4 

4 2 c2 
o v ~ 

3 a + 4 = 3.89A 

2 

1 

1 

1 

I 
1-' 
\J1 
I 
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Table II. III 

Variation of Interplanar Distance with Cry~-;t:d1or'.:cophic 
Orientation of Rhenium, Listed in Order -of Expected 

Decrease 'iri Work 11\J.nction 

Crystallographic Orientation 

(0001) 

(lOlO) 

(lOll) 

Interplanar Distance 

0 

4.452 l\. 

0 

2.)88 A 

0 

2.105 A 
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III . 'I'EE EXPERIMEN'l'AL PROBLET·1 

A. Diocle De.sj gn 

The thermionic diode used in these experiments is sLm.,rn .Ln }'i ~~:s • 

III.l and III.2. In Fig. III.l, all electrical and thenl!liCouple lc~Lu :J 

are shovm, in addition to three vertical qua r tz heaters ( GE- T') ) 1-rh ic:h 

· .. :.:1·,; used, originally, to bake out the system. Hm.rever , tr1ese h eLl t crs 

have since been removed because the viewing ports became too hot : .. s a 

result of the absorption of the im"' ra -red radia t ion . Fi c;m·e III. 2 dwv1s 

schematically, the design of the diode . 'T"ne electron Glln and endtt,!t' 

support cup vrere fabricated by Litton E(1~ineering I.aboratories ( CrLJ.DS 

Valley, Calif .). The electron - gun f ilament was a tungsten coil spot -

welded to a Mo center l ead and a Mo outer heat shield. Each em.i.ttc~r 

button ( 17 /32" diameter X 3 /16" thick) was brazed with .Nb to the 'l'a 

support cup, as described in Section III. B. The collector asserniJly con -

sisted of a s ingl e crysta l ( 100) copper collector ( .38~11 diameter) Ll.nd 

6~ard-ring , each brazed to an OFHC copper support, and a cooling plate . 

The gap between the collector and guard- ring vias 5 - 7 mils. It was 

necessary to i nsulate the collector, guard- ring and cooling plate 

electrically, but still provide for sufficient therma l conduction 

to constant collector and guard- r i ng temperature . Alum:iua vr:.1s 1'.ir~; l; 

flame-sprayed on the collector support plate to provide insubt Lor! 

bei ·.:.: en ~.},,~ collector and guard-ring . Ho1.;ever, this proved to be 

unreliable. During same of the preliminary e},:periments, ·cbe in:::uL.~.tion 

broke down at one or two points . Therefore , a ·r-iece of e l,_ctro~-.-~, : -,~ r·;..:.,l<..: 

mica, aFrh·oximately 2 mils thick, was adde d to provide additional i.nDu -

l :.1tion. However, this incren.sed t he UH:!nnn.l resisLance , \·:hi.c l: ([,~ -

crea::;ed the .sensitivity of the collector temperature to the cool :.i.n,r -
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Col l ector 

Fig. III. 2 
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B. Emitt..cr Fo.b::.· icc.tion 

l. Surface Preparation 

T'hc emitters ivere cut from the pol ycrystalline c..nd mono - · 

crystalline r ods using a 11 Scrvomet 11 spark cutter . 1'l:Jc button::; vrcl' e 

then p l aned on the 11 Servomct 11 to a f_;_nish of approxi:w.tL<~ly JO ;::.:_c·c·d ­

i nchcs (center line avero. r_:c ). This wa::; suffic:i cnt , in th,~ case oi' tiJ<J 

siJ~ .:;lc'" crystal emitters, to permit their proper or ientation , vlith the 

aid of Laue/ back reflection pictures . OncP. prop c::rly oriented Lo ivtth in 

2° , they were then planed again, if needed, and brazed to the T:1 ~~uppm·t 

cups, as described below. 

After being brazed, the emitters were then ground dmm on 1~/0 emery 

and rough polished with a 11-l diamond suspkns i on in kerosene. It was 

fouhd that unless heavy pressure was kept on the specimen in the rouch 

polishing stage, pitting of the surface occurred . In addition, attempts 

at mechanical polishing with anything else but 11-l dhmond resulted in 

pitting of the surface. After the surface of each emitter was mccl1anic ­

ally polished to a scr atch - free cond:ition, it was electropolishcd for 

several seconds j_n polishing solution nwnl1er 1 described in Appendix A. 

Longer per iods of electropolishing resulted in pitting of the surfacc , 

so a combination of mechanical polishing and electropolishing lvn~~ 

employed to obtain a distortion - and pit-free surface . 

Laue"'x-ray photographs of each of the orientations and a chemic~Ll 

anal ys i s of the rhenium are presented in Appendix B. 

2. Brazing fitudi<' :; 

It was necer;sary that the bond ·oe twcen the rhenj.um 2.mittcr but~.~on::; 

and tant~.J ··l ~:l ::;upport cups meet the following rertuircmc:ni;::; : 
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a . the joint must \·rithstand thermal cycling bet\.,reen r oom tern -

perature and 2200° C, 

b. the br az ing fil l er, if any, must have a low v:LpOl' prc~;sure , and 

c . the melting temperature of the ,joint mus~ be above 2)00°C: . 

Requirements b and c narrov1ed t11e select i on o:: :r.~·, ~.:· ;: Ltls to tho~~e 

meted ~ vrh ich did not form eutect ic or peritectic compositions _. \-l:i.th 

eith er tantalum or rhenium, at temperatures be l o1·1 2300° C . I n acllli U .on , 

the thermal cycling requirement s uggested that it would. l)c \vlse to avoid 

p l ex pha se has a t en ciency to be mor e brittle than s :impler phar;es . 

In view of the above, niobium foil was .se l ected for use as the 

brazing mater ial. Among the metal s under considerati on, only niobiwn 

21 doe_s not appear to exhibit a o·-phase . There is s ome disagr eement 

22 
in the literature , however, as Knapton c l a ims the existence of n. 

cr- rJ:.u.s e over a narrovr range of composition and temp erature . I n case 

this ph <->.se does exist in the Nb - Re phase diagr am, the steps t aken bel ow 

were designed to ensure that none existed in the bond between the emit tcr 

button and supp ort cup after the b1~zing proc ess was completed. 

Prior to brazing, Hohlraums·, . 016" in diameter and. . 100" deep , Her~ 

spark-machined i nto t he s ides of the emi tter buttons . The button::; ·Here 

then electropolished until all trac er; of carbo!'l and mpper f rom th.:: 

spark cutting pro cess were removed. The Nb foil ( 2mils thic l-::. ) and. the 

2) ,24 
T;·, support cups were chemically cleaned Hi th standard c:leaninc; 

solut i ons . 

Figure III. 3 is a photograph of the vacuum braz in :-· stand . It is 

COltSt.t 'UCted Of stainle SS steel, alum:l.r,:;. Standoff::; ;:;.n d (:::). j)fJi t e elise:::; , 

Hhid: i~ :, : .: 1-.ilC~ t:,,;tn.lmn heat shi elds and tantalwn suppo·c-:., cup . }'o:r 

. ' 
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Fig. III. 3 



prellirlinary br::1;:.ing studi<:·s , t;J.ntalum disc:;, appcoxim:tLc•ly 1/~';" ti '-i.cK 

x 1/2" iii diameter were br::1zed to equal size polycry st~, LLi.n..:; E..: ctL~cs, 

using 2 Jr,il niobiurr. as the braze material. The fiLtrr...::rn; con~~i::;t<'CJ of 

tvro 35 r.1il tantalum wires spot -1-reldcd together to form ~' cir c:ul~i.J' f.iJ.:t -

ment vri th tvro leads . A current of 90 amps was sufficient to b<2i..l.t.: the 

0 

i'iL.m'"nt to approxir:Jo.tely 1950 C, obsel·veci . 

By electron bombardment , the tcrnperature of the Rc -~\b -7:1 s:u1<h:ich 

was increased to the melting point of the niobimn . 'l'hi:::; c:o:cresvondc ... l to 

:::.:.~~r oxirr.atcly 2470°C (black- body tempe:cG.tureL at a n enLL ssion curTc.:nt 

of approximately 600 ma and a potential of 1000 volts . After t1K~ Nb 

was observed to have melted, the temper::1ture was r a i sed to 2530° C i\H· ;J. 

minuLc to ensur e complete melt i ng of the niobiwn . 'l'he tcmperatm·c wa:; 

then lowered at a rate of 75°C per minute to 2200°C, a t which point it 

1.: .. ::; held for approximately 5 minutes. Since the o--pha :; '-' .i.~; not :}tab le 

at or below this ·temperature, this was done to ensure th::.t, in th0 

event a a- - phase had formed bet1-reen the rhenium and niobiw11, it lvoulJ 

clecompose into other phases before the rate of the solid - state rC:<LctionD 

decn::ascd to a neglig i ble value. The te"mperature was then decreased. at 

approximately the same rate (75° c / min .) to ambient conditi ons . A CVC 

PS - 40A v acuum system was used to maintain vacuurrr condition::; durint 

brazing, and the p r essure in the sys tem '.vus k ept below 5 x lO - S to::wc 

:for a ll b razes . 

Figure III. 4 show-s the results of early atLc:~pts :1t bru:c in~ . 'I'he 

niobium used in the early experiments contetined approzirr..J. tcly 6oo r;prn 

of o>.-yf;cn : .. . td nitro f':en , 
25 

which r er;ultcd i n the (,)Tr:::L<.j_r,n of V 1J:i.d:; 

all rtlon;~ th' rhcnium-niob :Lu..rn interf<~c c . 'I'his l'•':~ull., : d :u1 Ja•:c:h:\'Li c'' .1J y 

" , 

' • 
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C. DescriptL:m of V<.tcuwn .Systc'rn 

The vacuwn system used in the thermionic emiscicm cxpl.;riml.'ll"t:·: i s 

chown in Fig . III. 6. T"ne bell .jar was constructed of . 06)" :3t~c it'll ::;:..; 

steel and \vas lL~ " hi~}J and 14" ID . Eight l - l/2" feedthrou~~hs \vc:~·c 

ports wer e used for opt i cal alic;ning, spaci ng and tcmpcratw·c lllc.~ <.l. .. \lY'L~ -

ments . All seal s were metal-metal sc:als . Seals for the 111n and G" 

J9 flanges ivere Al fo i l seals designed ilfter B:.1.tzcr · and :.tll others '''l.1" c 

commerc i a l Cu - gaskct seals . J.=>wnpdown was accompli shed by tov acuat.i.nc; 

the system to approximately 27 i nchc:: of mercury by means of the l1 ou:: , · 

vacuwn line. The sorption pump (Varian "Vac -Sorb" ) -vms then us ed t o 

bring the system p r essure to less than 5J.l, at ivhich time the i on pwn]l 

(Ultek, 100 1/sec ) wa s turned on . After the chamber had been ba ke d 

out, and the pressure was below 10-7 torr, the Ti sublimation pwnp , 

whose chamber was 10 inches in di<JJ!leter, WLl.S turned on . 'l,his pWltp , 

\vhose effective pumping speed was approximate ly 2500 J! / sec , '" Ll. ~: tlll~n 

u sed, in conjunct i on with the i on -pump, to b r ing the pressure dmm to 

the base pressure o f ~10-lO t orr. 
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IV. PROCEDURE 

A. Cali brat ion and Testing 

The gap b etween the emitter and collector assembly \·:as set to 

upproximately 0 . 75 mm and a djusted •!l i th the a i d of a c ;; tlwtorn, ·· t.~ r ~;o 

that the emitt e r and collector were para l lel to Hi thin ± . Ol mrn . Th~ 

gap >vas set at this value to allow for thermal expansion of the L:miLL~r 

support cup, since there wer e no means by which t he diode spa cine~ could 

be ad..justed during the experiment . Th e spac inc; varh'd bch~c-cL'~n 0 . ) 1m:1 

and 0. 05 mm when the diode \'l'as hot . 

After a ll electrical leads a nd thermocouples were connectcll, the 

vacuum chamber was sea l ed and the system broue;ht dmm to Dpprox imat e ly 

-6 6 10 torr. At this point, t wo - foor; heating t apes were used to lKtkL' 

out· the chamber a t 400°C. T'ne pcNier to the heating tape:~ Ha s incn:ast'~d 

slowly so that at no time was the pr cssure al l owec'l to g o above 5 X 10 - S 

torr, for fear the ion pump would shut i t self off . Afte r bukinc; the 

chamber at 400°C for about 24 hours, the t emperature wa s s la..v ly lowe red 

to r oom temperature . The em itter wa s then heated up to 10° C a b ove: its 

maximwn tempero.ture , in all cas e s c l ose to 2000°C, a nd kept ther•.': L'or 

at least 6 hours. This wr ... s done to outgas those part s of Lhc lliod L: 

which would otherwise outc;as during the runs. In thi:'; m:.~.nner, Lin,l \·lith 

the a id of the Ti sublimation pump , the pressur e i n the chamber w::s kept 

b e tween 2 X 10-lO and 7 x 10- lO torr fo r all runs below l 800°C ond 

betwe·-,n 7 x 10-lO a nd 7x l0 - 9 torr f o; · o.ll runs :~t t ..: mpc:r ~.tur c:.; ~tb<W (: 

thi:; value . The entire b a.keout proces:.; normal ly took a 11 c riod of 

approxirrn t~ ly 96 hr.urs. 

rnentntion w:1s turned on in order to minimize dr i f t of th L· t' lcctroni. c:.;. 



-31-

The instrume nto.t i on amp l ifiers Hen; zeroed just prior to e:1d1 set of 

runs. 'I\ro sets o:f runs were taken for each emitt,::r , 011 succc::;sivt:: clays . 

A Micro-Optica l pyromet er was used t o determine the black- body 

temperatur e of the emitters to 1-1ithin :!:5°C . This pyrornl~ b.::r was c:ali-

brab:d Hith aGE notched- tungsten filament calibration l amp . Figm·c IV .l 

shows the calibr a tion curve used, and i ncludes a correction f or at -

sorption in the glass viewing port thr ough which the emitter temperature 

was t ak en . 

B. · Experimental Runs 

At each temperature for which a current -vol tage choracteristic was 

taken, the following was recorde d, before and after: Emitter temperature , 

collector t cmperatu t·e , emitter - coll ector [jCLp, pressure , e l ect r on 

current and voltage . I n addi tion the guard ring :.,cmp erature was measured 

every 3 or 4 runs . Although the emitter temperature stabilized in l ess 

than 5 minut es , it was necessary to wait approximate ly 1'5 minnb~s for 

the coll ector temperature to stabi lize . 'I'hc collector temperatu1·e \vClS 

maintained to 150° C ±25° C ov er the ent ire tErn perature ranee of the 

emitter by adjusting the coolant water f low rate . 

Data were taken first, at maxi mum emitter temperntucc , and then o.t 

roughly equal intervals down to the mi n imum temperature . The snit tcr was 

then r a ised again to several i ntermedi ate temperatures and addit i onal 

data were taken . 

The foll owing day, a similar ser i es of da t a was ta}cen , ;J.nd th ,; 

P.mitter was finally f l ashed to its maximum temperature l'c nrn 0.. r e::lCltivcl;y 

l r>\·T temperature and allowc~d to cool rapidly • . 'I'ypicall:'l _, ·1./ll' t. ~~rnp,: r·;tL\ tL ' L: 

vrould drop 400° C in 20 seconds . Whtm the t empcr ,lture r:LL1,i.lhcd :t; ~:ti ll, about 

3 miqutes after flo. shing, another s et of do.. ta wa~; Lul<.C:~t. Tl t'i ::; wa :~ <lone .. 
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to see whether any cho.nges in work funct.i on l l<.td o ccurred bec:au:::e of 

adsorption of gases on tb c· surfo. ce of tl 1c emit ter . (The results in­

dicate no such chn.nges. ) . 

• 
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V. DI:3CU0SION 0/ RESUL'l'S 

A. I-V e. nd Scbott ky Plots 

A ::;ample 2.1 J -V curve i. ~ :::;hmm i n Ji'ig . V. l • Fic;nre V. 2 :Ji,, M:; :u.1 

expanded vi ew of t he r etar ded region before i t \va s COlT<: ctc ci l 'ul' l'l' -

s isti vc l eakage current . 'I'hc se f i gure s are t yp ical •)i' a.ll of the l'n ,J -V 

curves obtained in t hese experiments . At lovr current rlc1:~; i.tics the cur ve 

deviat es fr om the straight line because of re sist ive l eaka.c;e in t he rHode . 

Figure V. 3 shows the curre nt - voltage chara.cteristic on rec tilin car coor-

dinates . The linear portion of the curve yields an e:.-;tinn tc of the 

resistive l ea.kac;r.:: in t h e d.iod(~ . 'J'l1i:::: rcsi:.;t ivc cn tT<.'lJt, , wldcl1 1:: :.L i'Lu1.::-

tion of the appli ed voltage between the emi ttel· and collector, v/:"1~ s ub-

tracted from the data. . Figure V. Lf shows the corrected. 2 n J -V curvl:. 

Ea ch of the in J -V curve's obtained in these experiments were corrected 

for resistive l eakage . 'I'he l eakage resi stance in the d i ode va ried from 

approximately 4. Sxlo
10 

ohms a t t he beginning of the experirrent s to 

8 
l.lXlO ohms near the end. This res i stance was v e ry sensit ive to cha nces 

in the collector t emperature, v.rhich i mplie::; that t he mica insuL:J.U.on in 

the collector assembly -.;.;as very sens itive to e xp ansion or contrc·cct ion 

effects . 

At the knee of the 2n J - V curve , where one would ex11ect <:L :J-J:J.ql 

break 'in the ideal situat ion , i t vras observ ed t.hat widt h of thi:·; tr alt. ;i -

. tion region varied with emitter tempe r o;ture , diode spo.cinc: o.nd aL~o with 

emitter orientat ion. 

The broo.dening o f the J<::nce i:-; a rc r.mlt of space charge effect.; ;; ;llJd 

inhomoc;cncities at the emit t r.:: r or collec t or surfa r::e :-:: . E<lc;c effect :::; 1·rerc 

minimiz ed by means of the [pJarcicd ge ometry ., ri'llc~ vr iJth of t h e Jmcc v :cric:d 

I 

. I 
I 
I 

- i 
I 

i 



IJ 
c 
_J 

-3 
10 

-4 
10 

-5 
10 

-6 
10 

10 
-7 

-8 
10 

-9 
10 

-10 
10 

-II 
10 

-12 
10 

-5 

-35-

~ 

j 

~ 

I 'I 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 

Voltage (V) 

MU Bt1796 

Fig. V.1 



1--J 
c 
_j 

-3 
10 

-4 
10 

10 
-5 

-6 
10 

-7 
10 

-8 
10 

-9 
10 

-10 
10 

-5 

,/ 
~ 

-4 -3 

-36-

/ 
17 

/ 

I 
/ 

} 

/ 

-2 -I 0 

Voltage (V) 

M U B 11198 

Fig. V. 2 



-37-

10 

0 ----. ____ ..-- --

<( -10 
c 

,~ ._...----· ~ 
..- Leakage+ thermionic 

currents 
c 
Q) .... .... 
::J 

u -30 

-40 

- 50 

- 5.0 -4.0 -3.0 -2 .0 -1.0 0 

Vo I tage across diode (V) 

M U B 1.2046 

Fig. V.3 



-3 
10 

-4 
10 

-6 
10 

c: -8 
_J 10 

-I 
10 

I 

-12 
10 

-5 

/ 
-4 

-38-

/ 
v 

/ 

// 
/ 

/ 

/ -

/ 
/ 

i 
-3 -2 -I 0 

Voltage (V) 

MU B 11 797 

Fi g . V.4 



-39 -

from more than 0.7 volts at high current densities with the polycrystalline 

emitter to l ess than 0.1 volts at lmv current desnitiec> with the (lOll) 

emitters. Th e knee in the ·.e nJ·-v cur ve <> of the (0001) consisted. o:f t\-w 

relatively sharp breaks at low current d ensities, as .shown in F:i. .:; . V.5. 

This is probably a result of a two-patch emitter surface, as discussed b~low. 

The knee of the (lOlO) emitter was a lso not as na rrow as >vculd be expected. 

It is probably a r esult of surface inhomogene it ies, ::cs shown in Fig. V. 6 , 

where the surface of the ( lOio) emitter, viewed at 4.oox rru .:;nification 

after the experiment, appears to have under gone some rearra ngemen t . 

This rearrangement result s in a bare ly perceptible broadening of the 

spots of a Laue x-ray picture, so no conclusion as to its structure can 

be made. This surface structure, p lus the comments bel ow l ead us to th e 

cqnclusion that the· (lOiO) emitter may not, in fact, have had a surface 

arrangement of atoms · canpJ.eteJ.y- reprcrentative of the (lOlO) orientu.tion. 

The Schottky plots were found to b e 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 misali.:;nment of 

the emitter and collector. However, the tempera ture of the emitter, u.s 

calculated .from the slope of the Schottlw plot, was typica lly within l(fjo 

of the observed tempe,ratu:re. This indicates that in the linen.r rce;i on.7 

the applied field oversbada.wed ·the above-mentioned · ~ffects and tl-!!3 appliGa­

:tion of .Scho:t:tky 'theory is valid'!' A typical Schottl\.y Plot is pre:.:;ented 

in Fig. V. 7. 

.. 
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B. Richardson Plots 

The emission and temperature data show a linear relationship in 

each Richardson plot, Figs. V.8 through V.ll, independent of the order 

in which the runs were taken. This indicates that no adsorption occurred 

' at the emitter surf:ace and no systematic errors (.leveloped during the runs. 

The value of <P 
1 

obtained from the Richardson plot, Fig. V .a, 
po y 

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 <P by thermal ionization weights the high 

work function more heavily. Thus, the value of <P obta ine.d by poly 

Weierhausen3l is somewhat higher than the·. other values i.n Table V.I. 

Direct comparison of <P(lOiO)' <P(lOil)' and <P(OOOl) with other values 

in the ;literature could not be done as it appears that there are no prior 

measurements of the bare work function for any monocrystalline rheniwn 

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

The work function, <P( 0001)' was found to be the highest of the three 

determined, as was expected from the theoretical considerations discussed 

in Sec. II. B. This emitter actually consisted of several 'patches. 

;After the emitter was brazed to the tantalum support cup, it was noted 

that around th~ edge of the emitter several new grains had formed. flow-

eve,r, by proper centering, that portion of the <emitter opposite the 



_l,.g_ 

Table V. I 
;;f 

Recent Literature Values of <Ppoly .. ... 

2o ? • 0 
¢ A, amps/ (em K- ) Temperature, K Date Refc:rcnce 'ev 

4.95 120 1961 26 
••. 1 

5.07 95 21110-251+1.~ 1962 .... 
0 

4.85±.05 66±20 ~1Lno-2130 196.3 27 

~.65 1733-1903 1963 28 

4.86± .ol~ 120 1855-2144 1961, 29 

5-05 120 1873 1961-t 30 

5.2 " 2000-2400 1965 31 

4.96±.05 120 1325-2250 1965 32 

4•93±.02 74±21. 1720-2231 1966 '* 

* This work . 

. ··· 
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':·,·. 

··.··, / 
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Table v.rr 
SUMMARY OF EXPERIME1'TAL RESULTS 

Poly (loio) 

25 26 

30 26 

1720-2231 1688-2291 

¢ = 4.93±.02 ¢ = 5.15±.02 
~= 74±21 ~= 76±21 

·. -4 0 0±0. 7xl0 ev/ K · -(1.4±l)xlo-4ev/°K 

-4 t .5±.3xl0 ev K 
. 4 . 

( .4±.3)x10- evtK 
4.30±.04 4. 73± .10 

-.63±.03 -.54±~04 

-4 r .5± .3x10 ev K 4 ) -4 r (. ±.3 x10 ev K 

63±40 81±20 

(10!1) 

25 

26 

1784-2248 

¢ = 5.37±.03 
~= 119±40 

) -4 t -(1.1±.4 x10 ev K 

( 0±.3;)x1o-
4 
evtK 

4.21±.15 

·-.93±.05 

-4 r · (o±.35)xl0 ev K 

46:25 

}!. '~ ~ • 

(0001) 

13 

17 

1826-2277 

¢ = 5.59±.05 
~::: 199±49 

:-:_.:;. 

'~:· 

) -4 /o -(0.35±.2 x10 ev K 

-(.4±.2)Y~0-4ev/°K 

4.77±.07 

-0.80±.01 

) -4 /o -( .4±.2 >:10 ev K 

34±22 

I 

$ 
I 
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collector consisted mostly of the undeformed ( 0001) orientation. By 

assuming a two-patch distribution at tl1e surface, as des~ribecl nnalytic-

ally in Appendix c, the contribution of the (0001) orientation to the 

total current was deter~ined and cp 
., ( 0001) 

obtained. The work function 

of the other patch(es) seen by the collector wa~ determined to be 

5.08 ± .03 ey. The orientations associated with this value were not 

determined. The area associated with the (0001) orientation is estimated 

to be more than 9CY/o of the total area seen by the collector. The value 

of the work function of the (0001) orientation, obtained from the Rich-

ardson plot, agrees very well with that obtained from V 
0 

and CI:>c as 

described below. 

The work function of the (lOll) orientation is somewhat lower than 

<P( OOOl)' as was expected. 'rhis value agrees, within experimental error, 
J 

with the work function calculated from V
0

, described below. 

On the basis of the criteria of number of nearest neighbors of a 

given atom on the surface, as discussed in Section II.B, the (lOlO) work 

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

On the basis of packing density at the surface the (lOlO) value should 

be higher than that of the (lOll) orientation. However, our experimental 

value for (loio) rhenium lies slightly below that of (lOll) rhenium. 

Whether surface "smoothing" could account for this reordering, as 

·smoluchowski found for (112) tungsten, has not been determined. 

Some further question as to the accuracy of the value for the 

(lOiO) work function arises from consideration of Webster' s33 experi- · 

ments on (loio) 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 means of a theory 

~I 
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34 proposed by Rasor and Warner, the Webster measurement extrapolates to 

an estimated value of about 5. 7 ev for bare (loio) rhenjnm, as compared 

to the value of 5.15 ev measured in the present experiments. Tile vD.lidi ty 

of the Rasor-Warner theory for such extrapolation is, however, quite 

questionable. 

Comparison of Webster•s35 measurements on (lOiO) and (lOll) rhenium 

in cesium may raise some further question as to the relative va ll<c!S of the 

(1oio) and (lOil) work functions for bare rhenium obtained in the present 

experiments. Webster found that the maximum electron emission ClnTent, 

obtained by varying emitter temperature at a given cesium pressure is 

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

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

wi,th the greater peak electron emission, at a given cesium pressure, 

should have the greate.r value for its bare work function. The vHlidi ty 

of the Rasor-Warner theory for such extrapolation is, however, hic;hly 

doubtful. Webster's experiments unfortunately did not extend far enouc;)1 

into the range of increasing ratio of emitter temperature to cesium 

temperature to provide a meaningful comparison to the present experiments. 

Further question arises from a microphotograph of the ( lOiO) surface 

obtained upon completion of the emission experiments. As shown in Fie;. 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 

apparent deformation was accompanied by any significant crystalloc;rap hie 

reorientation, ut must have occurred when the emitter was.first heated, 

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

in th~ Richardson line for this emitter would have been observed. 
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In summary, the measurements for (lOiO) rhenium appear to have 

essentially the same precision as those for the other orientations. 

Until further experiments are carried out with bare (lOlO) rhenium, there 

are no means at present of determinhJg the significance of the possible 

doubts as to the accuracy of this measurement. 

The values of Ar obtained from the Richardson plots vary from 

74±21 to 199±49, as seen in Table V. II, and the dependence of the work 

function on temperature, ex, calculated from A , using Eq. ( II.3), is in 
r 

the range of 10-4 evtK, a typical value for clean metal surfaces. 

C. Shelton Plots 

As discussed in Section IV.B, the temperature of the collector was 

maintained at 150° C ±25° C throughout each of the experiments. From the 

Shelton plots, n~ systematic variation in ci:>c could be observed within 

the small variation of collector temperature in these experiments. 

However, ci:> :calculated from the first (poly) set of runs and the third 
c 

(lOil) set of runs is 4.25 ev, as compared with 4.75 ev from the second 

(loio) and fourth (0001) set. 

These values differ from the value of 5.61 
36 ' 

ev for the bare work 

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· subsequently removed. The variation in ci:> calculated from the 
c 

Shelton plot is ascribed to the fact that for tl1e 2nd and 4th set of runs; 

the emitter was baked out above 2000° C, whereas for the l:it and 3rd sets 

of runs the maximum emitter temperatures were less than 20Q0°·c. It is 

probable that material evaporated from the hotter par.ts of the diode 

was responsible for the bluish deposit a.nd the change in· work function. 

: ...... 

-: 
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As discussed in Section II , the values of A obtained from the Shelton 

plot should be the theoretical value of 120 amps/cm20~, if ¢c 1-ras held 

constant, and· if the calc·ulated temperatures for the retarded rcc;i.onl; were 

equal to the observed temperatures. Although ¢ was held constant, the 
c 

calculated temperatures differed from the observed temperatures as indi-

·cated in Table V. II. 

An· obvious reason for this difference is that the temperature mea-

sured was lower than the true temperature, as a result of increased ab-

sorption· in the vievring port because of an evaporated film onto the glass. 

The measured temperature could also have been lower than true temperature 

if the hohlraum in the emitter did not represent black-body conditions. 

The difference between calculated and observed temperatures showed 

· no noticeable increase as the experiments continued. In acldi tion, the 

power input necessary for each emitter temperature was monitored, and 

no increase in power was needed to bring the emitter to the same tempera-

ture at the end as at the beginning of the runs. This i11dicates th<.'lt 

absorpti<;m in the w·indow· did not increase over the amount compensated 

for by calibration. 

The geometry of the hohlrauin was such that the length to w·idth ratio 

was in excess of 6:1. This ensured that the temperature read at the 

hohlraum was the black-body temperature. 37 However, if the lmee of 

.the ln J-V curve was rounded or shifted in the positive (voltage) 

direction, this wouldhave the effect of decreasing the slope of the 

retarded region, hence increasing the calculated temperature. This 

rounding in the knee can come about as the result of a non~imiform 1mrk 

functior. of the emitter or collector Guriface, as a result of space el1arc;c, 

geometry effects, or reflect:Lon at ei.ther of the electrode ::rur:facc:::. 
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Another possible reason for the temperature differences is the 

reflection of low energy electrons from the emitter and collection 

surfaces. This phenomena would result in an increase in the temperature 

calculated from the slope of the retarded region. 15 

The· Shelton plots resulted in A values of 94±36, 48±42, 217±186,, 

and 143±93 arnpB/cm
2

°K
2 

for the (poly), (lOll), (loio), and (0001) 

emitter~, ·respectively. 

As shoWn by Eq. (II.7), the \Wrk function of the emitter can be 

obtained from the knee of the I-V curve and from <P • As shovm ~in Talbe 
c 

V .II, the values of <P obt.ained from <P and V for each of U:e emitters . c 0 

agree, within experimental error, with the values of ¢ obtained from the 

Richardson plot. However, because of the lack of precision of the values 

of .<Pc and V
0 

obtained from the Shelton plot, the work functions obtained 

from the Richardson plots are preferred. 

I ~· 
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VI. CONCLUSIONS 

These experiments v1ere designed to determine the \vorl·; :f\mctjon of 

polycrystalline and moncicrystalline rhenium. A planar geometry, [~Uarded-

collector vacuum thermionic diode was built, and data obtained fo1· the 

polycrystal.line and (lo:Io), (lOll) and (0001) surfaces of rhen:i.wn .in 

tl1e temperature range, 1400-2000° c. The •mrl\: functions 1-1ere obt:,;., 

from a Richardson plot. In aJ.d:i.tion, the 1vork 11.mct1.on oi' the memo-

crystalline copper collector was determined by mc;u1s of .. '1 :~helton plot 

u,nd from Ll1is value and tlJe val11e of the :knee of the In ,:J -V curve:.;, 

work·. functions of the emitters were obtained which c ompare(i favorably 

with the Richardson work functions. 

Table V.II summarizes the results and precision of measurements 
. . 

obtained in these experiments. 

Some doubt as to the accuracy of the vrorl< function of the ( 10I0) 

orientation exists, because of inferrences from the value of the cesiated 

work function obtained elsewhere for this orientation. 
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NOMENCLATG'RE 

theoretical constant in Richardson Equation = 120.4 amps/cm
2 

-°K 

Richardson trArr value obtained :Crom intercept of Richardson ploL 

e electron charge 

F 

I 

J 

k 

r 

H 

field between emitter and collector, volts/c·m 

current, amps 

2 .current density, amps/em 

Boltzmann constant 

radius of shell about a given atom 

resistance, ohms 

'temperature, °K 

T minus 273 °K 
0 

V voltage of emitter relative to collector, volts 

Vd . decelerating voltage (for electrons) between emitter and collector, volta 

a temperature dependence of the work function, evtK 

E · permittivity of.free space 
0 

¢ emitter work function 

¢' ·temperature and field dependent emitter work function, ev 

¢" field-dependent emitter work function, ev 

(pc collector work function, ev 

p density grams/cm3 

Subscripts 

s value in'the saturated region 

so field-free saturated value 
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APPENDIX A. 

Electropolishing Solution~ 

The following electropolishing recipes for rheniwn, obtained from 

the various sources mentioned, are listed in order of their effective-

ness (as determined by the author ) in producing pit-free sur:f'acu:. 

l. Solution: 350 ml abs::Jlute ethanol 

Cathode: 

Voltage: 

Current· 
Density::: 

Source: 

175 mi perchloric acid ( p = 1. 54) 

50 ml butoxy ethanol (Butyl Cellosolve) 

Pt wire 

50 volts 

2 6 amps/em 

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

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

Remarks:. This solution appears to be the most universally 

used, with different voltages .and current densities 

used for different orientations. Unfortum tcly, so 

far as we have been able to determine, consistent 

results are ~difficult to obtain.· In our experiments, 

reasonably pit- and etch-free surfaces h'i ve been 

obtained at ~13 volts for polycrystalline rhenium 

and the ( lOlO) orientation and at 22 volts for the 

(lOll) orie.ntation, at current densities near 

2 5 amps/em • 

2. Solution: 75 volume percent absolute ethanol 

25 volume percent 36N suifuric acid 

Cathode: Stainless Steel 

.... 



.•. 

.. 

Voltage: 

Current 
Density: 

Temperature: 

Source : 

-'39-

20 to 30 volts 

l to 2 amps/in
2 

0 
About 70 F 

J. Bergin, J. G. Beach, Battelle Memorial Institute, 

Columbus, Ohio, private communication. 

3. Solut'ion: 5 volume percent Sulfuric Acid 

l-l/4 volume percent Hydrofluoric Acid 

Remainder: Methyl Alcohol 

Voltage: 50 volts 

Source: F. W. Reynolds, Lawrence Radiat:i.<'m Laboratory, 

Berkeley, California, private communication 

h. Solution: 6 ml Perchloric Acid (62%) 

6oo ml Methanol 

360 ml Butyl Cellosolve 

trace wetting agent 

Voltage: 5) to 60 volts 

CUrrent 
Density: 2amps/cm2 

Needs Stirring 

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

. / 
CHEMICAL ANALYSIS AND LAUE X-RAY PICTURES OF RHENIUJvJ 

The polycrystalline rhenium was obtained frDm the Tkmbar 

poration. It was formed into a rod 5/8" in dimneter ft'om ~)9 .9:X:, pure 

powder. Table B.l presents a chemical analysis f,or thi.s m::;.teriul. 

The monocrystalline rhenium was purchased from Union Carbide, Linde 

Division. One piece, 5/811 in diameter and. 2" long was grown and zone-

refined from 99.99% pure rhenium. No analysis is available for the 

monocrystalline· material. 

/ 
Figures B.l, B.2 and B.3 show the baGk-reflection Laue x-ray pictures 

obtained from each of the orientation,s selected for use in the thermionic 

diode • 

... 
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TABLE B.1 

CHEMICAL ANALYSI S OF POLYCRYSTALLi l\TE RJ·iENi m ; 

Impurit y 

Al < . 0005% 
B . 0001 
Ca . 0001 
Co . 0003 
Cr . 000) 
Cu . 0002 
Fe . 0050 
Mg . 0001 
Mn . 0002 
Mo • 0025 
l\Ti . 0001 
Sn . 0002 
Ti . 0002 
Zr . 0002 
l\Ta . . 0001 
K . 0001 

Non Metallic 

c . 0020% 
Si . 0003 
H . 0005 
N . 0010 
0 . 0040 
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• 

• 
ZN-5733 

Fig. B.1 
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ZN- 57 37 .. 

Fig. B.2 



-64-

ZN-5734 

Fig. B. 3 
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APPENDIX C. 

THE TWO-PATCH CU~~ENT-VOLTAGE Cf~CTFRISTIC 

The t·wo-patch I-V curve can be characterized by three :cegions; a 

retarded and a sa.tura ted region, and a region whose slope h::-t s n W1lue 

between the retarded and saturated regions, as i~ Fig. C.l. C11rv0~ l 

and 2. represent the current-voltage characteristic of each of the "LHo 

regions, with ct>2 > cP1 . Hence the tvm-patch current is simply the ~;w11 

of each of the currents I 1 and I
2 

at each voltage i.e., 

(C.l) 

Thus we have 

I =I.
1

+I 2 • 
so so so (C.2) 

By assuming that v is not much smaller than v 
0 ' 

we can say th3t 
01 2 

I 1 (V') = ISO (v < v• <V ) (C.3) 
l ol ~ - 02 

(This assumption is valid for the analysis of the (0001) dota, ·since 

(V 0 - V ) was approximately one -half volt. This resulted in a low 
l 0 2 

enough electric field that the Schottky' correction to I from V
0 

to 
l 2 

V 
0 

can be neglected.) 
l 

In the retarded region of curve 2, we have 

or from Eqs. C.l, C.3 and c.4, 

I(V') = I 1 (V') + 1
501 

+ ISO~_? exp {~'I' (V' - V0 )} 

Combining Eqs. (C.2) and (C.5) we get 

.. 

(c.4) 

(C.5) 



-66-

- ) - f~ ' )I I(V') = Isol + (Iso- Isol exp ~cT (V -Vo2 J (c.6) -· 

or 
r· I 

) 
I l? ) I 

I( V' - 1 80 exp -~ i2y. (V' -Vo~; ,.. ._..., 

1 - expj ke'r (V' -V ) ~ l 02 ) 

Therefore we can obtain Iso
1 

if \ve know V0 I .. and the current 
2 ' so' 

at a given voJ.tage, V' betvTeE:m V and V 
0 

• Knm-ring Iso, we can find 
0
1 2 

<P , and in prinCiple, if we can obtain the area of patch .1 then \ve can 

obtain a value for the current density, and from that the Hichardson 

"A" 1· A va ue, r· 

Table C.I and Fig.V.2. present the results of Eq.(C.7) applied to 

the (0001) data. 



,, 

-67-

I I Saturated region 
Is=Isl +ls2 Retarded region 

t 
fn I 

MU B 12043 

Fig, C.1 
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'l'ab le C. I 

Analysis of (ooo:e) Data, Assuming a Two-Patch l~)iLitt er· :3nrfn.ce 
... 

Run No. Temp. oc .Iso, amps V volts V0 , volt::; :r:-w
1

_,arnps 01' •) 
"- . 

102 2004 7 .259X10 -4 -.80 0 "., -l.~ 2 ,,.lbX10 

101+ 1988 
_l} _1+ 

5-978x10 --79 -.12 2.32x10 

119 1964 4.109x10 
-1+ -.80 -.17 1. 716x1o-4 

106 1932 '8 -4 2.9o x10 -.80 -.2lr L0:)2X10 -4-

4 -4 r:· 

1871 -.81 r- .. .r]O-) 121 1.3 .Sx10 -.29. o.JOX-

107 1868 1.302xlo-4 
-.81 -.29 lr .1. 1+x10 ,-5 

108 1820 6.496xlo-5 -.80 --33 l.882x1o-5 

110 1776 3 .4o4x1o-5 -.81 -.35 9 0-" 10-6 
' • )X 

126 1738 · 2 .11~2x10 -5 . -.82 -.33 6.66x1o-6 

125 1738 2.135x1o-5 -.83 -.35 - 8- -6 ). )X10 . 

123 1738 2.134x1o-5 -.83 --35 5.75Xl0-6 

L595x1o-5 
,-

111 1725 . -.80 - -o 
-.33 ).96X10 

113 1678 7.189x10-6 -.81 -.34 rrt' --6 1.ooox10 

-6 ,r 

112 1677 -.81 -.34 l .rr-,- 10 -o 7.199x10 .oO)X 

115 1636 3.582x'lo-6 -.81 -.34 8.02X10-7 

'. 
... 

1.883x1o-6 116 1599 -.81 -.31 4.22X10-7 

117 1553 7.937x1o-7 -.81 -.33 ,r -7 1.o91Xl0 
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APPENDIX D 

Data Reduction Programs and Error Analysis 

1. Two computer programs were developed for use in analyzing tht? cl:J.ta 

with the aid of. the CDC 6600 ·computer at the Computer Ccnt,~r at LHL-

Berkeley. Both programs are in Fortran IV. 

The first of the two, "Resist 11
, was developed for a h:o-fold purpo:.;~. 

It first takes the raw input data which contains the current and voltage 

information in the form of 16 digits ( 0-9) and converts it to the pl'lJper 

form (punched IBM cards) for use with Therm II, the progrcun \vbich corn-

putes the lvork function:, etc; as described belmv. 

Second, as part of the input raH data, a set of current 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 different from a voltage in the leal<.Jlge data, then the proc;ram 

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

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

Program Set-up: 

Card 1: Format ( 8Al0) 

Values of collector resistors l through 8. 

Card 2: Format (22X, F7.2) 

Temperature card corresponding to leakage data, T ~. 9999. 

Card 3 + (N' -1) · (N' = number of leakage data cards) 

Format (2(2Il, 12, 16, 13, Il, I8, 7X), 2Il, 12, 16, 13, 

Il, I8) 

Leakage data 
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Card N' + 3: Blank 

This is a control card vlhich indicates the last data 
· .. 

card has been read for a given set. 
. ;"' 

Card N' + 4: 
•,. 

Format (22X, F7.2) 

Temperature card, identifying a given run 

Card N' + 4 + (M' - 1): 

Format (2(2Il, I2, I6, I3, Il, I8, 7X), 2Il, I2, I6, 

I3, n, r8) 

Input data cards (M' number of data cards) 

Card N' + 4 + M: Blank 

(Same function as. card N' + 3) 

As many sets of data as desired may be processed by repeating 

cards (N' + 4) to (N' + 4 + M'). 

Note: An additional blank card must follow the la.s.t data set. 

This card signifies that control is to be returned to the main program . ' ~ 

for processing other steps. 

Output: Punched Cards 

Format: ( 6El2. 5)' 
I 

;. ' 
Current-voltage values, corrected for leakage currents. 

r 

·(Voltage drop across collector resistor, applied voltage, "( 

collector resistor.) ... 

A card list for "Resist" ·follows: ·•·., 

:~-; 

' 

; 

1 
! 
F' 

f<· 

i 
(, 
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c 
c 
c 
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PROGRAM RFSIST( INPUT,OUTPUT,TAPE?=INPUT 1 TAPF.1•QUTPUT,TAPf14) 
OI~ENSIAN 10(81, ICI3l, JCl3l 1 K~13l 1 LCl31, IV(~), JV()), LVl'\l 
fli'IFNSJnN VOLTI200,21, CURRI?.On,n, IRF.SI?Of),?l, SUfH20nl 
QF.AOI?.ll 111)(11, l=l,Rl 

1 FOR~AT(RA101 
I I = 1 . 

7 RF.AOI2,31 TEMP 
3 FOR~ATI22X, F7.2l 

IFI ENOFILE 21 '\9, 41 
41 IFI TEMP ,NE. <)999. I II " 2 

J ., 1 
S REA0(2,4l IJC(fl, JCIII 1 KRill, LCII!, lVIII, JVIII, LVII!, 1=1,'1) 
4 FO.RM AT ( 2 I 2 I 1 , I 2, I 6, 11, 11 , IS, 7 X l , ? i 1 , I 2, I l>, n, I l, Ill l 

IFI !Cill .FQ. Ol GO TO Ill 

8 
12 

(j 

}() 

11 
1'\ 

14 

15 

16 
17 

6 

18 

1 ·~ 

JEND = J+2. 
IFI !Cill .EQ. Ol JEND J+l 
IFI ICI2l .EQ. Ol JENO '"'J 
D06 K .,J ,JEND 
KJl = K-J+l 
ICK = IC.IKJll 
GO TO 18, 9, 10, 11, ll"l, ICK 
WR I T f ( 3 ,.12 I 
FORMAT(//, lOX, 48H AN ERROR OCCURRED IN READING THF. DATA, WHEN K 

1=,151 
GO TO 40 
CURP(K,Ill "FLOAT( LCIKJll I 100. ' 
GO TO 13 
CURPIK,!II = FLO'ATI LCIKJll I 1000. 
GO TO 13 
CURRIK.Ill "FLOAT( LCIKJll I 10000. 
CONTINUE 
IRESIK,II I "KR(KJ11 
IVK = IVIKJll 
GO TO Ill, 14, 15, 16, 161, IVK 
VOLTIK.Ill "'FLOAT! LVIKJll I 100. 
GO TO 17 
VOLT(K,III • FLOAT( LVIKJ11 I 1000. 
GO TO 17 
VOLT(K,Ill • FLOAT( LVIKJll .L I 10000. 
CO"lTINUE 
IFI JCIKJll ,EQ. 11 CURR(K,Ill • -CURR(K;lll 
IF{ JVIKJ11.EO. 11 VOLTIK,IIl = -VOLT(K,III 
CONTfNUE 
J a JENO+l 
GO TO 5 
CONTINUE 

N 

"' 
IFI II .EQ. 
IFI I I .EO. 
IF( Jl .FQ~ 
WR I TF 13 ,l 9 I 
F·l"li~~ATI IH1, 
H"ll> • N 

NUMBER OF OATA 
NUMBER OF OA TA 

ll N .. J-1 
21 M .. J-1 
21 GO TO 7.f> 

7.0JC, 3')H lNi>UT 

POINTS RF.AD IN FOR 
POINTS. RFAI) IN F()R 

nllfA F I'Jil T ~o I~ 11'0 

ZERO T. 
NONZERO T. 

1'01,1.,11W, . II 
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27 0020 K=l,8 . 
WR JTE (3,21 l ·t(.,. IDIKI 

21 FORI-1ATI/15X 1 l7H FOR RESISTO~ NO., 12, 4H 0~, AIO, /lOX, f!H CURRF 
1NT, 12X, AH VOLTAGE/I 

0022 I:l,fEND 
IFI IRFSI t, It l .NE. Kl GO TO 22 
WRITEI3,iDI CURR(t,ttl 1 VOI.T(I,!II 

23 FORI"AT( "iX, 21'7.0.41 
??. CO"lTINlJE 
20 CONTINUE 

IFI II .EO. 1) GO TrJ 7 
GO TO 28 

26 WRITFI3,25l TEMP 
2'5 FORMAT! lH1 1 lOX, 19H INPUT DATA FOR T •, F8,2, 16H IS AS FOLLOW~-

1 ,/I 
lEND = M 
GO TCJ 27 

2A CONTINUE 
002Q I=l, M 
1)030 J-=1. 1 N 
TFI IRESI1,21 .NF.. IRESIJ,ll GO TO 30 
IFI VOLTIJ,ll· .EQ. VOLT(l,7.1 <.O TO 3:? 
IF! VOLTCJ 1 11 .GT. VOLTII,?l GO TO 31 

30 CONTINUE 
~7. CUR~ CURRIJ,11 

GO TO 13 
31 CUR • CURRIJ-1,11 + IVOLTII,2l-VOLTIJ-1,1ll • ICURRCJ,li-CURRIJ-t, 

1111 I IVOLTIJilt-VOLT(J-1,111 
33 SlJBIII = CURR(t,21- cuq 
29 CONTINUE 

WRITF.(3,34l 
34 FORMAT! lHl, lOX, 41H TABLE OF VOLTAGES AND CtlRRECTEO CURREI'HS/l 

DO 35 K = 1 , A 
WRtTEI3 1 361 K, IOIKI 

36 FORMATI/f, 15X, 17H FOR RESISTOR NO., 12, 4H OR, Al'), /lOX, 8H CU 
lRRENT, l?.X, 18H CORRECTED CURPFNT, 2Xt AH VOLTAGE/I 

003 7 I= 1, M 
IFI IRESII,21 .NE. Kl t;O TO 37 
WRITEI3.3Al CURR((,21, SU81II, VOLTII,21 

JA FORMAT! 5X 1 3E20.41 
37 CONTINUE 
3'i CONTINUE 

0024 I= 1, M 
I sua = IRES II ,2·1 
WRJTEI14,42) SU8(1), VOLTit,21r IOIISUBI 
WRITE! 3,421 SUAIII, VOLTCf,?.), 1011SUBI 

42 FORMAT! lX, Ell.4t lXt Ell.4, 2X, AlO I 
24 CONTINUE . 

002 I= 1, M 
IRESI1,21 :r 0 
VOLT (I ,7.) o.o 

2 CURRII,21 • 0.0 
GO TO 7 

39 CONTINUE 
ENDFILE 14 

.40 CONT I,NUE 
STOP. 
ENO 

.. ~ 

, 
... -I 

1 

~· 
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THERM II 

2. This program was designed to reduce the raw I·N data obtained from 

the experimental runs and obtain a value for tl1c i'lorJ\. function ;u;d 

A from a Richardson plot. It was designed for use 1vith the CDC 
r 

0'6oo t compu· er. 
0 

.e J /mL 1/T In order to obtain the Richardson plot of n so: .L vs . , Jso 

must be calculated. As shown in Section II. A, J is the intercept of 
so 

the Schottky plot. For tbe Schottky plot, the field, F, between the 

emitter and collector must be knovm. This means that the internal volt-

age between the emitter and collector, (V
0

- V), must be known. 'I~lere­

fore, in order to obtain ¢ and A , V and Jso must be determined. · r o 

. Therm II is composed of 5 parts; each part consisting of a least 

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

eluded in these 5· parts are data from the retarded region, the satur~d:.ed 

region, the Schottky plot, the Richardson plot and the Shelton ph>t. 

The output of the program is in two parts: print-out sheets :1nd 

plotted curves, obtained with the aid of a Cal-Comp plotter. 

' 
In. order to find V

0 
for a given temperature run, the progran1 

·assumes that the retarded region ( (1) in Fig. II.l) can be expressed 

by Eq •. (II.6), 

J = J~~> exp {k;. (V_ 
I 

v ) ~ 
0 J 

(D.l) 

~t then calculates the b~st fit to selected points in this region. In 

addition, it finds the best_straight line through selected point::; i.n 

the :;;~ tura ted region. 

as f;hc,wn in }'ig. _ II.l • 



,1" 

. ·, .. 

·~1.. r 
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Having calculated V 
0

, the program then proceeds to calcuL;te 

J so by means of the Schottky plot. Selected points are fHted to thc 

expression, 

[(v 
.... 

- v ) 1/C: 
! 
i 

J - Jso 
0 \ 

s exp 
T 

I 

J I 

(D.2) 

which results from Eq. ( II~4) for a constant diode spacing d. This 

does not affect the value of the intercept, J • The 
so 

be found from the slope by multiJ?lying the latter by 

tenmcrature 
~ l/2 

~ ( d:) 

can 

Thus with J
80 

found for each run at temperature T, a best fit to 

the Richardson plot can be .o.btained. As mentioned above, the slope 

and intercept of this fitted line yields ¢ and Ar· 

The last part of Therm II calculates the current density, .J, form 

each of the runs, at a given voltage! in the r~tarded region. As :~hown 

in Section II. A, .a plot of Rn J jT
2 

vs 1/T, where J is calculated at a 

given value of V in the retarded region, is the Shelton plot. From the 

slope of the best fitted line we can obtain. the collector work function, 

<P , and, as shown in Section II.A, if the collector work function was c 

kept constant, then the work function of the emitter, <1>, may be obtained • 

PROGRAM SET -UP 

·A• :I:NPUT 

CARD 1: FORMAT ( 15) 

NVCOL = no. of c.ollector potentials used, thot i::;, the 

no. of Shelton plots to be made. O<JWCOL<lO 

CARD 2: ·FORMAT (6El2.5) 

VCOL (I), I = 1, NVCOL = eollector potent fal:; u~;ecl for 

·;.• 

gi 

.·-· 
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CARD 3: FORlflAT ( 6El2. 5) 

TEMP = temperature 

IN = noise current 

XMAX = maximum value of abscissa used for plotting 

XMIN = minimum value of abscissa used for plotting 

A = area of diode 

DELX is a number such that (XMAX ~E~IN + · 5) 

is the number of vertical grid lines on graph of 

current density versus voltage. 

CARD 4: FORMAT (6El2.5) 

VRMIN :::: minimum retarding rec;ion pote11tial for l)lot. 

VRMAX = maximum retarding region potential for plot. 

VSMIN :::: minimum saturated region potential for plot. 

VSMAX "" maximum saturated region potential for plot. 

VSCM:m = minimum: potential for SCHO'ITKY plot. 

VSCMAX = maximum potential for SCHOTTKY plot. 

CARD 5 - CARD 4 + (N-1): FORMAT ( 6El2. 5): ( N = no. of datCJ. points) 

I' voltage across known resistor. 

V = voltage 

R = resistance 

CARD 4 '+ N: BLANK 

As many data sets as desired may be processec.l at execution tlJne 

by repeating from CARD 3. 

NariCE: ·An additional Blank card must follmv the last set of 

data. 

·.·:··: 
'·, ,, 



B. OUTPUT 

For each data set, the following output is given: 

Line 1: 

Line 2: 

TEMP, m, XMAX, XMIN, A, DELX 

- Line N + l~ I!, V., R., i = 1, N 
l l l 

LineN+ 2: log [(I!) R- IN]/A, V for c...ll data points <::uch that 
e l 

the log quantity > 0. 
e 

Next Line: Initial temperature in degrees Kelvii1. Next output is 

a least squares fit of data points in the retarded regi.on follmved by 

the fitted temperature. Then comes the least squares fit of the data 

points in the saturated region and the corresponding fitted voltage, V
0

• 

Lastly is the fitted data points for the SCHOTTKY plots and the corn~s-

ponding fitted current density. 

End of output for each ·data set. 

If there are two or more sets of input data then a least squares fit is 

made for those data points corresponding to ·the Richardson plot and NVCOL 

least square fits for the data points corresponding to the. SHELTON plot. 

In addition to the above output there are three plots for each :..oct 

of data and (NVCOL + 1) additional Plots. 

CARD LIS.T FOR THERM II: 

' ,. 



.. 

.. 
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PROGRAM THERMIIIINPUT,OUTPUT,TAPE2~INPUT,TAPE3z0UTPUT,TAPE9A,TAPE 

X99) 
SIBJOB 
SISFTC THII 

0 l M E IllS InN J I 5 00 I , V I 50 0 I , R ( 50 0 l , X I 50 0 I , Z I 50 0 I , Y I 50:) , 1 I , lol I 1 50 l , R E <; ID 
1( 1 50, 1 l , A I 20, 21 , R I 20, 1 l , SLOPE (150 I , X l NT F R I I 50 I , TF "'PI 150 I , VO I 1 'ill l , 
2XJS01150I,COLVI101 

COMMON /CCPOOL/XM!N,XMAX,YMIN,YMAX,CCXMIN,CCXMAX,CCYMIN,CCYMAX 
COMMON /COM!N/OHIN 
CO·"'MON /CCFIICT/Ft,C. ·.;\ 
EQUIVALENCE IY,ZI 
REAL J, IN 
FACTOR=1 024. 
CCXMIN•.68359375E-01 
CCXMAX•.15332031E+01 
CCYMIN=.78125000E-01 
CCYMAX=,1()546A75E+01 
IGil.APH:O 
CALL CCAGN 
WRITE ( 99 tll . 

1 FORMATI28H*WICHNFR PLOT- PLAIN PAPER,////1 
OMINz-2 .• 30258'H 
K=O 
READ 12,2001 NVCOL 

200 FORMAT( 151 
IF INVCOL ,(;T. 101 NVCOL•lO 
lCOL=O 
READ 12~31 ICOLVIIl,I•1,NVCOLI 

3 FORM.AH6Ei2.51 
2 K=K+l 

IF IK .GE. 1511 GO TO 4 
READ 12,31 TEMPIK),IN,XMAX,XMIN,O,DFLX 
IFITEMPIKl,EO.O.O .AND, IN .EO. 1),0 .AND. X"'AX .EO. 0.0 .AIIlO. XMIN 

1 .EO. 0.01 GO TO 4 
WRITE (3,601 TFMP(KI,IN,XMAX,XMIIII,Q,DELX 

60 FORMATilH ,6E12.51 
READ 12,31 VRMIN,VRMAX,VSMIN,VSMAX 0 VSCMIN,VSCMAX 
LzO 
IL=IXMAX-XMINl/DELX+o5 

5 L•L+l 
IF IL.GT. 5011 GO TO 6 
READ 12,31 Jlll,VIll,Ril) 
IF IV ILl .EQ. 0.0 .AND. JILl .EQ. 0,0 ·.ANO. 1\IL I .F.O. 0.01 GO TO 7 · 
WRITE 13,60lJILI,VILI,Rill 
GO Tn 5 

6 READ 12,31 YREAO,XREAD,RREAD 
IF. IXREAO .NE. 0.0 .OR. YRFAO .NE. 0.0 .OR. RREAO .NE. O.O)GO TO 6 

7 L=L-1 
IF IL .GE. 21 GO TO 14 

· K=K-1 
GO TO 2 

14 IF IL .GT. 5001 L•500 
TEMPIKl•TEMPIKI+273. 
NaO 
DO 8 M•l ,L 
JIMI•f(J(M) 1/RIHl-INl/0 

' 



IF CJCMI .Lf. 0.01 GO TO 8 
N=N+1 
JCNI=ALOGCJCMll 
VCNI=VCMI 
WRITE C3,601JCNl,VCNI 

8 CONTfNUE 
~RITE (3,91 TFMPCKI 
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q FORMATI23HOINIT!Al TEMPERATURE • E12.SI 
~All OROMAXCJ,IO,NI 
LL=N-1 
on 1 1 . I "" 1 , L L 
TMAX=VI I) 
OM,AK=Jill 
I i =I+ 1 

DO 17 M=II,N 
IF ITMAX .u;. VIMil GO TO 17 
TMAX:V( M I . 
VC M l =VC I l 
VCII=T"JAX 
QMAX=JIMI 
Jl MI=JI I l 
JC ll=Q'IAX 

17 CONTINUF 
IF I !GRAPH .NE. 01 GO TO 18 
IGRAPH=l 
GO TO 19 

18 CALL CCNEXT 
19 CALL CCGRIDCIL,6HLABELS,IOl 

WRITE (98,20) 
20 FO~MATC4HLN Jl 

CALL CCLTRC0.,574./l024.,1,31 
WR I TF C 9 8, 21 I 

21 FORMATC1HVI 
CALL CCL TRI815.11024., 7./1024 •. ,0,31 
WR TTE. (9fl,Z21 TEMPIKl 

22 FORMATI13HTEMPERATURE =E13.5l 
CALL CCLTRI1100./1024.,120.1l024.,0,?1 
CALL CCPLOTCV,J,N,4HJOIN,7,11 
."l=O 
00 23 I= 1, N 

• IF lVIII .LT. 1-S.Oll GO TO 23 
!F IV(ll .GT. 1.01 GO Tn 24 
"1='1+1 
l(MI=JCII 
XIMI=VIII 

23 CONTfNliF 
24 XMIN=-5.0 

XI-IAX=l.O 
CALL CCNEXT 
CALL CCGRI0(6,6HLABELS.IOI 
WRITE 191'1,?01 
CALL CCLTRC0.,574./1024.,1,31 
WR I TF ( 9 R, 211 
CALL CCLTRI815./l024. ,7./1024.,0,31 
W.RITE 198,221 TF,_.,PIKI 
CALL CCLTRC1100./1024.,120./1024.,0,21 
CA(L CCPLnTCX,Z,M,4HJOIN,7,11 
r =.o 
00 25 M=1 ,N 
IF CVCMI .LT. VRMINI G0 TO ?.5 
IF IV(MI .GT. VRMAXI GO TO 126 
fal+1 

.-., 



IF II .GT. 1501 GO TO 26 
VI I ,l) =JIM) 
XI I I=VIMI 
loll I 1=1.0 

25 CONTINUE 
GO TO 126 

26 1=150 
126 ITF.ST=l 
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27 CALl LSOPOLIX,V,Ioi,R~SIO,I,SM,l,A,B,21 
SIGMA2•FLOATII-21 

26 GO TO 157;57,50,51,521,ITEST 
57 WRITE I 3, 341 
34 FORMATI//RX,lHV,l3X,4HLN J,BX,lOHLN J CALC~,6X,8HRESIOUAL//I 

GO TO 54 
50 WRITE 13,531 
53 FORMATI//3X,l2H SQRTIV-VOI ,7X,4HLN J,AX,lOHLN J CALC.,6X,AHRESIOU 

lAL// I 
GO TO 54 

51 WR I T f I 3, 55 I 
5~ FORMATI//9X,7Hl./TEMP,3X,l2HLNIJSO/T**21,10X,5HCALC.,7X,RHRF.SIOUAL 

1//1 
GO TO 54 

52 WRITE 13,561 
56 FORMATI//9X,7Hl./TEMP,lX,l5HLNIJPRIME/T**21,lOX,5HCALC.,7X,8HRESIO 

lUAL/lt 
54 on 32 M"'l.r 

~=B(l,li+R(2,li*XIMI 
WRITE (3,331 XIMI,Y(M,li,P,RESIOIM,ll 

33 FORMATI1H0,5El5.51 
32 .CONTINUE 

IF ISIGMA2 .LE. O.IGO TO 35 
SICMA2=SM/SIGMA2 
OELS=SQRTISIGMA2*A12,211 
OELIN=SORTISIGMA2*A!l,lll 
WRITE 13,361 

36 FORMATI//lOX,lHS,lOX,9HINTERCEPT,RX,5HSLOPE,6X,t3HOEL INTERCEPT,4X 
l,qHDEL SLOPE,. 

WRITE (3,331 SH,Bil,ll,AI2,ll ,OELIN,DELS 
GO TO 37 . 

35 WRITE 13,38) 
3A ~ORMATI//lOX,lHS,10X,9HINTERCEPT,8X,5HSLOPEl 

WRITE (3 9 331 SM,&(l,li,B12,11 
37 GO TO I39,40,58,59,801,TTEST 
39 T=11605./BI2,11 

SLOPEIKI=BI2,11 
XINTERIKI=B(l,11 
DELSl=DELS 
OEL !Nl=OEL IN 
DELTf=-111605.•0ELSli/ISLOPEIKI*ISLOP~IKl+DELS111 
WRITE 13,411 T,OELTT 

41 FORMATI//14HOTEMPERATURE =El3.5,10X,l3HOELTA TEMP. ~El3.5//l 
1=0 
DO 42 L=l,N 
IF IVILI ,LT. VSM[N ) CO TO 42 
IF IVfLI .GT. VSMAXI GO TO 44 
fa[+l 

i. 
I. 

f . l 



: 

r": 

IF ([ .GT. 1501 GO TO 43 
Y I l , 11 =J I L I 
XIIl=VILI 
WI I 1=1.0 

42 CONTINUE 
GO TO 44 

4 3 t = 150 
44 tTFSTo:2 

Go Tn 21 
40 XNUM•Bil,ll-XINTERIKI 

OEN=SLOPEIKI-8(?.,11 
OSLOPE•DELSl-OELS 
V01Kl=XNU'1/DEN 
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DEL TVO= (DEN* I DELl N•OE LIN ll-XNUM*DSL OP F I /1 nEN* I OEN+ SLOPE I K I I I 
WRITE 13,451 VOIKt,OELTVO 

45 FORMATI//~HOVO •E13.5,10X,10HOELTA VO •El3.51 
1=0 
00 46 L"l, N 
IF (VCLI .LT. VOIKI .OR. VILI .LT. VSCMTNI GO TO 46 
IF IVILI .GT~ VSCMAXI GO TO 146 
I=I+l 
IF I I .GT. 1501 GO TO 147 
XI li=SQRT(VIli-VOIKII 
ll I l=JILI 
VCI,li•ZCII 
WCII=l.O 

46 CONTINUE 
GO TO 146 

147 "1=150 . 
146 IMAX•X(ll+l.5 

XMAX=FLOATI IMAXI+.OOOnOl 
XMIN=O. 

47 

48 

58 

61 

4 

·cALL OROMAXCZ,IO,II 
.CALL CCNEXT 
CALL CCGRIDI10,6HLABELS,t01 
WRfTE I 9a, 471 
FORMAT! 5HLN JS.I 
CALL CCLTRI-7./1024.,574.11024.~1,31 

. WRITE (98,481 
FORMATilOHSQRTIV-VOII 
CALL. CCLTR(802./l024.,0.,0,31 
WR I TE ( 9 8 , ?.2 I TEMP I K I 
CALL CCL TRI l100.11024. ,120./1024. ,0,21 
CALL CCPLOT(X,Z,l,4HJOIN,6,1) 
ITEST=3 
GO TO 27 
~JSOIKI•EXPIBil,lll 
WRITE (3 ,'61) XJSO (KI 
FORMAT16HOJSO •El2.5/ll 
GO TO 2 
K"'K-1 
IF (K .LT. 21 RETURN 
on 63 L"'1 ,K 
VIL,11•ALOGIXJSOILI/TEMP(LI**21. 
Xlll=l./TEMPILI 
WILI=l.O 

63 CONTINUE 
ITEST"4 
I=K 
GO TO 27 

59 CALL CCNEXT 
ll"K--1 . 

i 
f 

. ' 

. i 

.. 
' 
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00 67 L=l,Ll 
TMAX=XIU 
OMAXaV(Ltll 
00 68 M=L,K 

-81-

IF ITMAX .LEo XPHI GO TO 68 
TMAX=XIMI 
XIMI=XILI 
XILI=TMAX 
OMAX,.YIM.ll 
Y01,li,.Y(L ,1) 

·Y!L,11=0MAX 
68 CONTINUE 

ZILI=YIL,ll 
67 CONTINUE 

ZIKI=Y(K,ll 
XMIN,.O.O 
XMAXao00125 
CALl OROMAX(Z,IO,K) 
CA~L CCGRIOC10,6HLASELS,IOI 
PHIE=-812,11/1160~~ 
WRITE 13,641 PHIE 

64 FORMATI16HOPHI (EMITTERI "El2o5//l 
WR I TE ( 9 A, 6 5 l 

65 FORMATC12HLNIJSO/T**211 
CALL CCLTRI-7o/l024.,562o/1024o,1t3l 
WRITE 19A;66l 

.66 FORMAT! 3H1/Tl 
.CALL CCLTRIA1~~/1024.,0o,0,3l 
CALL CCPLOTIX,Z,K,4HJOIN,6,11 

201 ICOL=ICOL+1 
VCOL=COL VI !COL I 
DO 70 L=l ,K 
Y(L,ll•ALOGCEXP!XINTERILl+SLOPE!Ll*VCOLl/TEMP(LI••2l 
XILI=lo/TEMPCLI 
WILI=l.O 

· 70 CONTI NUF. 
ITEST"5 
GO TO 27 

80 CALl. CCNE XT 
DO 74 L=1 ,LL 
TMAX=X(L) 
.QMAX=YIL, 1 l 
00 75 M=L,K 
IF ITMAX .LEo X(MIIGO TO 7~ 

TMAX=XIMI 
XIMI=XIll 
XILI=TMAX 
QMA.X=Y I M, ll 
Y ( M, 1 l =Y I L, 1 l 
Y(L,11 2 0"1AX 

7~ CONTINUE 
ZILI,.Y(L,ll 

74 CONTINUE 
l ( KI•Y(K, ll 
CALL ORDMAXIZ,IOrKl 
PHIE•-812,ll/11605o 
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WRITE 13,71) VCOL,PHIE 
71 FORMATI14HOV COLLECTO~ •EI2.5,1BH PHI ICOLLECTORl •El2.5//l 

CALL CCGRI0(10,6HLA8ELS,!O) 
WRITE 198,721 . 

72 FORMATfl5HLNIJPRIMEIT**2ll 
CALL CCLTRI-7./l024.,55A.Il024~,1,3) 
WRITE· I 98, 661 
CALL CCLTRI615./1024.,0.,0,31 
WRITE·19A,731 VCOL 

73 FORMAT(6HVCOL •El3.5~ 
CALl CCLTR(l300./l024.,120o/l024.,0,21 
CAL( CCPLOTIX~Z,K,4HJOIN,7,11 
IF IICOL oNE. NVCOL) GO TO 201 
CALL CCENO 
RETURN 
END 

.j 

I 
I 
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SUBROUTINE OROMAX(J,!O,Nl 
0!"1fNSION Jill 
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COMMON /CCPOOL/XM!N,XMAX,YMIN,YMAX,CCXM!N,CCXMAX,CCYM!N,C(Y"1AX 
COMMON /COM!N/OMIN 
RE'AL J 
VMAX=J(ll 
VMIN.,J(ll 
DO 10 !u 7., N 
VMAX=AMAXlCVMAX,J(l)l 
VMIN=AMIN1CV"1IN,JCIII 

10 CONTINUE 
CONST=1. 
!MAX=ABSIVMAX/OMINI 
IF CVMAX .LT. O.IGO TO 12 
CONST:-1. 
IMAX=IMAX+l 

12 YMAX=FLOATCIMAXI*OMIN*CONST 
.CQNST=-1. 

!MAX=ABSIVMIN/OM!N) 
IF IVM!N .GT. O. IGO TO 13 
IMAX=IMAX+l 
CONST=1. 

13 YMIN=FLOATIIMAXl*OMIN*CONST 
15 IO•IY"1AX-YM1Nlii~OMIN1+.5 

RETURN 
END 
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$l fl FTC L SQPOL 
C LEA~f SQUARE POLYNOMIAL FIT 
c 

c 

c 

SUBROUTINE LSQPOLIX,Y,W,RESID,N,SUM,L,A,R,MI 

DIMENSION X I 150 l , VI l 50, 1 l 1 RES I D I 1 50, l ) , A I 21l, 8 l , fl I 2 0, 8 l , C I 1 Sll, A I 
1,SW4(l),W(1501 , 

COMMON /LSP/ C 

10 00 2 0 I = 1 1 N 
:?0 C I I , 1 I" 1. ll 
30 00 50 J:2,M 
40 DO 50 I= I , N 
SO CII,JJ'=C(I,J-li•XCII 
Ml no 1 oo. 1 "1, M 
70 (){) 100 J=l,"l 
ICII"' AII,JI=O.n 
Q() no 100 K=l ,N 

1 t'l () A ( I , J I =A ( I , J l +C I K , I ) • C I K , J I • W I K l 
1n~·no 150 J:l,L · 
11 o on 150 I= 1,,.. 
120. Bl I,JI=O.O 
130 DO 1Sn K.=l,N 
15 0 13 I I , J I =8 I I , J I +C I K, I I• Y I K, J l *WI K l 

17n CALL "lATINV (A,M,B,L,DETERMI 
1M DO 205 .J=l ,L 
185 SUMIJI,.O.O 
192 00 195 K:l,M 
195 CIK,[):B1K,jJ 
l QR DO 205 1=1 ,N 
;;> 00 RES I D I I , J I" POL YE 1 ( X I I l , M , C I 1 , I l I - Y I I , J I 
205 SUMIJI•SUMIJI+RESIDII 1 Jl.**2•Will 
210 RETURN 

2?0 ENO 
$IBFTC MATINV LIST,REF 
C MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR EQUATIONS 
c 

c 

c 

SUBROUTINE MATINV(A,N,B,M,OETERMI 

DIMENSION IP!VnTI20), 1120,201, 8120,,11, !NOEXI20,2l, ?IVOTI21'll 
COMMON /LS?/ ?!VOT,I?IVOT,!NDEX 

. EQUIVALENCE ( IROW,JROWI, (ICIJLUM,JCOLUMI, IM1AX, T, SWA?I 

C INITIALIZATION 
c 

c 

10 DETERM=1.0 
15 DO ·20 J=1,N 
20 IPIVOTIJJ:O 
30 DO 550 I=lrN 

.C SEARCH FOR ?IVOT ELEMENT 
c 

... ·. 

40 AMAX=O.O 
45 00 105 J:1,N 
50 IF IIPIVOTIJI-11 60, 105, 60 
60 DO 100 K•1,N 

AN(;>01'>01 
A~F.?I"'i:>O? 

ANF?.Of>ll"\ 
A"Jf..?Of.ll4 

MJE:>OAO" 
ANI=?I'lf.OQ 
fiNF?Ilf.ll'l 
fiNf'?l'lf>ll 
ANF?fl61 ;> 
ANJ'71'1<'>11 
t,Nf:21l61 4 
M~f' ?l'll>t "> 
ANF.::>()f>l f. 

fiNf?Of>l 7 
fl"'f'::>Oo1>3 
ANf?llt,)Q 
ANF'.U16~i) 

ANF20h;>l 
Al\lf':?06n 
fiNPOA;>3 

fiNE?n62S 
fi"'IO ?.()6'6 
fi~F?.I'\6;>7 

i\"'f';lno:>'l 
ANF'?{)f>2Q 

ANE?.Ilf>1l 
ANE?IlnP 

fiNF4'l20 t 
F40?.0nn:> 
F4n?.nnn• 
F41l?OOnt, 
F41l?()()(l'i 

F41l?.()007 
F4n~nnnl! 

F4n?.Oilll'l 
F41'1~01)10 

F40;>0[)1J 
F4()200l?. 
F41l?.001.1 
F41l;>ll014 
F41l?n01'i 
F41l?.00!<'> 
F4I)?()Ot7 
F41l21lll1A 
Ft,n~Oill 'l 
F4nznn?.O 
F40:?nn? l 
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~..? 

70 IF (!PIVOT( KI-ll 80, 100, 71t0 r t,n ;>nr)? 2 
•" A() IF (ASSIAMAXl-AASIA(J,KII I 1'15, 101), 100 

f\'i IRO\oi=J f4!l?(}()24 
'l!\ ICOLUM~K F4!l2!\()2'i 
95 At-IAX=AIJ,KI F4!l?0'l?n 

tno CO'lTI'lUf F40/IV);>7 
1. ()') CClNT !NUt Ft,IP()O?R 
110 IPIVOT!ICOLUMI=IPIVOTIICOLUMI+l F41\?.()I\JQ 

c F4!l:>()!l'l!l 
c INTERCHANf,E ROWS TO PUT PIVOT ELF.MFNT ON n l ~I"; ON AL F4!\?.!l0'1 1 
.c 1'41\?!li\V' 

t 11\ IF ( IROW-ICOLUM) 140, 260, 140 F40?.00"\'\ 
l. 40 OEHRM=-DETFRM F40;>()014 
1')1\ on 200 l =1, N F4!l7.()!l'\') 
1 AO SWAP=A( IROW,ll F t,!l;>!l01 A 
)7() AI IROW,LI=td!COLIIM,LI F4'"1?.00'17 
?.00 AITCOLUM,I_l~SWAP F41\;>!\0 'I •) 
~ 05 IF !M l ?.60, ?60, 210 F40~01\Vl 

?10 DO 250 l = 1' M F41\?I\Ot,() 
no SWAP=BIIROW,L l F40?!\0t,1 
?30 B( IROW,L l=BIICOLUM,LI Ft,0:>()()42 
2 50 Bl ICOLUM,LI=SWAP F4!l20!l4'1 
260 INDE'Xti,ll=IROW F40?!l044 
:no INDEXCI,2l~!COLUM F4020!lt,o; 
310 PI VOTI I l =A ( ICDLUM, ICOLUM I F40?0046 
3?.1) OETERM=DETERM~P!VOT (II F4020047 

c ft,O;>()OI,~ 

c OIVIOF. P IVDT ROW BY PIVOT ELEMENT F40201l4'l 
c F40?00'ill 

330 ACICOLUM,ICOLUMI=l.O F40?0!l'i1 
340 no 350 L = t, N F40;>!lll'i/ 
150 A!ICOLUM,Ll=AtiCOLUM,LI/PIVOTCII F 1t!l 20!l'i 1 
3 55 IF ( M I 380, 380, 360 F4()?nnr..;.-, 

360 no 370 L=l,M Ft,() ?0<1S'i 
370 Bl ICOLUM,LI=BCICOLUM,LI/i>IVOT!II F41)?01\'i6 

·c Ft,()?!ll)<; 7 
c REDUCE NON-PIVOT ROWS F40?0!l'i'l 
c F40:>I\O'i'l 

'I AI) DO 550 Ll=l,N F41\?00<'>0 
''lO IF ( L 1-ICOLUI'll 400, 55 o, 400 F40?0r)6] 
400 T=A(Ll,!COLUM I F40;>01)6? 
4?0 h( L 1, ICOLUM l=D.O F40:>oOn'l 
4~0 DO 450L=l,N F4o:>nl)o4 
'· c;o A(Ll,Ll=Aill,Ll-A!ICOLUM,LI•T F40?0'ln5 
4<;<; IF ( Ml 551), 'i50, 460 F t,O 'OOnA 
46<) 00 500 L=l,M F'•!l?l)llh7 
500 BILI,Ll=B!Ll,li-B!ICOLUM,LI*T F40;>00f>R 
'\50 CONTINUE F40~1)01,9 

c F40;;>0071l 
c IN TERC HAN GE COLU,..NS F40?0'"171 
c F4!l21l07? 

600 00 710 I=l,N F41\?0r)7"l, 
611) L=N+t-I F407.0074 

" 67.0 IF ( INDEX!L,ll-tNnEXILr21.1 630, 710' 630 F41l?.0'17'i 
'~~ . 610 J R 0 W= I N DE X ( L , I l ;;· F40:>0n76 .. 

641) JC0LUM=INOEXIL,21 F411?0077 
651) no 705 K"l, N F4'1?.0071l 
660 $\.IAP=A(K,JROWI ft,O~I)I)79 

A70 A(K,JRO\.Il•A(K,JCOLUMI Ft,(),?f111AO 
[., 7()(') A! K,JCOL lJ"'I =SWAP F40?00Al 

70') CONTINUE Flt0?00R?. 
710 CONTINUE F40?0!lF\'\ 



(' 

740 RETURN 
7<;1) FND 

$l8FTC POLY 
FUNCTION POLYEJ CX,!11,Cl 
DIMENSION Cl50,ll 
s,;c c Mtl 1 
N:l\1-1 
00 1 I: 1, N 
K:M-1 
S~S>~<X+CIK, 1 I 
CONTINUE 
POLYEl"S 
RETURN 
END 
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F r,l'l,?ooll A 4 
1'41'\:>()1)/l') 

f. 
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R.'i...t.l.OH ANALYSIS 

). A:> dcscri1x~d above, the data j_n <.':u.c:h part ,;J' 'l1w 1.·m II \v~u~ J' i l.L:J 

to a straight line 1Jy means of a least squares uno.lysi.:>. The l~J,,lJ-J,)rJ 

of h~ast squ'3.res is outlined belovr: 

Given a set of N experimental values of an independent var:L::Llllc, 

x, \v:Lth a corresponding set of values of a dependent variable, y, He 

assume that the observed points, (x., y:) approximate a straight line 
J. J. 

of the form, 

y = mx + b 

As an example, for the Richardson plot, y 

and b = in A • 
r 

(D.)) 

J 
' so 

= £.n T2 ' X = 

The sum, S, of the squares of the residuals, [y(x) - y i ], is 

N 
s = z 

i=l 

2 
[y( X,) - y. J 

J. J. 
(D.ll) 

where each point, (xi, yi) is assumed to have equal weiGht. The objc~ct 

of the least squares analysis is_. to minimize S. The values of m and b 

vlhich minimize S are 

m = 

and 

b = 

~~(xoyo) - ZxoLYo 
J. J. J. J. 

2 
NL;x:i 

-v~ ._,1 " ) 
- 6A o ,~\ X o yo 

J. l J. 

2 
(2xo) 

J. 

(D.5) 

(D.6) 
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Now assuming that all of the errors in the measurf)ffH~n·l-.s are lumped in 

the y. 1 s, the standard error, a, for the parent distribution is 
l 

a. = (D."() 

We use N•2 in the denominator because the nurnbcr ~of degr.:.:es of freedom 

is two less than N as a result of the two arbit:cary paramet.crs, m rmd b. 

and 

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

(D. 8) 

f/2 
a (D. 9) 

The assumption that all of the error can be assigneJ. to the y. 
l 

values will be shown to be a reasonable one. 

In calculating V and J, •, the x. 's are the measured voltages, 
0 so l 

V, and the y. 's are the measured currents. The instrumentation 
l 

amplifiers and voltmeter were calibrated and found to be-accurate to 

± .o'C'jo. The error in the value of V is. therefore on the order of the 

uncertainty of the instrumentation. However, the uncertainty in tlw 

current can be much larger. 'l'he value of the current is determined by 

the volta0o-e drop across the collector resistor, V , ,.,-hicll is knO\m 
cr 

to ±.05%. But by far .the largest uncertainty· in J is tl1at associatcll 

with the temperature. Typically, for an em:ltter at 200\)
0

]\ with cjl"' ~i cv, 

a change in temperature of l°K results in a chm1gc of approximately 2% 

in J, so that reading the emitter temperature to ± 5°F rc:]ult:s L, an 

ur{ccrtainty of lct/o in :J. 
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Anc"chcr unccTtainty in the value of J is t!1at as~:;od.:.l ted Hi -t:h Lhe 

a:;_-ea of the collector. Vcr divided by the vahJ(: of the co:Llcctm~ :·c-

sistor yic.'~lds the current, 1vhich must then be divided. by the o.rc:.~ of 

the collector to obtain J, the current density. Ho1vever, becaus0 of 

the gap bet'.veen the collectox· and guard ring, the ac"cu.a1 ,,rea ovt.::r 

Hhich the current 1,ras collected vas knmm to only ±16~~,. 'I'hus, for tlh~ 

least squares analysis for finding the equations of the n:tardcd., 

saturated, and Schottky lines, the asswnption that tbe error in .X. 
I. 

c:.n1 

be neglected is justified. 

In the Richardson and Shelton plots, where x is equal to 1/1', tlv~ 

abov~ assumption is still valid. The uncertainty of ±5°K over the 

entire temperature range corresponds to less than 0. 5/b wl1ereas the 

uncertainty associated with <T as shmm above can l)e as llieh as ~-'')~, 
. ' ' so 

1;Thich includes the uncertainty associated with the temperature and that 

associated With the area. 

This large uncertainty in J-~b' as a result of the uncertainty of 

the collector area, manifests itself as an uncertainty in the v-alue oi' 

Ay, but has little effect upon the values obtained for ¢. An erro:.c in 

T, however, affects the value obtained for ¢· Typically, for an emitter 

work function of 5 ev, at a temperature of 2000° K, an error of 5°K resultro 

in an eil:'ror of 0.25% in . ¢. 

The above discussion has considered only the random error;:; inv<)J.y,~J 

in the experiments. Systematic errors in these experimt:~nt'~ arc; con:.::id<:::J.·cd 

to be minor. The major systematic error· in the experiJacnt;:; i;~ Ct.SSc)CLctc:d 

with the determination of the; true emitter temperattu·e. 1\.ltlwugh titt:.: 

optical pyrometer w:.1.s calibrated. with the viewing port, it is }_)o:~ ::tblc: 

th:.,L w:it.}"J tl1e high emitter tcrnperatHrc:;; re:r~ched., m.:d:'.i'ic:1ent m:J.ter:i ~:.1 
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was evaporated 6nto the viewing port to decrease the transmission of 

light. This w·ould result in an underest:i.me .. te of the te:·!i}le:ratun::. 'l'his 

underestimate vrould be less than 2~~ since the pm·rer input to the emitter 

was monitored and no perceptible increase was necessary at the C1<d. of 

the experiments to bring the emitter to the same. temperc.~.ture as '.·;~cs 

needed at the beginning. All other systematic errors, sucl1 as iJ·lstru-

mentation drift or offset, were found to be neglic;ible. 

In this error analysis, mention must be made of :nl er.ror to \·Jhh:h 

no numerical value can be given. 'This error is associated with the 

:,1ssumption that the surface atoms of the monocrystalline emitters have 

the same arrangement as the interior atoms. Although the Law{ x-ray 

photographs indicate a q_istortion-free crystal, the x-rays penetrate 
i 

fa:r beyond the first couple of atomic layers. It is precisely these 

first layers, how ever, which greatly influence the work function. In 
; 

the case of the (0001) and (lOll) orientations it is felt that t11c 

surfaces were indeed representative of the interior atoms arranGement:3. 

Hovrever, because of the microscopic surface distortion observed on the 

( lOlO) emitter, and in view· of the c1uestions raised in Section V, it 

appears that the surface arrang~ment of atoms may not have-been exactly 
' ~ 

that of the interior. Just how much distortion exists and how much 

cp(loio) is affected el:udes calculation. 

;.·· . . ·. 

''·; 
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APPENDIX E 

DA'l'A ACQUISITION SYSTEM 

The following considerations were taken into account in d2si;::ning 

the d:.;ta acquisition system: 

l. The instrumentation used for measuring the diode currerd:, mu::;t 

have a high input impedance to avoid loading errors, 

2. The collector and guard-ring must be kept at equal potential 

throughout the entire voltage swing of the collector, 

3. The entire I-V curve must be obtained within a fevr minute~:; 

to avoid changes as a result of temperature or instrumento.tion 

drift. Similarly, when the emitter is flashed to clean the~ 

surface, the data must also be obtained rapidly, before any 

change in the work function occurs due to adsorption of gases 

on the emitter surface, 

4. Current:..voltage data must be in a form compatible with the 

Resist and Therm II codes, used with the CDC 6600 compui:.cc 

to analyze the data. 

:B'fgure E.l represents a simplified schematic diac;ram of the diode 

circuit. v. is the voltage across the diode, vcr is the voltage drop 

across the collector resistor and Vgc is the voltage betueen the c;uard­

ring and collector. The r ... v curve of the diode was obtained by varyinr_:; 

the power supply between -5 volts and +65 VDlts and measuring the 

collector resistor voltage drop, Vcr' at any given value of V .. 

Figure E.2 represents a more detailed view of tl-e diode circuit. 

The Xl ancl XJO amplifiers are Philbrick SP2A opcrationn.l amplifier~:;, 

selected because of their high input impedance, 10
12 

ohrnc. Tlh~ /31li<rd­

r:Lnr, ampJ:i.ficr and its power supply, shown :3c11Crn:J.t"Lc•tlly :i.n Ji':LG::;. r:. 5 and 
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X I out 

X 10 out 
9k.n 

~------~----------_. ____ J-------------------!-~common 

{b) 

Fig. E.1 
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Thermionic 
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-
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XI Amplifier 
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Fig. E.2 

9k 
X 10 Out 
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IK 
0.0 lo/o 

XI Amplifier·~ G.A. Philbrick 

SP 2A 

X I 0 Amp I ifier: G. A. Philbrick 
SP2A 

Power amplifier:± IOV 3A 

Nucl. Eng. Diff. Ampl. 

M U B 12042 
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E. 4 , were designed to maintain the collector-guard voltage, V at . . gc 

or nea;r zero volts, regardless of the voltage across the diode, V, and 

regardless of the volta~re drop across the collc:;ctor re~;i stor, V . This 
~ cr 

amplifier was able to maintain V to less than 100 microvolts, which is 
gc 

the sensitivity of the voltmeter used in the eA-p~riments. 'l'he voltmeter, 

a Dana Model 5603 digital voltmeter, read V by measuring bet•.,reim the 

Xl output and ground. It read Vcr by measuring betv1een XlO out and 

common. This gave a value for Vcr that i·las 10 times the true Vcr' but 

this was necessary to utilize the Dana to its full sensitivity. (Becauc>e 

the programmable power supply could not easily compensate for Vcr (true) 

> l volt, Vcr was kept between 0.1 and 1 volt by selecting the proper 

collector resistor.) This factor of 10 was compensated for in the input 

information to the computer by increasing the collector resistor values 

by a factor of 10. The above TI¥::!t the first two requirements of the 

data acquiSition ·sy<?tem. 

In order to meet requirements 3 and 4, an electronic logic system 

was designed and built so that pre-selected voltages would . be applhod 

to the diode, the current at each voltage measured, and this information 

put on perforated paper tape. The Dana digital voltmeter, which was 

used to measure both current and voltage data, fed binary coded in-

· formation into a CMC Model 403A adapter which fed a Tally P-120 paper 

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

cards of the. proper format by means of an IBM Model 1+6 card punch. 

Figure· E. ·5 shows a flow sheet for the locrLcal ::;eqtH'~nc·\: i11' c:v~nt;;: 1.11 

6bta.ining a current-voltage curve, consistinc: of 70 data 'j)oi.nt:-;. 'L'll£2 

voltage across the diode was set by means of a prograrnmable Rer.sntron 

· 235 AMK power supply. The voltage output from this SlJpply ua.s determin•,:d 

•• 
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Fig. E.3 
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If DVM reads 9.9999 volts, 
current-sensing -resistor step 
switch must be advanced 

I. Programs new voltage output 
for diode power supply 

2.Selects DVM range 

3. Selects delay for diode 
power-supply stabilization 

M U 8-12047 

Fig. E.S 
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by selecting one of a series of 70 programming resistoi~s, each rcsi~;tor 

value determining a given output voltage. The schematic diagrams oi' 

the logic system are available as I.RL Print numbers lOVL:02-l ttrough " 
lOV402-8. 

Figure E. 6 show'S an overall vievr of the experimental set-up. 

•. 
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• 

ZN-5575 

Fig. E.6 
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FIG1JRE CAl'l:'IONS 

(a) Ideal curve of electron emL;sion density, ,J, ,rs apj)licd 

collector voltage, V, for a vacuurn diode J·l;:>.v:l.nt:; ,_,n cmit~cr 

1-!ith Hork function and a collecto:::' 1::ith 1vork ::'unc:ti.Jn ,h .,c 

such that <'[1' > cfJ • (b) Mot:l.ve diagram::; co:n~c:,:;pnmi:Lr<; to 
c 

each of the re[t,ions in (a). 

Side view of HCP Re lattice, >vher12 a and c :.E·c tb:~ l:d.t.icc 

parameters. Crosses indicate the pos:i.b.on of atoms i.n the 

lattice. (l) and (2) refer to the nwnber of atoms within 

the same radius, r. ( 0001), ( lOio) and ( lOil) correspond 

to the planes in the lattice. 'I'ht.: plane of the page is ( 1120). 

Thermionic diode assembly, mounted in vacuu;·n chamber. 
i 

Cross-section of diode test stand. 

Test stand used for brazing. 

Sec:tion of Re-Ta discs brazed with Nb foil which was not 

outgassed. 

Section of successful Re-Nb-Ta braze. 

Schematic diagram of vacuum system. 

Calibration c:urve ·used to determine true emitter temperature. 

Typical .en J-V curve ( (ioio) Re, Run No. 65, T = 2lTtK) 

(J in amps/cm
2

, V in volts). 
. 2 ' 

Retarded region of Run No. 65 (J in amps/em, V in volts). 

Typical resistive leakage-current region of I-V data. 

· Retarded region, corrected for resistive leakage current 

(J in amps/cm
2

, V in volts). 

2n J vs V for a typical "(0001)" run~ ·A is the retarckd 

region slope, B is tt-1,; transit :l.on re,r:-;ion, C .u; tho· ::::cL't.u·;t1.•:·d 

current dendty, cl' 80 • (Hun Nu. :LOe, 'l' "· :?0•).:/'K). 
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Fig. v.6 

Fig. V. 7 

Fig. V.9 

Fig. V.lO 

Fig. V.ll 

Fig_. B.l 

Fig. B.2 

Fig. B.3 

Fig. C.l 

. Fig. E.l 

Fig. E.2 

Fig. E.3 

Fig. E.4 

:Fig. E.5 

Fig. E.6 
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Microscopic vie>v of sur:;-,ace of ( lOlO) l\c c::1:1:Lttcr, after ti"J e 

experiments • (Original magnification: 400>(, enlar.'_;cd to 750::<.) 
0 

Schottky plot for Run No. 65 (J8 in amps/em"-, V in volts). 

l\ichardson plot for polycrystalline Re c;;;:i_:~t.c::.' (J
80 

in amps/ 

2 . OK) em , T ln . 

2 
Richardson plot for (lOll) Re emitter (J80 in amps/em , 

T in °K). 
·::l 

Richardson plot for (lOlO) Re emitter (J80 in mnps/cm'-, 

Tin°K). 

Calculated Rich-'1rdson plot for (0001) orientatj_on. rrhis 

was obtained from the (0001) data using the assumption of 

a two-patch surface. 

Laue x-ray picture of ( lOlO) Re. 

Laue x-ray picture of (lOll) Re. 

Laue x-ray picture of (0001) Re. 

.en I-V curve for a two-patch emitter. Curves l <:~.nd 2 rc-

present the .en I-V curves for each patch. 

(a) Simplified schematic of diode test drcuit. (b) Block 

diagram of diode test circuit. 

Schematic of diode test circuit. The constant voltage pm<~er 

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

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

Guard-ring amplifier. 

Power supply for guard-ring amplifier. 

Flow sheet for automatic data acquisition syst·em. 
' ·' 

I 
View of the electronic equipment and vacuwn system. 

i) i 
i 
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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 

B. 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 e~ployee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
6f 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. 




